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ABSTRACT

In this paper, we report a novel electrochemically assisted NOy storage/reduction catalyst (Pt-KS8AI,03)
that can operate over a range of reaction conditions for the effective removal of NOx. Under negative
polarization, NOy was stored on the catalyst surface in form of potassium nitrates. Under positive
polarization, the catalyst was regenerated, and the stored nitrates were efficiently desorbed and reduced
to Ny. The variation of the current under the applied polarizations allowed monitoring the progress of
both the storing and the regeneration phases, and thus optimisation of the duration of both sequences in
a technically feasible manner. In addition, the possibility of electrochemical regeneration of the catalyst
surface allowed work under a fixed lean gas composition, which implies an important technological
advance for the NSR process. The electrochemically assisted NOy storage/reduction experiments were
supported by NO,-TPD and cyclic voltammetry measurements, which also revealed useful information

NOy reduction about the chemisorption properties of the electrochemical catalyst.
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1. Introduction

The effective control of hazardous nitrogen oxides (NOy) emit-
ted from diesel and lean-burn engine exhaust has attracted a
worldwide attention in recent years as an urgent environmen-
tal issue [1,2]. Although three-way catalysts have been optimized
to reduce NOy emissions in rich-burn exhaust, as from consumer
automobiles, these catalysts are ineffective under lean-burn con-
ditions, as encountered in stationary sources and diesel engines.
Recently, the selective catalytic reduction (SCR) of NOy, has been
proposed as a possible solution to this problem. This process is al-
ready widely used for stationary NOy sources, but would require
on-board storage and periodic replenishing of the reducing agent
(urea or ammonia) or sacrifice of a portion of the fuel if hydro-
carbons used as the reducing agent [3]. A promising alternative
for the removal of NOy under lean-burn conditions is the NOy
storage-reduction catalyst (NSR catalyst), which does not require
any additional equipment or infrastructure [4]. This process, de-
veloped in the early 1990s [5,6], is based on the ability of alkali
and alkali earth elements to store NOy in the form of nitrites and
nitrates [7] under lean-burn conditions. Subsequently, under a sto-
ichiometric or rich-fuel environment, the stored NOy is released
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and reduced with hydrocarbons, CO or Hy, to form N, H,0, and
CO, [5,8]. Thus, the NSR catalysts require an oxidation component,
typically a noble metal (e.g., Pt), a storage component (commonly
Ba or Ba0), and a high-surface area support (e.g., y-Al,03). Potas-
sium is another element that has shown potential as a storage
component with a significant benefit at higher temperatures; the
K-based nitrate is more stable than the typical Ba nitrate [9-11].
Previous studies [12,13] have demonstrated the good performance
of K-based lean NOy trap catalysts, even in the presence of CO, and
H;O0 in the feed. In addition, Toops et al. [14] recently carried out
DRIFTS experiments to elucidate the key steps in the adsorption of
NO, on Pt-K/Al,03 and illustrated the limiting regimes associated
with NOy adsorption: kinetic limitations at low temperatures and
insufficient storage sites at high temperatures. Thus, the efficiency
of the NSR catalysts depends strongly on several factors, including
the rate and efficiency of each step (e.g., oxidation of NO into NO>,
trapping capacity, reduction of desorbed NOy), the duration of the
two sequences (trapping and reduction process), and the amount
of storage component. The modification and optimization of some
of these variables could hardly be carried out with a conventional
powder catalyst, however.

The idea of using solid electrolyte cells for the electrochemical
trapping and regeneration of NSR catalyst came from the phe-
nomenon of electrochemical promotion, discovered and developed
by the group of Vayenas [15,16]. This phenomenon is based on the
control, by an applied potential, of an ion promoter concentration
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at the surface of a working metal catalyst, which allows control of
the strength of the chemical bonds between the metal and the ad-
sorbates [17,18]. In addition, the use of an electrochemical catalyst,
in which the ions electrochemically transferred from the support
can effectively act as a storage component (e.g., potassium ions),
would allow in situ control of the trapping and desorption of NOy,
as well as the storage component loading on the catalyst surface. Li
and Vernoux [19] used a Pt-Ba/YSZ electrochemical catalyst for the
NSR process and found that the variation in the open circuit poten-
tial in the cell was an effective indicator for the subsequent in situ
NO, storage reduction process. However, in that work, the use of
an 02~ conductor as a solid electrolyte support did not allow elec-
trochemical trapping of NOy or regeneration of the catalyst surface.
To the best of our knowledge, apart from a previous short commu-
nication by MacLeod et al. [20], the literature contains no studies
of the direct electrochemical trapping and regeneration of NSR cat-
alyst. MacLeod et al. [20] explored the possibility of trapping NOy
on sodium sites electrochemically generated on a Pt catalyst by
using a Na-BAl,03 wafer as the solid electrolyte. They did not
investigate either the mechanism of the phenomenon or on the
influence of the operation conditions in depth, however.

The present study was undertaken to investigate the electro-
chemically assisted NSR catalyst by a solid electrolyte cell. The
tubular configuration of the electrochemical catalyst (Pt/K-BAl,03)
used could be important not only for fundamental studies of NOy
storage-reduction process, but also from a practical standpoint.
Moreover, in this study the effect of the reaction temperature, the
storage component supplied rate and loading, the presence of wa-
ter in the feed, and the ability of the system to work without
changes in the gas composition on the efficiency of the electro-
chemical catalyst to store and reduce NOy was considered. In ad-
dition, temperature-programmed desorption experiments of NOy
(NOx-TPD) and cyclic voltammetry measurements were carried out
to investigate the chemisorption properties of the electrochemical
catalyst at varying catalyst potentials.

2. Experimental

The tubular electrochemical catalyst consisted of a porous, con-
tinuous thin Pt film (geometric area of 45 cm?) deposited inside
a 18-mm-i.d., 40-mm-long, 1-mm-thick K-BAl;03 tube (Ionotec).
A gold counterelectrode was deposited on the outer side of the
solid electrolyte tube to perform polarizations. Both electrodes
were prepared using metal pastes and annealed at 800°C for 12 h
in air. The final Pt loading was 3.5 mg Pt/cm?. Before the elec-
trochemical trapping experiments, the catalyst was reduced in a
stream of Hy at 400°C for 1 h. The surface mol (mol of active
sites) of the catalyst-electrode film was characterized by the elec-
trochemical technique developed by Ladas et al. [21] and found to
be 9.7 x 1075 mol Pt (3.8 m2). The obtained Pt surface area of this
tubular configuration was more than 200 times greater than that
typically obtained in our previous single-pellet configurations [22,
23], to achieve suitable values of NO, storage/reduction activities.

