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Abstract The reduction of NO by C,H, in high excess of
O, and temperatures 200—300 °C was investigated using a
monolithic electropromoted reactor (MEPR) with twenty-
two Rh/YSZ/Pt parallel plate elements. It was found that at
220-240 °C and 10% O, the selective catalytic reduction
(SCR) of NO can be electropromoted by 450% with near
100% selectivity to N, and Ano values up to 2.4. The
corresponding rate enhancement ratio of complete C,H,
oxidation is up to 900% with Faradaic efficiency, Aco,,
values up to 350. The system appears promising for prac-
tical applications.

Keywords Electrochemical promotion - NEMCA effect -
NO reduction - Ethylene reductant - Monolithic
electropromoted reactor - Selective catalytic reduction
(SCR) of NO - Rhodium electrocatalyst -

Platinum electrocatalyst

1 Introduction

The reduction of NO by light hydrocarbons in the presence
of 10% O,, typical of the exhaust of lean-burn and Diesel
engines, presents a great technological challenge [1-7].
Although Cu-ZSMS type catalysts show good activity and
selectivity, their overall thermal stability and performance
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is not sufficient to lead to a commercial process [8, 9].
Noble metals (Rh, Pt and Pd) exhibit good activity for NO
reduction, but are poisoned severely by strong adsorption
of oxygen for po, values exceeding 2% [1-7]. This is
particularly pronounced for Rh, which exhibits high
selectivity to N, and is less pronounced for Pt, which
however exhibits lower selectivity to N,, and significant
N,O formation at lower temperatures.

Many previous studies with supported catalysts have
focused on the use of simulated exhaust gas mixtures
containing HC/NO/O, concentrations in the range
1,000 ppm/1,000 ppm/5% and H,, CH4;, C,H4 or C;Hg
reductant over dispersed catalysts in fixed bed or fluidized
bed reactors [1-15].

Few studies have investigated the high O, excess
(~10%) range which is of significant practical importance.
Chen et al. [14] reported 70% NO conversion using CO as
a reductant over Pd/CeZrO, with 85% N, selectivity at
400 °C and Wang et al. [15] found 85% NO conversion to
N, using as reductant C,H, over Ce-zeolites at 300 °C.

A parallel approach has been the use of the electro-
chemical promotion of catalysis (EPOC or NEMCA effect
[15-23] to electropromote Pt, Rh and Pd catalysts [23-51],
(Appendix 1), in some case in conjunction with classical
(chemical) promotion [32]. These studies have utilized
YSZ [24-39], p”-Al,03 [40-49], Nasicon [50], and proton
conductor [51] solid electrolytes and, with very few recent
exceptions [34-38], thick (0.5-1 um) porous metal films.
With a very recent exception utilizing Pt—Rh alloy catalysts
[38], they were also limited to py, values below 2% where
the O, poisoning problem is not pronounced. The large
majority of these studies were also limited to single-pellet
reactors and only recently a monolithic electropromoted
reactor (MEPR) was utilized for laboratory studies [34-38]
and also tested under real car exhaust conditions [37] with
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moderate success and under relatively high fuel injection in
the exhaust.

The present study is the first one utilizing hydrocarbon,
NO and O, concentrations typical of real Diesel exhaust
conditions (1,000 ppm hydrocarbon, 660 ppm NO, 10%
0,) and low enough temperatures (down to 200 °C).
Similar to previous works [34, 37], we have used Rh/YSZ/
Pt catalyst elements in an effort to utilize simultaneously
the advantages of both Rh and Pt, i.e. strong electropro-
motion of Rh with anodic potential [29-37] and of Pt with
cathodic potential [28, 41-45], high selectivity to N, on Rh
[1-10], lower susceptibility to O, on Pt and, perhaps,
ability of Rh to dissociate N,O formed on Pt.

Two parameters are commonly used to describe the
magnitude of electrochemical promotion, i.e. the Faradaic
efficiency, A, and the rate enhancement ratio, p [19-23]. In
the present case of NO reduction by C,Hy in presence of O,
they are defined from:

AC02 = AI‘COZ/(I/Q,F); ANO = AI‘No/(I/ZF)

Pco, = (oo, + Arco,)/To.co,; (1)
Pno = (foNo + Arno) /ToNo

where rco, and ryo (the total rate of consumption of NO)
are expressed in mol O and subscript “o0” denotes open-
circuit conditions. In addition to these parameters, when
describing electropromotion at high reactant conversions, as
in the present case, it is important to define a third para-
meter, the effective rate enhancement ratio, p., defined
from:

Pe = P/ Prmax (2)

where p,.x expresses the maximum allowable p value due
to complete or, more generally, equilibrium conversion.

