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Abstract: Six La;,Sr,Mn0Q3s,5 (x= 0, 0.05, 0.15, 0.25, 0.35, 0.50) perovskites were synthesised and
characterised by powder XRD and cyclic voltammetry on cone-shaped electrodes in 10% oxygen in
argon or 1% nitric oxide in argon at 200, 300 and 400 °C. The activity of the manganite based
perovskites were highest in the nitric oxide containing atmosphere compared to the activity in the
oxygen containing atmosphere at 200 °C. At 300 and 400 °C the activity in the nitric oxide and oxygen
containing atmospheres were similar. The highest ratio between the cathodic current densities in the
nitric oxide and oxygen containing atmospheres was found for the Lag 95Srg.0sMn0Os.5 perovskite at 200

°C.

Introduction: Pollutants emitted from the combustion of fossil fuels is an increasing problem,
especially in urban areas. The main pollutants emitted are particulate matter, hydrocarbons, CO and
NOy [1]. Whereas the three-way catalytic converter can remove hydrocarbons, CO and NO, from the
exhaust from petrol fired Otto engines, the three-way catalytic converter is not able to remove NOy
from the exhaust emitted from Diesel fired engines, due to the excess of oxygen in the exhaust [2, 3].
Other methods for removal of NO, from the exhaust from Diesel fired engines therefore have to be
developed. The concept used at present is the selective catalytic reduction (SCR) of NO,. Here a
reducing agent is added to the exhaust stream, and brought to react with the NO, on a suitable
catalyst [4]. The main problems with this technique are the need of storage of the reducing agent on
board the vehicle and possible slip of the reducing agent. Another approach is to use an all solid state
electrochemical cell, as suggested by Pancharatnam et al. [5]. The advantage of the electrochemical
approach is that no reducing agent is needed. This technique is, however, still in its embryonic state.

The main obstacles are a low current efficiency due to simultaneously reduction of oxygen at the



cathode, and a low activity at the temperatures in the exhaust gas [6]. Only a few electrodes are
known to reduce the NO, under net oxidising conditions with a sufficient high selectivity [7, 8].
However, these electrodes are expensive or even poisonous. The search for low cost non poisonous
electrodes is therefore on-going. In this study six La;,SryMnOs,;s (x= 0, 0.05, 0.15, 0.25, 0.35, 0.50),
(LSMx) manganites were synthesised and investigated using powder XRD and cyclic voltammetry on
cone-shaped electrodes. The use of cone-shaped electrodes, suggested by Fabry and Kleitz [9] are
particular useful when comparing different electrode materials, see [10-13] for some examples of the
use of this technique. We have before been investigating LSM cathodes for the reduction of nitric
oxide and oxygen [14, 15], but in this study the reduction of nitric oxide and oxygen is being studied at
lower temperatures. LSM perovskites are known to be intrinsic p-type conductors [16]. The low
strontium substituted LSM perovskites are unique in the sense that they are over-stoichiometric with
respect to oxygen in air [17]. LSM is the classical choice for a cathode in a solid state fuel cell

operating at high temperature [18].

Experimental: Synthesis of the manganite based perovskites was done using the glycine-nitrate
process [19]. In short the metal nitrates were dissolved in water and mixed in the appropriate ratio.
Glycine was then added and the solution was heated on a hot plate until ignition. After this the
resulting powder was transferred to an alumina crucible and placed in a box furnace. The powders
were calcined at 1000 °C/6 h in air. The phase purity of the powders was checked using XRD. For the
XRD a Stoe theta-theta diffractometer or a Bruker D8 diffractometer was used. Cylinders for the
preparation of the cone-shaped electrodes were made by pressing 7-8 g powder in an appropriate die

and sinter at 1250 °C/12 h in air in a box furnace. After sintering the cylinders were machined into



cone-shaped electrodes using diamond tools. A small disk for use in the XRD was also cut. The
electrochemical measurements were done in a set up described elsewhere [20]. The set up is a two
atmosphere set up, where the reference/counter electrode is placed in air, and the working electrode
(the cone) is placed in either 1% nitric oxide in argon or 10% oxygen in argon. The area of the
reference/counter electrode is many times larger than the working electrode. The set up is therefore
a pseudo three electrode set up. The electrochemical characterisation was done using a Gamry
Femtostat potentiostat. The voltammograms were recorded in from 0.4 V vs. air to -0.8 V vs. air,
starting at open circuit voltage (OCV) and run in the cathodic potential region first. Voltammograms
were recorded with sweep rates 1 and 10 mV/s. The electrodes were equilibrated at OCV for 2 h
before running the scans. Electrochemical impedance spectroscopy (EIS) was also performed in order

to find the contact areas of the electrodes using Newman’s formula [21].
__1
(1) r - 4RSU*

Where R; is the series resistance and o is the specfic conductivity of the electrolyte. The EIS were
recorded from 300 kHz to 0.05 Hz with 10 points per decade and an amplitude of 25 mV rms. The EIS
were recorded at OCV with an equilibration time of 2 h. The electrochemical experiments were done
at 200, 300 and 400 °C in either 1% nitric oxide in argon or 10% oxygen in argon. The gas flow was

controlled by Brooks mass flow controllers.