The electrochemically assisted NOy storage/reduction experi-
ments were performed at atmospheric pressure in a tubular solid
electrolyte cell reactor as described previously [24]. The tubular
electrochemical catalyst was placed on a fritted quartz 21 mm
in diameter. An inner quartz tube was connected to the Pt cat-
alyst’s working electrode to ensure electrical contact. All of the
current collectors in the reactor were made from gold, which
was catalytically inert in the process. The temperature of the cat-
alyst was measured with a K-type thermocouple (Thermocoax)
placed inside the inner quartz tube. The entire reactor was placed
in a furnace (JH HEE.CC4) equipped with a heat control system
(Conatec 4801). Constant voltages across the cell were imposed us-
ing a potentiostat-galvanostat (Voltalab 21; Radiometer Analytical).

The reaction gases were Praxair-certified standards of 4% C3Hg/He,
4% NO/He, 02 (99.99% purity), and He (99.999% purity), which was
used as the vector gas. The gas flow was controlled by a set of
calibrated mass flowmeters (Brooks 5850 E and 5850 S), and wa-
ter was introduced to the reacting stream by means of a saturator.
The water content in the reaction mixture was controlled using the
vapour pressure of H,O at the temperature of the saturator (30 °C).
The tubing downstream from the saturator was heated to 100°C
to prevent condensation. The dynamic storage/reduction experi-
ments were performed using a series of periodic operations from
lean burn conditions (1000 ppm of NO, 1000 ppm of C3Hg, 5% of
0,, He balance) to rich conditions (1000 ppm of NO, 1000 ppm
of C3Hg, 0.5% of Oy, He balance) at different temperatures (250-
370°C). The overall gas flow rate during the lean and rich periods
was kept constant at 15 Lh~!. The effect of water steam on the
NSR yield was evaluated with the presence of 5% H,O in the above
reactants gas composition. During the lean-burn period, a nega-
tive potential between —0.5 V and —2 V was applied between the
catalyst’s working electrode and the counterelectrode to transfer
K* ions from the electrolyte to the Pt catalyst and thereby create
storage sites. During the regeneration period (rich conditions), a
positive potential of 3 V was applied to release the NOy to the
gas phase and to regenerate the Pt surface. Reactant and prod-
uct gases were analyzed with a micro gas chromatograph (Varian
CP-4900) and a chemiluminescence analyzer (Teledyne 9110 EH).
Before these analyses, the water was trapped by a condenser at
—5°C. To evaluate the activity of the electrochemical catalyst ex-
clusively due to the storage reduction process, the conversion of
NO, to Ny was calculated using the following equation:

NOy conversion (%) = (NOxstorage — NOxelease)/NOxfed x 100 (%),
(1)

where NOystorage denotes the amount of NOy trapped in the lean
period, NOyelease denotes the amount of NOy decomposed during
the rich period and not reduced to Nj, and NOyfq is the total
amount of NOy fed to the reactor during the trapping and decom-
position of the NO.

NO,-TPD experiments were carried out in the tubular cell reac-
tor as mentioned earlier. The working electrode was first reduced
under Hy at 400°C for 1 h and then purged under He for 30 min
and cooled to 300°C. The lean atmosphere (1000 ppm of NO,
1000 ppm of C3Hg, 5% of Oy, He balance) was then introduced
in the reactor at 300°C with a continuous flow of 15 Lh~!, un-
der application of a constant potential between 3 and —2 V for
30 min. Then the sample was cooled to 50 °C under the same con-
ditions and purged with pure He with a constant flow of 9 Lh~!
for 30 min under open-circuit conditions. Finally, the sample tem-
perature was increased at a rate of 5°Cmin~! up to 400 °C, under
application of a constant applied potential between 3 and 0.5 V
and He atmosphere. During the TPD experiments, NOy concen-
tration was continuously monitored with the chemiluminescence
analyzer.

Cyclic voltammetry measurements in conjunction with NOy
analysis were performed with the potentiostat-galvanostat under
lean reaction conditions (1000 ppm of NO, 1000 ppm of C3Hg, 5%
of O, He balance). Cyclic voltammograms were recorded at the
same temperature as for the adsorption experiments (300 °C), be-
tween 3 and —2 V at a constant sweep rate of 5 mVs~1.

3. Results and discussion
3.1. NSR transient operation under lean/rich conditions

The possibility of electrochemical trapping and regeneration
of the Pt catalyst for the effective abatement of NOy was first
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Fig. 1. NO, and C3Hg outlet concentration profiles vs. time during NOy storage/reduction experiments at 300°C. Lean phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/5% O3),
Vet = —1.5 V, 30 min of duration. Rich phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/0.5% O3), Veep =3 V, 15 min of duration.

investigated at 300°C. Fig. 1 shows the outlet NOy and C3Hg
concentration profiles versus time during the transient from lean
(NO/C3Hg/0O3: 1000 ppm/1000 ppm/5%) to rich conditions (NO/
C3Hg/O2: 1000 ppm/1000 ppm/0.5%) under different applied cat-
alyst potentials (V¢ep). At t =0 min, the gas was switched to the
lean composition, and a catalyst potential of 3 V was applied to
keep the Pt surface free of potassium ions and to define a repro-
ducible state of the catalyst. Under these conditions, the outlet NOy
concentration was approximately 800 ppm, due to the SCR activ-
ity of the Pt film free of alkali ions [24,25], whereas the C3Hg
concentration was much lower (400 ppm). This was attributed
to the consumption of hydrocarbon not only in the SCR process,
but also to its direct combustion with O,. Subsequent applica-
tion at t =15 min of a constant potential of —1.5 V under lean
atmosphere resulted in a significant decrease in the NOy con-
centration and a significant increase in the C3Hg concentration.
Under these conditions, potassium ions were electrochemically
transferred from the electrolyte to the Pt surface, leading to a
modification of the binding strength of chemisorbed reactants [17,
22-26]. At first glance, this suggests that the presence of alkali
ions increased the SCR activity of the Pt catalyst; however, previ-
ous studies of electrochemical promotion using cationic conductors
[24,25] have shown that under lean burn conditions and high re-
action temperatures (300 °C), when most of the C3Hg was burned,
the application of very negative polarizations (i.e., —1.5 V) led to
a significant decrease in the SCR activity. Under these conditions,
a decrease in the catalyst potential led to a pronounced increase
of the oxygen coverage on the catalyst and inhibition of C3Hg ad-
sorption [27], which caused the observed decrease in the C3Hg
reaction rate. This assumption can be further confirmed, as it will
be shown in the next figure, by the observed increase in the NO
oxidation activity under application of the negative polarization,
due to an increase in the coverage of O adsorbed atoms (O,gs)
at the expense of C3Hg. Therefore, the origin of the NOy concen-
tration decrease seen in Fig. 1 can be attributed to the ability of
the electrochemical catalyst to temporarily store NOy in the form
of potassium nitrates [12-14]. This phenomenon (electrochemical
trapping of NOy) can be verified by the decomposition of part
of the stored nitrates during the positive polarization under rich
conditions (electrochemical regeneration). Thus, during the electro-
chemical trapping of NOy in the lean phase, the NOy concentration
decreased to a minimum of around 450 ppm at t = 17 min. Af-