It should be noted that, in the present study, both the Rh
and Pt films are catalytically active and therefore the
measured rco, and ry, values correspond to the sum of the
rates on the Rh and Pt catalyst films. Therefore the terms
“electrophobic” (0r/0U > 0) “electrophilic” (0r/0U < 0),
“volcano” and “inverted volcano” [23] used to describe
the observed electropromotion behaviour are used in a
broad sense, characterizing the electropromotion behaviour
of the Rh/YSZ/Pt elements (U is the potential of the Rh
catalyst-electrode relative to the Pt electrode) rather than
that of the individual Rh and Pt catalysts.

2 Experimental
2.1 YSZ solid electrolyte plates
The solid electrolyte plates provided by Bosch had a

thickness of 0.25 mm and dimensions of 50 mm x 50 mm.
They were made of yttria-stabilized zirconia (YSZ, 8 wt.%
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Y,0; with a resulting molar composition Zrgo3
Y0.08701.957). The starting material had a mean particle size
of 0.5 um. The density in the sintered state was between
5.7 and 5.9 g cm ™.

2.2 Sputter deposition and characterization of the Rh
and Pt catalyst films

The Rh/YSZ/Pt and Rh/YSZ/Au samples were prepared by
metal sputtering. Prior to Rh, Pt or Au deposition, no
surface treatment was performed. The YSZ support was
introduced into the sputtering chamber, filled with pure
argon, then metal (Rh 99.8 or Pt 99.99, Lesker) was
deposited onto the substrate at 50 °C. The sputtering con-
ditions were the following: direct current (dc) mode with a
discharge of 350 V, argon pressure of 0.5 Pa. Under these
conditions the deposition rate is 0.10-0.15 nm s~'. The
film thickness was measured by calibration with smooth
silicon samples processed simultaneously [34]. The thick-
ness of the sputter-deposited rhodium and platinum films
was approximately 40 nm.

The surface area of the Rh and Pt catalyst films, as well
as the metal dispersion, was estimated using the galvano-
static transient technique, by measuring the time constant,
7, required for the rate increase, Ar, in galvanostatic elec-
tropromotion rate transients to reach 63% of its steady-state
value [23]. In this way one can estimate the reactive oxy-
gen uptake, Ng, of the anodically polarized metal film and,
assuming a 1:1 surface metal:O ratio, the active catalyst
surface area, Ng, expressed in mol, calculated by:

Iz
Ng = — 4
6= )
during the current imposition [23] or by:
ITp
Ng =— 5
o= (5)

in the current interruption technique [23], where r is the
electropromoted rate and the depolarization time, 7tp,
expresses the average lifetime of the backspillover oxygen
species originating from the YSZ lattice. These promoting
0°~ species are more strongly bonded to the catalytic
surface than normally adsorbed oxygen [23].

These experiments were conducted both with anodic and
cathodic polarization in an effort to estimate the surface
area of both the Rh and Pt catalysts (Table 1).

As in a previous study [34], the total surface area of the
Rh catalysts per plate was estimated to be (1.3-5.6) x 107°
mol Rh and (1.8-4.3) x 107° mol Pt. Since the metal
loading per plate is of the order of 10~ mol Rh or Pt, it
follows that these thin (~40 nm) films are porous and
mostly amorphous and that the Rh and Pt metal dispersions
are of the order of 10—40%, i.e. comparable to that of
commercial dispersed catalysts.
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Table 1 Ng values estimated by current imposition (Ng-63%) and current interruption (Ng-c.i) during both positive and negative polarization

under (a) 7% and (b) 9.4% oxygen excess

T (°C) Ng-63% positive Ng-c.i. positive Ng-c.i. positive Ng-63% negative Ng-c.i. negative Ng-c.i. negative