Results: The results from the XRD show that the synthesised perovskites are single phased. The LSM’s
could be indexed in either a hexagonal or an orthorhombic unit cell. The unit cell parameters are

given in Table 1. Examples of voltammograms are shown in Figs. 1 to 3. As no large difference was



observed from the voltammograms recorded with sweep rates of 1 and 10 mV/s only the
voltammograms recorded with a sweep rate of 1 mV/s are shown. The voltammograms recorded in
the nitric oxide containing atmosphere at 200 °C on the LSMO5 perovskite reveals a large hysteresis in
the cathodic potential regime, see Fig. 1. This is observed for several of the compounds at 200 °C. At
300 °C the voltammogram recorded in the nitric oxide containing atmosphere reaches a plateau at
approximately -2 mAcm™, see Fig 2. This is also observed for several of the compounds. At 400 °C this
behaviour is less pronounced. Current densities at -0.8 V. vs. air in either the oxygen or the nitric
oxide containing atmospheres are given in Table 2. The maximum current density in the oxygen
containing atmosphere is found for the intermediate perovskite LSM25 at 200 °C. At 300 and 400 °C
the end member LSMOO is most active in the oxygen containing atmosphere, although the
dependence of composition is very small at 400 °C. The maximum current density in the nitric oxide
containing atmosphere at 200 °C is found for the LSMO5 perovskite. At 300 and 400 °C the LSM15
perovskite is most active in the nitric oxide containing atmosphere. The larges ratio of the current
densities in the oxygen and nitric oxide containing atmospheres is found for the LSMO05 perovskite at

200 °C, see Fig. 4. The anodic current densities, at a potential of 0.4 V vs. air are given in Table 3.

Discussion: The behaviour of the LSM based perovskites is most clear cut at 200 °C. In the nitric oxide
containing atmosphere the activity of the manganites decreases when strontium is substituted for
lanthanum, with LSMOO as the exception. This indicates that either the redox capacity or the amount
of Mn(lll) is determining for the activity of the manganites towards the reduction of nitric oxide, as
the redox capacity and the amount of Mn(lll) deceases with increasing strontium content [17]. That

LSMO0O0 behaves differently could perhaps be due to that LSM0O do not contain strontium. At 300 °C



the trend is almost the same as at 200 °C, but at 400 °C the trend is markedly different. The increase
in activity from LSMOO to LSMO5 and LSM15 is perhaps due to that more oxide ion vacancies is
formed when strontium is substituted for lanthanum. The decrease from LMS15 to LSM25 could is
due to a lowering of the amount of Mn(lll), as it is the case at 200 °C, or perhaps that this compound
has a very low redox capacity [17]. That the activity increases from LSM25 to LSM35 and LSM50 could
be because the high strontium substituted manganites has some ionic conductivity at 400 °C, leading
to a higher activity. However, it is difficult to give a satisfactory explanation for this complex
behaviour. In the oxygen containing atmosphere at 200 °C LSMOO is again an exception, and the
maximum cathodic current density is observed for LSM25. This indicates that the reduction of oxygen
is less dependent on the Mn(lll) content than for the reduction of nitric oxide, at these very low
temperatures. At the higher temperature 300 °C the trend is almost the same, but at 400 °C no
systematic trend is observed. This could be due to the fact that the differences are quite small, so that
the differences are within the experimental uncertainties, which might hide the differences in the
properties of the electrodes. The limiting cathodic current density observed for some of the
compounds, has also been observed for cobalt based perovskites [22]. This was thought to be due to
a rate limiting chemical step in the reaction sequence. The same may be the reason in this case. The
large hysteresis observed for LSMO5 at 200 °C in the nitric oxide containing atmosphere could also be
due to this limiting current density. That the activation energy for the reduction of oxygen is higher
than the activation energy for the reduction of nitric oxide has been observed before [14, 22]. It
seems like it is a general feature that the activation energy for the electrochemical reduction of nitric

oxide is lower than the activation energy for the reduction oxygen. That the ratio of the current



densities in the nitric oxide and oxygen containing atmospheres is highest for the LSMO5 perovskite
makes this compound most interesting as a cathode for electrochemical reduction of nitric oxide.
Another general feature is the potential of the initiation of the reduction of nitric oxide. This potential

is very low compared to the calculated value (app. 0.5 V vs. air). This shows that the reaction:

(1) NO +2e 5 %N, + 0%,

not is occurring. Instead the OCV is a mixed potential determined by the reduction of nitric oxide, the
oxygen evolution and the oxidation of nitric oxide to nitrogen dioxide, i.e. determined by oxygen
exchange. The anodic current densities in the nitric oxide and oxygen containing atmospheres follow
the trend as for the cathodic current densities in the nitric oxide and oxygen containing atmospheres.
This indicates that the same properties are needed in other to oxidise nitric oxide than to reduce
nitric oxide. The results in the nitric oxide atmosphere at 300 and 400 °C confirm to some extend
earlier results [14, 15]. The results at 200 °C are new and have not been reported before. However,
the results in the oxygen containing atmosphere are different. This could be due to that the
temperatures used in this study are lower, than the ones used in the literature [15]. It could also be

due to a different treatment of the electrolyte. This will be investigated further in an up-coming study.

Conclusion: Oxygen and nitric oxide can be reduced at low temperatures on strontium substituted
lanthanum manganites. The manganites are more active towards nitric oxide reduction than towards
oxygen reduction at 200 °C. At 300 and 400 °C the activity towards oxygen and nitric oxide reduction

is similar. At the lowest temperature the activity towards the reduction of nitric oxide is mainly



determined by the redox capacity or the amount of Mn(lll). The reduction of oxygen is less dependent

on the amount of Mn(lll).
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Table captions:

Table 1. The unit cell parameters for the LSM compounds in air at room temperature, measured on

sintered pellets.

Table 2. Maximum cathodic current densities in either 1% nitric oxide in argon or 10% oxygen in argon
on LSM based cathodes at -0.8 V vs. air at 200, 300 and 400 °C. The current densities are numerical

values given in mAcm™.

Table 3. Maximum anodic current densities in either nitric oxide in argon or 10% oxygen in argon on

LSM based cathodes at 0.4 V vs. air at 200 °C. The current densities are given in mAcm™.
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Table 1.

LSMO00 LSMO05 LSM15 LSM25 LSM35 LSM50
A/A 7.706(8) 7.745(5) 5.5157(16) 5.5271(13) 5.4960(13) 7.709(3)
B/A 5.628(3) 5.5843(20) - - - 5.614(4)
c/A 5.530(3) 5.5485(24) 13.343(14) 13.361(11) 13.356(3) 5.4540(21)
Table 2.
compound LSMO0 LSMO5 LSM15 LSM25 LSM35 LSM50
T/Gas 0, NO 0, NO 0, NO 0, NO 0, NO 0, NO
200 °C 0.0095 | 0.23 | 0.0045 | 0.58 | 0.0096 | 0.22 | 0.03 | 0.11 | 0.013 | 0.03 | 0.01 | 0.02
300 °C 2.6 2.0 0.30 1.9 0.33 2.5 0.37 1.3 047 | 0.89 | 0.42 | 0.75
400 °C 4.6 3.2 2.9 3.5 2.2 8.0 3.0 3.2 2.7 6.2 3.5 7.7
Table 3.
compound LSMO0 LSMO05 LSM15 LSM25 LSM35 LSM50
T/Gas 0, NO 0, NO 0, NO 0, NO 0, NO 0, NO
200 °C 3.4 86 0.6 420 1.3 150 3.8 42 1.3 11 1.3 6.6
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Figure captions:

Figure 1. Voltammograms recorded in either 1% nitric oxide in argon or 10% oxygen in argon with a
sweep rate of 1 mV/s at 200 °C on a LSMO05 cone-shaped electrode. The activity is much higher in the
nitric oxide containing atmosphere than in the oxygen containing atmosphere. A large hysteresis is

observed in the nitric oxide containing atmosphere in the cathodic potential region.

Figure 2. Voltammograms recorded in either 1% nitric oxide in argon or 10% oxygen in argon with a
sweep rate of 1 mV/s at 300 °C on a LSMO05 cone-shaped electrode. The activity is higher in the nitric
oxide containing atmosphere than in the oxygen containing atmosphere. A limiting current is seen in

the cathodic potential region, at approximately — 2mAcm.

Figure 3. Voltammograms recorded in either 1% nitric oxide in argon or 10% oxygen in argon with a
sweep rate of 1 mV/s at 400 °C on a LSMO5 cone-shaped electrode. The activity is almost equal in the

nitric oxide and the oxygen containing atmospheres.

Figure 4. The current ratios between the current densities in the nitric oxide and oxygen containing
atmospheres at 200 °C. The ratios are highest for the un-substituted and low strontium substituted

lanthanum manganites. The solid line is for optical guidance only.
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Figure 1.

LSM05 @ 200 °C
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Figure 2.

LSM05 @ 300 °C
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Figure 3.

I/mAcm™

LSMO05 @ 400 °C
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Figure 4.
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