ter this time, NOy concentration began to increase until it matched
the inlet value, indicating that the available trapping sites were
saturated, and thus the catalyst trapping ability under these con-
ditions was finished. Therefore, the high amount of NO, trapped
during the negative polarization (10.2 pmol) likely led to exces-
sive formation of potassium nitrate, which blocked most of the
Pt active sites, leading to negligible SCR activity [27]. Neverthe-
less, the total amount of NOy trapped was much lower than the
total number of Pt active sites measured by the galvanostatic
transient (97 pumol). It can be attributed to the high molar vol-
ume of nitrates, which can cover or block a high number of Pt
sites [28]. In addition, under these conditions, propene conversion
decreased due to the low quantity of available free Pt active sites.
At t =45 min, the inlet gas was switched to the rich mixture, and
a catalyst potential of 3 V was applied for other 15 min. Under
such conditions, a rapid increase in the outlet NOy concentration
was observed in the first seconds, possibly because the catalyst’s
ability to store NOy decreased at lower O, concentrations [29],
followed by the release of stored NOy from the catalyst under pos-
itive polarization. The NO, concentration decreased quickly during
the rich phase, however. Under positive polarization, potassium
ions returned to the solid electrolyte [22,23], and part of the
previously stored NO, was reduced by CsHg to Ny, regenerating
the Pt catalyst surface. The integral amount of NOy released was
0.95 pmol, and thus 90% of stored NOy was reduced to Ny. In
agreement with previous studies of Pt-based NOy trapping cata-
lyst [3], no trace of N,O was observed during the reduction of
stored nitrates. In addition, during the rich period, under applica-
tion of 3 V, NOy and C3Hg concentrations achieved a minimum
value. We suggest that during the positive polarization (removal
of potassium nitrates from the catalyst), an optimum potassium
coverage was obtained for the SCR and hydrocarbon combustion
process. Thus, it has been reported [23] that under rich conditions,
low alkali coverage enhances both reactions. Therefore, in addi-
tion to the electrochemical trapping and regeneration phenomena,
a positive NEMCA effect occurred for the SCR process during the
regeneration period of the catalyst surface. This produced an ad-
ditional increase in the yield of the system to remove NOy that
was not considered by Eq. (1) to study the NSR process exclu-
sively. At t = 60 min, a steady-state NO, concentration around
750 ppm was achieved, indicating significantly greater SCR activ-
ity of the clean Pt catalyst (3 V) under rich atmosphere (0.5% O)
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compared with the previous lean atmosphere (5% O,). However,
the C3Hg concentration achieved a higher value compared with
that under lean conditions, due to the greater tendency of the hy-
drocarbon to react with Oy [24]. In short, Fig. 1 clearly shows the
possibility of using a solid electrolyte cell to electrochemically trap
NOy and regenerate an NSR catalyst to reduce NOy to Ny with
a reasonable efficiency. The in situ electrochemical generation of
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Fig. 2. Current and NO/NO; outlet concentration profiles vs. time during NOy
storage/reduction experiments at 300°C. Lean phase (NO/C3Hg/O2: 1000 ppm/
1000 ppm/5% 03), Veen = —1.5 V, 30 min of duration. Rich phase (NO/C3Hg/O;:
1000 ppm/1000 ppm/0.5% O2), Ve =3 V, 15 min of duration.

potassium trapping sites instead of sodium ones, as shown in a
previous study [20], probably led to higher efficiencies of the NSR
process, due to the greater stability of potassium nitrates compared
with sodium ones [30].

To further explore the mechanisms of electrochemical trapping
and catalytic reduction of NOy, the current as well as the [NO] and
[NO,] concentrations versus time was studied for the previous ex-
periment (Fig. 2). Under lean conditions, the application of a nega-
tive polarization of —1.5 V caused the migration of potassium ions
from the solid electrolyte to the catalyst, with the concomitant for-
mation of a compound (negative current) between potassium ions
and the different adsorbed species on the catalyst surface [22,24].
However, under rich conditions, during the positive polarization,
potassium ions returned to the solid electrolyte, leading to decom-
position of the previously formed potassium compound (positive
current). According to previous studies of the NSR catalyst [31,32],
the steps involved in these two parts of the cycle can be summa-
rized as follows:

1. NO oxidation to NO,.

. NO2 and NO adsorption in the form of nitrites or nitrates.

3. Reductant evolution when the exhaust is switched to the rich
condition.

4, Nitrate decomposition resulting in NOy release or migration to
reduction sites.

5. NOy reduction to Nj.

N

Fig. 3 integrates these steps in the transients of Figs. 1 and 2.
From Fig. 2, it can be observed that under lean conditions, a de-
crease in the catalyst potential at t = 15 min led to an in-
crease in the NO; (3.4 pmol) concentration at the expense of
NO (13.6 pmol). This indicates that the presence of potassium
ions promotes NO oxidation (step 1), as was observed in a pre-
vious study in which potassium was chemically added on a Pt
catalyst [33]. The promotional effect of potassium was attributed
to an increase in the O, adsorption rate, which has been iden-
tified as the rate-determining step for NO oxidation [34]. Thus,
the increase in the NO oxidation reaction rate induced by the
potassium ions initiated the NOy storage process shown in Fig. 1.
It also indicated (as already reported [19,35]), that the initial
step of NO oxidation to NO; is the rate-limiting step in the
NSR process. This promotional singularity of potassium involves
an additional advantage of potassium-based NO, trapping, be-
cause a catalyst containing platinum and barium has lower NO
oxidation activity than the catalyst containing only Pt [36]. Si-
multaneously, potassium ions electrochemically pumped to the Pt
catalyst active sites act as storage components and trap part of
the NO and NO; in the form of nitrites and nitrates (step 2). Ac-
cording to previous studies [14], at temperatures above 200 °C,
potassium nitrites are quickly oxidized to nitrates, which are
likely the primary storage phase. Therefore, the negative current
curves during the negative polarization shown in Fig. 2 indi-
cate the rate of NO, trapping. Thus, at t = 19 min, when the
storage process was completed (Fig. 1), the NO concentration

Stage 1. Reference stage
Lean composition under 3 V

-SCR unpromoted process

-Pt free of potassium surface. =

Stage 2. Electroche mical trapping
Lean composition under -1.5 V
-Potassium ions are transferred to the Pt surface.
-NO oxidation reaction is promoted.
-Electrochemical trapping phenomenon.
-Saturation of the available trapping sites.
-SCR promoted process

Stage 3. Electrochemical regeneration
Rich composition under 3 V
-Reductant evolution
-Potassium ions return to the electrolyte
-Release of NO; to the gas phase
-Nitrates are reduced to N,

-SCR unpromoted process.