22 plates/mol Rh 22 plates/mol Rh per plate/mol Rh 22 plates/mol Pt 22 plates/mol Pt per plate/mol Pt
(@)
240 6.50 x 1077 2.88 x 1077 13 x 1076 8.56 x 1077 9.50 x 1077 43 x 107
(b)
240 6.06 x 107° 123 x 107* 56 x 107° 8.16 x 107° 4.03 x 107° 1.8 x 107¢
2.3 MEP reactor operation YNO

IT = (Yo2 +—2 ) —3Ye,n, (8)

The MEP reactor was placed in a tubular furnace and its
temperature was measured and controlled by a type K
thermocouple at a distance of 1 mm from the gas entrance.
A significant improvement in the design of the MEP
reactor used here in relation to previous ones [34-37] was
the use of gas-tight vacuum feed-throughs for the intro-
duction of the two wires connected to the reactor elements.
This has significantly improved the gas-tightness of the
reactor which is an important consideration since the
reduction of NO is quite sensitive to the oxygen partial
pressure. The feed gas composition and total flow rate, Fr,
was controlled by four mass flowmeters (Brooks smart
mass flow and controller B5878). Reactants were Messer—
Griesheim certified standards of C;H, in He, O, in He and
NO in He. Pure He (99.99%) was fed through the fourth
flowmeter in order to further adjust total flow rate and inlet
gas composition at desired levels. In all experiments dis-
cussed here the total inlet volumetric flow rate, Fr, was
maintained at 1 dm® STP min~'. Reactants and products
were analyzed by on-line gas chromatography (Varian
3800 equipped with a Porapak Q column at 50 °C for the
separation of C,Hy, CO, and N,O and a Molecular Sieve
column at 70 °C for the separation of N, and O,), in
conjunction with an IR CO-CO, analyzer (Fuji Electric)
and a chemiluminescence (ECO Physics CLD 700 EL ht)
NO/NOx analyzer. Constant currents and potentials were
applied using an AMEL 2053 galvanostat-potentiostat.

A parameter frequently used in automotive catalysis is
the lambda (4) factor. This factor is used to describe the
O,/fuel ratio present in an automotive exhaust and is
defined from:

actual (air/fuel) ratio

(6)

"~ Sstoichiometric (air/fuel) ratio

and in the case of C,H, as fuel, is calculated by:

,_lyo, %
3 Yo,

while, the O, excess (Il) is defined from:

In a conventional spark-ignition engine exhaust, . is
close to unity, while in lean burn engines, where I1 is about
10%, A can be up to 17.

3 Results and discussion

The experiments were performed using three gaseous feed
compositions:

a. Near stoichiometric oxygen conditions, i.e. pc,y, =
0.36 kPa, Pxo = 0.11 kPa, po, = 1.1 kPa, thus A=
1.12, IT = 0.08%.

b. Medium oxidizing conditions, i.e. pc,y, = 1 kPa,
Pno = 0.066 kPa, po, = 10 kPa, thus 1 =33,
IT = 7.03%.

c. Highly oxidizing conditions, i.e. pc,y, = 0.2 kPa,
Pno = 0.066 kPa, po, = 10 kPa, thus /1 =16.7,
IT =9.43%.

3.1 Near stoichiometric oxygen conditions (4 = 1.12)

Figure 1 shows anodic galvanostatic transient obtained in a
slightly oxidizing C,H4~NO-O, mixture, where II is
0.08% and A is 1.12. Upon positive current imposition
(+30 mA) the ethylene conversion increases from 26% to
78% (pco, = 2.8), O, conversion increases from 29%
to 83%, while the NO conversion increases from 28% to
94%(pno = 3.37). Furthermore, the effective enhancement
ratio, p., for the CO, production rate is 0.78, while for the
NO reduction rate it reaches 0.94, which means that the
achieved NO conversion via the NEMCA effect is 94% of
the maximum possible conversion (100%). No measurable
concentration of N,O was found in the products and thus
N, was the only measurable product of the reduction of
NO. Also no measurable concentration of NO, was
detected. The observed high selectivity to N, implies that
all N,O possibly produced by NO reduction on the Pt
catalyst-electrodes is further reduced to N, on the Rh
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Fig. 1 Transient effect of a constant applied current (+30 mA) on the
catalytic rate of NO reduction (ryo) and CO, formation (rco, ), on the
NO, C,H,4 and O, conversion (Xno, Xc,H,. X0,) and on the Rh-Pt
potential difference (U). T = 280 °C

catalyst-electrodes [23, 25, 26]. The phenomenon is
reversible, since current interruption causes both rates to
return to their initial values after approximately 70 min
(Fig. 1).