Fig. 3. Schematic representation of the main stages involved during an electrochemical assisted NOy storage/reduction experiment.
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Fig. 4. NOy outlet concentration profile vs. time during five consecutive NOy storage/reduction cycles at 280 °C. Lean phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/5% O3), 6 min
of duration, Ve = —1.5 V. Rich phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/0.5% O3), 5 min of duration, Ve =3 V.

was 1000 ppm (equal to the inlet concentration), and the produc-
tion of NO, and the current values were negligible. Under these
conditions, the Pt active sites were totally covered by the stored
nitrates, and the NOy trapping, NO oxidation, and SCR processes
were negligible. During the rich atmosphere step, the application
of 3 V desorbed part of the stored nitrates as NO; (2.95 pmol),
and potassium ions returned to the catalyst, as evidenced by the
positive current leading to steps 3, 4, and 5. When the cata-
lyst surface was completely regenerated, the current decreased
to zero, and some of the inlet NO was reduced by Cs3Hg (SCR)
on potassium-free Pt catalyst. Note that one of the most impor-
tant issues illustrated in Fig. 2 is that the variation of the current
versus time curves followed exactly the same trend as the NSR
process. It allowed us to monitor the time at which the cata-
lyst was totally saturated in the lean period and also the time
at which it was totally regenerated in the rich period. In a pre-
vious study, Li and Vernoux [19] used a similar configuration of
Pt-Ba/YSZ, where the measurement of the catalyst potential al-
lowed them to follow the NSR process on the chemically added
Ba sites. An additional advantage of the present configuration, in
which the trapping sites are in situ electrochemically supplied or
removed, versus that of Li and Vernoux [19] is that it allows the
trapping and regeneration processes to be not only followed, but
also controlled. However, in either of the two configurations, the
system’s ability to optimize the duration of the lean and rich se-
quences, measuring just the potential or the current, implies an
important advance in the technological application of this NSR pro-
cess that is not possible with a convectional catalyst, for which
an NOy detector is required. Thus, according to the results of
Figs. 1 and 2, the durations of the lean and rich periods were
decreased in successive experiments to improve the system’s per-
formance.

To evaluate the reproducibility of the electrochemical trapping
and regeneration experiments, five consecutive cycles from lean
(NO/C3Hg/0O3: 1000 ppm/1000 ppm/5%, Ve = —1.5 V, 6 min of
duration) to rich conditions (NO/C3Hg/O2: 1000 ppm/1000 ppm/
0.5%, Veen =3 V, 5 min of duration) were carried out. Fig. 4
displays the NOy concentration profile obtained for the consec-
utive cycles at 280°C. Table 1 summarizes the amounts of NOy
trapped, released, and reduced to N, for each cycle. Reasonable re-

Table 1

NOy trapped, released, and reduced to Nj, and percentage trapped during five
consecutive NOy storage/reduction cycles at 280°C. Lean phase (NO/C3Hg/O5:
1000 ppm/1000 ppm/5% O3), 6 min of duration, V. = —1.5 V. Rich phase (NO/
C3Hg/02: 1000 ppm/1000 ppm/0.5% O3 ), 5 min of duration, Ve =3 V

Cycle NOy trapped Percentage NOy released NOy reduced
(nmol) trapped (%) (nmol) to N2 (pmol)

1 3.83 6.25 227 1.56

2 3.98 6.50 2.89 1.09

3 3.30 5.38 1.91 1.38

4 3.49 5.69 1.76 1.73

5 3.98 6.49 133 2.65

producibility between the different cycles can be seen, which can
be further confirmed by looking at numbers of Table 1. For in-
stance, the amount of electrochemically trapped NOy seemed to
achieve a steady value, implying that the applied catalyst potential
of 3 V during the 5-min rich period was sufficient to remove all of
the potassium nitrates stored in the lean phase, and thus to com-
pletely regenerate the catalyst surface. The Au counterelectrode
behaved reversibly over many cycles (not shown here), because in
any given experiment, the alkali depletion of the bulk electrolyte
was negligible and was restored when the current was reversed.
Thus, integration of the current/time curves obtained during the
lean-rich cycles, as shown in Fig. 2, indicates that equal amounts
of potassium were pumped to and from the electrolyte during the
trapping and regeneration periods. On the other hand, the low per-
centages of trapped NOy, shown in Table 1, can be attributed to
bypass of the reactive mixture to the Pt catalyst due to the geom-
etry of the cell. Elimination of the bypass (about 30%, estimated
from the combustion of the hydrocarbon at high temperature) to
improve the efficiency of NSR performance will be considered in
future studies. Fig. 4 and Table 1 also show that continuous op-
eration of the electrochemical catalyst between the lean and rich
periods seems to increase the catalytic performance of the sys-
tem slightly, because more NO, was reduced to N, in the last two
cycles. This can be attributed to stabilization of the Pt catalyst mor-
phology and the total removal of the Pt precursor under working
conditions.



A. de Lucas-Consuegra et al. / Journal of Catalysis 259 (2008) 54-65 59

1300 Lean Rich Lean Rich 4
—[NOx N
1200 - [NOx] I 3
— ch!l
_1100{ T=295°C K
E —
(=B P 1
(=}
E oo |- Metes Ll | 2
O et 1 0:;
£ 900 sl 1
800 - (a) (b) T -2
NO, conversion= 3.39 NO, conversion = 3.74
700 -3
1400 4
1200 3
£ 3.
B0 1= e : 2
2 2
£, 800 0
-1
600
(d) T -2
400 NO, conversion = 12.92 NO Con\;'ersmn - 3.36 3
0 3 6 9 0 3 6 9
Time (min) Time (min)

Fig. 5. NO, outlet concentrations profile vs. time during NOy storage/reduction experiments at 295 °C at different applied catalyst potentials for the lean phase: (a) —0.5 V,
(b) =1V, (c) —1.5 V and (d) —2 V. Lean phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/5% O3), 6 min of duration. Rich phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/0.5% O3),

5 min of duration, Ve =3 V.

3.2. Effect of potential on storage capacity

It is evident that the use of an electrochemically trapped/re-
generated NSR catalyst opens up a new range of variables that
can be modified in situ to improve the system’s performance. For
instance, Fig. 5 shows the NOy concentration profile versus time
for NSR experiments carried out under different negative polariza-
tions in the lean phase: (a) —0.5 V, (b) -1V, (¢) —1.5 V, and
(d) —2 V. Fig. 5 also depicts the NOy conversion to Ny achieved in
each cycle attributed exclusively to the NSR process and measured
by Eq. (1). Fig. 5 clearly shows that the value of the applied nega-
tive polarization strongly influences the NOy concentration profile
during the lean and rich periods. Thus, the greatest efficiency for
NO, removal was observed for cycle (c), in which a negative po-
larization of —1.5 V was applied during the lean phase. The NOy
concentration in the lean phase decreased to 500 ppm, and an op-
timum NO, conversion to Ny of 12% was obtained. Fig. 6 shows
the influence of the negative polarization applied in each cycle of
the previous experiments on both the total amount of NOy stored
and on the total amount of K* ions electrochemically transferred
to the catalyst surface. This latter parameter can be measured ac-
cording to Faraday’'s law [Eq. (2)] by integration during the lean
phase (t =6 min) of the current versus time curves obtained for
each cycle (inset of Fig. 6),

t
I
mol of potassium transferred = / th, (2)
0

where [ is the current and F is the Faraday constant. Fig. 6 shows
that the amount of NOy storage during the lean period increased
with the decrease in catalyst potential from —0.5 V to —1.5 V.
Under these conditions, the increasing number of potassium ions
transferred to the catalyst surface likely increased the promotional

effect of NO, formation [33], which also reacted with a greater
number of potassium-trapping sites located on the catalyst surface,
leading to the adsorption of more potassium nitrates [14]. Thus,
for cycles (a) and (b), the NSR process was limited by the num-
ber of potassium ions transferred to the catalyst, which prevented
its saturation. Consequently, the NO, concentration at the end of
the lean phase did not achieve the inlet value (Fig. 5). However,
for cycle (c), the high amount of stored NOy resulting from the
greater quantity of potassium ions transferred to the catalyst led
to a total blockage of Pt active sites and negligible final SCR activ-
ity during the lean phase. On the other hand, a further decrease in
the applied negative polarization to —2 V for the lean phase did
not correspond to an increase in the amount of NOy stored. The
application of a negative polarization of —2 V led to very negative
currents (Fig. 6, inset), which likely led to some poisoning of the
Pt sites for the NO oxidation reaction. In this case, the high rate
of electrochemically transferred potassium ions likely led to exces-
sive adsorption of 0. Under negative polarization, the adsorption
of electron acceptor species, such as O, and NO, is enhanced [17,
22-27]. But O, is known to be a stronger electron acceptor than
NO [22-27]; therefore, when the catalyst potential decreased to
very low values, the excessive coverage of O,qs could limit the ad-
sorption of NO and thus the formation of NO,. Therefore, under
these conditions, the high coverage of O adsorbed on the catalyst
instead of NO and NO, likely led to the preferential formation of
potassium oxides and peroxides instead of potassium nitrates, de-
creasing the ability of the electrochemical catalyst to store NOj.
The formation of such oxides and peroxides has been identified as
an initial step in the activation of potassium for trapping NO, [14].
Subsequently, the reaction of such potassium oxides and perox-
ides with adsorbed NO and NO, leads to the formation of stored
potassium nitrates [14]. However, the excess of 0,45 on the catalyst
surface induced by the high number of potassium ions supplied



60 A. de Lucas-Consuegra et al. / Journal of Catalysis 259 (2008) 54-65

O Potassium transferred

B NOy stored

14
+ 12
g
+ 10 ~
= 3
51 =
k5 =
z T8 B
g 25 4 0 & Time (miiﬁ 6 §
w
E S
Wi
§ 20 +6 B
2 .
5 g
£ 15 - 2
2 <
g T4
<
10
N
+2
T
0 \ : 0
-0.5 -1 -1.5 -2
Vccll(v)

Fig. 6. Influence of the applied catalyst potential during the lean phase on the amount of potassium electrochemically transferred to the catalyst and on the amount of NOx
stored. Inset: Current vs. time curves during the lean phase at varying catalyst potentials. Lean phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/5% O3), 6 min of duration. Rich

phase (NO/C3Hg/O2: 1000 ppm/1000 ppm/0.5% O3), 5 min of duration, Ve =3 V.

under —2 V likely decreased the adsorption of NO and formation
of NO;, decreasing the amount of stored nitrates compared with a
potential of —1.5 V. Thus, under these conditions (—2 V), most
of the potassium ions electrochemically pumped to the catalyst
remained as potassium oxides/peroxides, leading to the greatest
difference between the amount of NO, stored and the amount of
potassium ions transferred (Fig. 6). The presence of such potassium
oxides and peroxides phases under similar reaction conditions on
a Pt/K-BAl,03 electrochemical catalyst was previously reported by
our group [22]. The nature of such potassium oxide and perox-
ide phases have been discussed in detail elsewhere [12-14,37,38],
with the leading candidates being K,0. As noted earlier, the dou-
ble role of potassium as NO oxidation-promoting and storage sites
implies that not only its total amount, but also the transfer rate
to the Pt catalyst, influence the yield of the solid electrolyte cell
to electrochemically trapped NOy. Thus, a balance between these
two variables should be considered to improve the efficiency of
the process through the application of moderately negative poten-
tials (e.g., —1.5 V).