It is worth noting in Fig. 1 and subsequent figures that
[Anol is much smaller than |Aco, |, typically by a factor of
20-100. This is because, as in all previous studies of NO
reduction on Rh or Pt metal catalysts, the rate of NO
reduction, particularly under oxidizing conditions, is typi-
cally a factor of 20-100 smaller than the rate of
hydrocarbon oxidation. This reflects the fact that the rate
of NO reduction is intrinsically much slower than the
rate of hydrocarbon oxidation on these surfaces. Typical
turnover frequencies (TOFs) for NO reduction are 1073 7!
vs 107" s7! for hydrocarbon oxidation [23]. Thus, since
the order of magnitude of IAl can be estimated from [23]:

|A| = 2Fr, /1, 9)

where I, is the exchange current of the catalyst/electrode in
presence of the reacting mixture, one can rationalize
immediately the observed large |Aco,/Ano| ratios.

The observed (Fig. 2) overall electrophobic behaviour,
i.e. rate increase with potential, is similar to that obtained
in previous electropromotion studies of NO reduction on
Rh [23, 29-32] and can be rationalized by accounting for
the effect of decreasing strength of oxygen chemisorption
on Rh with anodic polarization due to the repulsive lateral
interactions with the spillover O”~ species. On the other
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Fig. 2 Transient responses at five different temperatures of NO
conversion and CO, formation rates and of the conversion of NO and
C,H, upon constant negative (a, ¢) and positive (b, d) current
imposition. O,/C,H4/NO = 10 kPa/l kPa/0.066 kPa

hand the NO reduction on Pt under near stoichiometric
oxygen conditions is known [23, 28] to exhibit electro-
philic behaviour, due to weaker oxygen chemisorption [23,
28] so that the effect seen in Fig. 1 and subsequent figures
is the sum of the electropromotion effect of Rh (anodic
polarization) and Pt (cathodic polarization). These two
effects cannot be, unfortunately, separated in a MEPR with
Rh/YSZ/Pt elements. Such a separation requires the use of
more-or-less inert (e.g. Au) counter electrodes as is done in
single chamber studies of the electropromotion of NO
reduction [24-33, 41-51].

3.2 Medium oxidizing conditions (4 = 3.3)

Figure 2 shows five galvanostatic transient responses of the
NO reduction rate (a, b) and of the CO, production rate
(c, d) upon application of constant anodic (b, d) and
cathodic (a, c¢) current at temperatures 220, 240, 260, 280
and 300 °C, using 1 kPa C,Hy, 10 kPa O,, and 0.066 kPa
NO and total gas flowrate 1,000 cm® min~'. Again no
measurable concentration of N,O was detected and, at
240 °C or below, no measurable concentration of NO, was
found in the products as shown below. One observes in
Fig. 2 that the open-circuit C,H, conversion increases from
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2% to 82.1% as temperature is increased from 220 to
300 °C. The open-circuit NO conversion, however,
increases from 4.5% to 21% between 220 and 260 °C,
where it exhibits a maximum and then decreases signifi-
cantly. Both positive and negative currents cause a very
pronounced and reversible increase in both rco, and ryo.
The electrochemical promotion effect is maximum at
240 °C.

Thus, at 240 °C and under negative polarization
(—3.5 V) the NO conversion increases from 13.5% to 53%
while the C,H, conversion increases from 6.3% to 62%.
One also observes the decreasing electropromotion effect
with increasing temperature and the purely electrophobic
nature of the reduction of NO at 300 °C. At lower tem-
peratures both rates are enhanced both with positive and
negative potential.

The above maximum electropromotion effect on both
CO, formation and NO reduction, expressed in terms of
average TOFs and conversions, is depicted more clearly in
Fig. 3. Upon imposing a cathodic current —140 mA, the
C,H, conversion increases from 6.3% to 36.5%
(pco, = 5.8), the NO conversion increases from 13.6% to
53.1% (pno = 3.9) while the O, conversion increases from
4% to 11%. The developed potential is approximately
—4.5 V due to the low operating temperature. The corre-
sponding Aco, and Ano, are 18.6 and 0.3, respectively.