3.3. Effect of temperature on storage capacity

We also investigated the effect of the reaction temperature on
the efficiency of the electrochemical catalyst in the NSR process.
Fig. 7 shows the NOy concentration profile during the first 3 min
of the lean phase (total duration, 6 min), under application of a
catalyst polarization of —1.5 V at different reaction temperatures.
First, it is interesting to note the ability of the solid electrolyte cell
to electrochemically trap NOy, even at low reaction temperatures
(250°C). This property can be attributed to the ability of potas-
sium ions to promote the NO oxidation reaction above 200°C [33].
As expected, the shape of the curves changed as a function of
the reaction temperature. Fig. 8 summarizes the effect of the re-
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Fig. 7. NOy outlet concentration profiles vs. time for the first 3 min of the lean
phase during NOy storage process at different reaction temperatures. Lean phase
(NO/C3Hg/02: 1000 ppm/1000 ppm/5% O3 ), 6 min of duration, Ve =—1.5 V.

action temperature on the amount of NOy trapped, the amount of
potassium transferred during the lean phase, and the conversion
of NO, to N, obtained for the overall lean-rich cycle, measured
by Eq. (1). It can be seen that the amount of NOy trapped during
the lean phase increased with an increase in reaction temperature
from 250°C to 350°C; however, a further increase in the reac-
tion temperature up to 370°C did not correspond to an increase
in the amount of NOy stored. This observation is in good quali-
tative agreement with previous studies of an NSR catalyst based
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on Ba [32]. As the reaction temperature increased, the NO oxida-
tion rate improved [32,33]. This improvement was even greater for
the Pt/K-BAl;03 electrochemical catalyst, because of an increase
of the ionic conductivity of the electrolyte. Thus, the amount of
potassium ions electrochemically transferred to the catalyst for the
same potential increased with the reaction temperature, causing
an additional increase in the promotional effect of NO oxidation
and the number of available storage sites. On the other hand, the
diminished trapping performance observed at higher temperatures
was due to a decrease in the nitrates’ stability [32,39] which also
increased the amount of NOy released during the rich period. This
caused the appearance of a maximum NOy conversion at a certain
temperature (Fig. 8), as observed in previous studies [35]. Note that
the possibility of controlling the decomposition rate of the stored
nitrates by applying positive potentials during the rich phase could
lead to a significant improvement in the conversion. Thus, a de-
crease in the value of the applied catalyst potential during the
regeneration phase likely led to increased nitrate stability (as we
found based on NO4-TPD measurements), and also very likely to
improved efficiency of the catalyst at high reaction temperatures.
This property is an important advantage of the electrochemically
assisted NSR catalyst, allowing in situ modification of the adsorp-
tion/desorption rates of the stored nitrates.

3.4. Effect of water steam on storage capacity

To evaluate the performance of the electrochemical catalyst un-
der real working conditions, we also considered the presence of
water steam (5%). Fig. 9 shows the NOy concentration profiles at
two different reaction temperatures during the transient from lean
(NO/C3Hg/02/H20: 1000 ppm/1000 ppm/5%/5%) to rich conditions
(NO/C3Hg/02/H20: 1000 ppm/1000 ppm/0.5%/5%), under applied
catalyst potentials of —2 V and 3 V, respectively. The durations of
the lean and rich phases were reduced to 3.5 min each. The inset
in Fig. 9 shows the NO, conversion to N, observed at each re-
action temperature. First, we note that the more negative potential
applied under the presence of water steam (—2 V) in contrast with
the previous experiments was due to the very low storage capac-
ity demonstrated by the electrochemical catalyst under application
of —1.5 V. Under these conditions, the system clearly was able
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Fig. 9. NO, outlet concentration profile vs. time under different applied cata-
lyst potential during NOy storage/reduction experiments under wet reaction con-
ditions at different temperatures. Inset: Influence of the reaction temperature on
the overall NOy conversion to Nj. Lean phase (NO/C3Hg/O2/H20: 1000 ppm/
1000 ppm/5%/5%), 3 min of duration, Ve = —1.5 V. Rich phase (NO/C3Hg/03/H;0:
1000 ppm/1000 ppm/0.5%/5%), 3 min of duration, Ve =3 V.

to electrochemically trap NOy under the presence of water in the
feed, with a growing increase in the efficiency with increasing re-
action temperature from 300 to 350°C. But despite optimization
of the duration time for the lean-rich periods, the NOx conversion
achieved by the electrochemical catalyst was decreased compared
to the results obtained at dry conditions (Fig. 8). A similar decrease
in the efficiency of NSR catalysts due to the presence of water
steam in the feed has been described previously [40,41]. Lindholm
et al. [40] attributed the inhibiting effect of water on Pt-Ba/Al;03
to the formation of Ba(OH),, which has less storage capacity than
BaO. Epling et al. [41] added that the presence of water reduces
the number of active sites available for NOy adsorption. These two
explanations could be applied to elucidate the observed inhibiting
effect of water steam in the performance of the electrochemical
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catalyst. This inhibiting effect of water also has been observed on
both Pt/Al;03 and Pt-K/Al;03 [33] for the NO oxidation reaction,
the rate-limiting step for the NOy storage process [19,35]; how-
ever, it was found [33] that the presence of water decreased the
NO conversion on Pt/Al;03 by a factor of 3, but decreased it on
Pt-K/Al;03 by a factor of 1.4. Our group recently observed a sim-
ilar decrease in the inhibiting effect of water for the SCR of N0,
due to electrochemical pumping of potassium ions to the Pt cat-
alyst [23]. This decreased inhibiting effect has been attributed to
decreased adsorption of water (electron-donor molecule) induced
by the presence of electropositive potassium ions on the catalyst
surface. Thus, we can assume that the additional role of potassium
as an electropositive promoter in the NO oxidation reaction un-
der wet conditions could decrease the inhibiting effect of water in
the overall NSR process, improving the efficiency of Pt/K-SAl,03
compared with other catalyst systems. Note that the resistance to
water is an important factor in the development of any catalyst
with the potential for NOy removal. In this sense, K-8Al;03 is sig-
nificantly more stable than Na-BAl,03 in the presence of water
vapour [20]; for example, it survives long periods at 900 K and
15% humidity, much more severe conditions than those used here.

3.5. NSR operation under fixed lean conditions

We also investigated the possibility of electrochemical trapping
and regeneration of solid electrolyte cell under a fixed lean gas
composition. Fig. 10 depicts the NO, concentration profile versus
time under application of —1.5 V for 6 min during the electro-
chemical trapping step and also under application of 3 V for 5 min
during the electrochemical regeneration, for a constant lean com-
position (NO/C3Hg/O2: 1000 ppm/1000 ppm/5%) at 320 °C. As can
be seen from the two cycles depicted in Fig. 10, the solid elec-
trolyte cell could electrochemically trap NO, and be regenerated
under a constant lean atmosphere with a reproducible behaviour.
Under these interesting working conditions, the positive applied
potential of 3 V was sufficient to completely regenerate the cat-
alyst surface for a new storage cycle. Some release of NOy also
could be observed at the end of the lean phase, likely due to
decomposition of part of the stored nitrates at this temperature
(T =320°C) [32,39]. However, Fig. 10 shows an overall decrease
in the amount of NOy released in the entire process. The presence
of an excess of Oy during the regeneration phase likely stabilized
the stored nitrates, decreasing NOy release [42] and improving the
system’s efficiency. Thus, the driving force induced by the posi-
tive polarization was sufficient to decompose all of the stored NO,
leading to reduction to N and regenerating the catalyst surface for
a new cycle. With a conventional NOy trapping catalyst, regenera-
tion usually is done by either injecting raw fuel upstream of the
NSR catalyst or switching the gas mixture in the engine to an ex-
cess of reductant (fuel) relative to O, [43]. But the possibility of
regenerating the catalyst surface by imposing a catalyst potential
implies an important technological improvement and a relevant
simplification of the NSR process, because it would avoid the peri-
odic changes in the gas-phase composition, which is not always an
easy task.

3.6. NOx-TPD and cyclic voltammetry measurements

NO,-TPD experiments were first carried out after NOy adsorp-
tion at 300°C on the catalyst surface at 3 and —2 V under lean
conditions (1000 ppm of NO, 1000 ppm of C3Hg, 5% of O,, He
balance). Fig. 11 shows the results of the NOy-TPD experiments
under application of 3 V. No desorption peaks of NOy were ob-
served when the adsorption was carried out over a potassium-free
Pt surface; however, two desorption peaks were observed when
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Fig. 10. NO, outlet concentration profile vs. time during NOy storage/reduction
experiments under a fixed lean reaction composition (NO/C3Hg/O2: 1000 ppm/
1000 ppm/5%) at 320°C. Storage phase: —1.5 V, 6 min of duration. Regeneration
phase: 3V, 5 min of duration.
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Fig. 11. NO desorption profile vs. temperature under application of 3 V. Adsorption
conditions: NO/C3Hg/O2: 1000 ppm/1000 ppm/5%, 30 min of duration, Ve =3
and —2 V.

the adsorption was carried out on the potassium-modified Pt sur-
face (i.e., under application of —2 V). The figure shows that all of
the desorbed NOy came from the stored nitrates during the ad-
sorption step under negative polarization, because no desorption
peaks of NOy adsorbed on the clean Pt film are seen. These re-
sults clearly demonstrate that NOy was weakly adsorbed on the
large Pt particles obtained using Pt paste [19]. But the two des-
orption peaks obtained after adsorption at —2 V indicate the pres-
ence of two different nitrate species on the NOy-saturated Pt-K
surface. Similar NO,-TPD results, with two desorption tempera-
ture peaks, have been found after NOy was adsorbed on BaO/y -
Al;03 samples [44,45]. Those studies showed that two types of
nitrates could be formed on the catalyst: surface nitrates, which
decompose first, and bulk alkaline nitrates, which decompose at
higher temperatures. We propose that, similar to BaO/y -Al,03, the
lower-temperature desorption peak at around 180°C is related to
desorption of surface nitrates, whereas the higher-temperature de-
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sorption peak at 300°C is due to decomposition of bulk potassium
nitrates. Compared with a previous study [45], here the desorption
peaks were observed at much lower temperatures. This can be at-
tributed to the application of a catalyst potential of 3 V during the
TPD, which strongly favoured decomposition of the stored nitrates.
Fig. 12 shows the results of the NOy-TPD carried out at different
catalyst potentials. In this case, the adsorption step was carried
out at 300°C under lean conditions (1000 ppm of NO, 1000 ppm
of C3Hg, 5% of O,, He balance) under application of —2 V, with dif-
ferent positive potentials (0.5, 2, and 3 V) applied during TPD. The
results clearly show that the maximum desorption temperature of
the stored nitrates can be modified by varying the applied cat-
alyst potential. Thus, as the catalyst potential was increased from
0.5V to 3V, the decomposition of both stored nitrates (surface and
bulk) were favoured. For the TPD carried out at 0.5 V, desorption
of the surface nitrates (lower temperature desorption peak) did not
begin until 380°C, and decomposition of the bulk nitrate (higher-
temperature peak) did not occur in the temperature range investi-
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Fig. 12. NOy desorption profile vs. temperature under application of different

potentials: Ve = 0.5, 2, 3 V. Adsorption conditions: NO/C3Hg/O,: 1000 ppm/
1000 ppm/5%, 30 min of duration, Ve = —2 V.

gated. In this case, the maximum desorption temperature peaks
of the stored nitrates approached those reported previously for
BaO/y-Al,03 samples [44,45]; however, the application of higher
potentials strongly decreased the maximum desorption tempera-
ture peaks. Under application of 2 V and (3 V), desorption of the
surface nitrate occurred at 195 °C and (185 °C), whereas decompo-
sition of the bulk nitrate occurred at around 390°C and (295 °C).
Thus it is clear, as mentioned earlier, that a solid electrolyte cell al-
lows control of the thermal stability of the electrochemically stored
nitrates and thus modification of the chemisorption properties of
the catalyst, in good agreement with the current theory of electro-
chemical promotion [17,18]. In addition, the TPD carried out under
application of 3 V demonstrated release of all of the stored nitrates
at around 300 °C (see Fig. 10). This suggests the possibility of elec-
trochemically regenerating the catalyst surface at this temperature,
and thus the system’s ability to work under a fixed lean compo-
sition. In addition, the NOx-TPD measurements demonstrate that
potassium nitrates were preferentially adsorbed on the catalyst as
surface species, although an important portion also existed as bulk
alkali compounds.

The presence of different potassium species on the catalyst sur-
face also was detected by cyclic voltammetry. Fig. 13 shows the
variation in the current along with the NOy concentration ver-
sus a linear variation (5 mVs~1) in the applied catalyst potential,
between 3 and —2 V at 300°C under a fixed lean composition
(1000 ppm of NO, 1000 ppm of C3Hg, 5% of O, He balance). As re-
ported in previous studies with cationic conductor electrolytes [46,
47], the observed cathodic and anodic peaks were directly linked
to the back-spillover of ions between the solid electrolyte and the
catalyst surface, leading to the electron charge-transfer reaction
between the ions and the adsorbed species on the catalyst. During
the cathodic scan, from 3 V to —2 V, three main cathodic peaks
were observed, centred at —0.1 V, —1 V, and —1.5 V, which were
attributed to the formation of different potassium species. Accord-
ing to the TPD measurements, the first peak centred at —0.1 V was
attributed to the formation of a weak surface nitrate, whereas the
second peak centred at —1 V was attributed to the formation of
bulk potassium nitrate, due to greater interaction between potas-
sium and NOy (i.e., more negative potential). During the formation
of both types of nitrates (Ve > —1 V), the NO, concentration was
<1000 ppm; however, once the bulk potassium nitrates were com-
pletely formed at V. < —1 V, the NOy concentration increased to
1000 ppm. The formation of such bulk alkali nitrates likely blocked
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Fig. 13. Current and NOy concentration variation vs. catalyst potential during cyclic voltammetry under lean reaction conditions at 300 °C. Scan rate: 5 mVs~'.
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most of the Pt sites, resulting in negligible SCR activity, as observed
in previous experiments. On the other hand, the third cathodic
peak at —1.5 V led to a further decrease in NOy concentration,
likely due to some SCR activity of the Pt catalyst. The greater
amount of potassium transferred at this negative potential likely
induced excessive coverage of Oy, with the subsequent formation
of potassium oxide/peroxide phases, the origin of the observed ca-
thodic peak at —1.5 V. Such species could have a promotional
effect on SCR activity, with their formation leading to a decreased
NO, concentration. The presence of these species, marked by a ca-
thodic voltammetry peak close to —2 V, also was observed in a
previous study with Pt/K-BAl,03 electrochemical catalyst, even at
a lower O concentration in the feed (1%) [22]. Thus, the three
peaks observed during the cathodic polarization in cyclic voltam-
metry are in good agreement with the results shown in Figs. 5
and 6 where the influence of the negative polarization during the
lean phase was studied. At low negative potentials, surface nitrates
formed, leading to an insufficient storage capacity to saturate the
Pt surface (cycles a and b in Fig. 5). But under more negative po-
larization, along with the formation of more surface nitrates, the
formation of bulk potassium nitrate occurred, increasing the stor-
age capacity of the catalyst (cycle c in Fig. 5) and blocking the Pt
active sites (leading to a negligible final SCR activity). This asser-
tion is in agreement with the proposed mechanism of formation
of both nitrate species [48]. The formation of surface nitrate has
been observed with a low alkali coverage of BaO in the Al,03 sam-
ple, whereas the formation of bulk nitrate occurred for higher (20%
BaO) alkali coverage in the Al,03 sample, once a monolayer of
surface nitrates was already formed [48]. On the other hand, dur-
ing the anodic polarization from —2 to 3 V, the previously formed
potassium species were decomposed, leading to three anodic polar-
ization peaks centred at 1.1, 1.5, and 2.2 V. The first of these peaks
was attributed to the decomposition of potassium oxide/peroxide
phases. As mentioned earlier, these phases required a strong inter-
action of O,qs on the catalyst surface and therefore decomposed
at moderate potentials (1.1 V). The decomposition of such species,
which did not enclose a NOy desorption peak to the gas phase, led
to a small anodic peak with a similar shape of the corresponding
formation peak at —1.5 V. The second anodic peak at 1.5 V was
attributed to the decomposition of the surface nitrates weakly ad-
sorbed on the catalyst surface, and the third peak at 2.2 V was
attributed to the decomposition of the bulk potassium nitrates of
greater stability. This assumption can be confirmed by examining
the amount of NOy released to the gas phase during the decom-
position of each type of nitrate. More NOy was released during
the decomposition of the surface nitrate during the anodic peak at
1.5 V than during the decomposition of the bulk nitrate at 2.2 V,
in good agreement with the TPD curves shown in Fig. 12.

Taking into account that both temperature and potential were
the driving forces behind decomposition of the stored compounds,
other parallels can be established between NO4-TPD and cyclic
voltammetry. A catalyst potential of 0.5 V was not sufficient to
decompose the stored nitrates at 300°C, as demonstrated by the
cyclic voltammetry results, and higher temperatures were required,
as evidenced by the TPD measurements. At 2.2 V, the surface ni-
trates were effectively decomposed at 300°C, in agreement with
the TPD spectra obtained under application of 2 V. Also at this
potential (2.2 V), the bulk nitrates began to decompose at 300°C
in cyclic voltammetry, in agreement with the higher temperature
(390°C) required for the decomposition of these compounds dur-
ing TPD at lower potential (2 V). Finally, a catalyst potential of 3 V
was sufficient to decompose the bulk potassium nitrates during
cyclic voltammetry, as confirmed by TPD measurements showing
the maximum desorption temperature peak at 3 V of the bulk
nitrates at around 300°C. Thus, as confirmed by cyclic voltamme-
try, the application of 3 V was sufficient to completely regenerate

the catalyst surface from storage compounds under lean condi-
tions, allowing us to work under a fixed lean atmosphere, in good
agreement with the results shown in Fig. 10. This can be further
confirmed by the excellent reproducibility of the current curves
for two different cycles in the voltammetry, which also agrees
with the good reproducibility of the NO, concentration profile.
The range of reaction conditions investigated demonstrates the po-
tential practical applications of this new electrochemically assisted
NSR catalyst. In addition, the low applied potentials (3 and —2 V)
used for trapping NOy and regenerating the catalyst surface will
help maximize the operational life of the electrochemical cell.

4. Conclusion

In this work, numerous findings were revealed as a result of
coupling catalysis and solid-state electrochemistry for the electro-
chemically assisted NSR catalyst. Using an electrochemical catalyst
in which the ions electrochemically transferred from the support
can effectively act as a storage component (e.g., potassium ions)
opens up a new range of alternatives not only for fundamental
studies, but also for technological advancement of the NSR process.
The main conclusions of this work can be summarized as follows:

e Using a solid electrolyte cell in the NSR process allows moni-
toring of the lean and regeneration periods by measuring the
current generated during the applied potential in each phase.
This can facilitate optimisation of the duration of both se-
quences at each reaction condition in a technically feasible
manner.

e Potassium ions electrochemically transferred to the Pt catalyst
play a double role in the NSR process, as a promoter for the
NO oxidation reaction and as storage sites through the for-
mation of potassium nitrates. Thus, moderated values of the
negative polarization in the lean phase should be applied to
balance both functions.

e The maximum yield of the Pt/K-BAl,03 to effectively reduce
NOy to N, was obtained at 300 °C. However, the possibility of
controlling the stability of the stored nitrates by varying the
value of the applied catalyst potential during the regeneration
phase would probably allow improvement of the system’s effi-
ciency under other reaction conditions as well.

e The ability of the electrochemical catalyst to work under wet
conditions demonstrates the potential practical uses of this
novel system. In addition, the possibility of electrochemically
regenerating the catalyst surface (without switching the gas
atmosphere to a rich environment) implies an important tech-
nological advance that can simplify the current NSR technol-
ogy.

e NO,-TPD and cyclic voltammetry measurements confirmed the
foregoing conclusions and revealed the presence of two differ-
ent types of potassium nitrates electrochemically trapped on
the catalyst surface, a weakly adsorbed surface nitrate and a
strongly adsorbed bulk potassium nitrate.
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