Figure 4 shows the steady-state effect of the applied
anodic and cathodic current on the NO reduction rate, on
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Fig. 3 Transient effect of a constant applied negative current
(—140 mA) on the catalytic rates of NO conversion (rno) and CO,
formation (rco,), on the NO, C,H4 and O, conversion (Xno, Xc,H, »
Xo,) and on the Rh-Pt potential difference (U). T = 240 °C

the CO,, CO and NO, production rates as well as on the
conversion of both reactants as a function of temperature.
There is an increase in the rate of NO consumption with
both positive and negative current, with a maximum effect
at 240 °C upon cathodic polarization. Normally in the
electrochemical promotion literature such behaviour (i.e.
rate increase with both positive and negative current or,
equivalently, existence of a minimum in the rate vs
potential curve) is termed inverted volcano behaviour [23].
We will use this term here too, although in the present case
it is only a phenomenologic definition, since the Pt counter
electrode is also catalytically active. As shown in Fig. 4,
inverted volcano behaviour is also noted in the CO, pro-
duction, in the temperature range 220-300 °C. NO,
production starts to take place with cathodic polarization
above the ignition temperature of the catalyst (~240 °C)
which also coincides with the disappearance of CO pro-
duced in small amounts at lower temperatures and cathodic
polarization. At higher temperatures (260 and 280 °C)
there is significant production of NO, with cathodic
polarization.

Figure 5 depicts the steady state effect of temperature
on the rate enhancement, p, and on the Faradaic effi-
ciency, A, for NO reduction and CO, production. Pco,
and Aco, go through a maximum in the temperature
range 230-250 °C, reaching 10 and 36, respectively,
while similar is the behaviour of pno and Ano. The
subsequent increase in pno at higher temperatures is due
to the formation of NO,.
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Fig. 4 Steady state effect of temperature on the NO conversion rate,

on the CO,, CO and NO, production rates and on the conversion of
C,H, and NO, under open and closed circuit conditions
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Fig. 5 Steady state effect of temperature on the rate enhancement
ratio and on the apparent Faradaic efficiency of both the NO
conversion and CO, formation reactions at medium oxidizing
conditions

3.3 Highly oxidizing conditions (1 = 16.7)

In order to simulate the actual conditions of the exhaust of
a lean burn engine, similar experiments were performed by
feeding the reactor with a mixture of 0.2 kPa C,H,, 10 kPa
0, and 0.066 kPa NO balanced in He, thus 4/ = 16.7 and
IT =9.43%.

Figure 6 shows anodic galvanostatic transient responses
of the NO consumption rate (a, b) and the CO, production
rate (c, d) upon application of constant anodic (b, d) and
cathodic (a, c¢) current, in the temperature range of 220-
300 °C and total gas flowrate 1,000 cm® min~'. Similar
behaviour with the case of 7% oxygen excess, Fig. 2, is
noted, with relatively minor differences. Similarly to the
A = 3.3 case, there is no N,O production and also under
open-circuit practically no NO, production. However at
240 °C and higher temperatures there is significant pro-
duction of NO, with cathodic polarization as discussed
below. As shown in Fig. 6 the C;H, conversion increases
with temperature from 2.5% to 92%. The NO conversion
under open circuit state increases from 1.5% at 200 °C to
17% at ~240 °C where a maximum appears. Under
polarization conditions the NO conversion exhibits the
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Fig. 6 Transient responses at five different temperatures of the NO
conversion and CO, formation rates and of the conversion of NO and
C,H, upon constant negative (a, ¢) and positive (b, d) current
imposition. O,/C,H4/NO = 10 kPa/0.2 kPa/0.066 kPa

same behaviour, both with positive and negative potential
application, except for the case at the intermediate tem-
perature of 240 °C, where it exhibits a weak electrophilic
behaviour. The same change in behaviour, but at higher
temperatures, was observed in the medium oxygen excess
case.

Figure 7 shows potentiostatic transients at the optimal
operating temperature of 220 °C where upon negative
potential application the conversion of NO increases from
8% to 35% with a Ao value of 2.35.

Interestingly, upon negative potential interruption, ryo
decreases in small successive steps, while rco, exhibits a
more complex transient, first decreasing, then passing
through a sharp maximum. The observed steps may be
related to the slightly different performance of different
plates. The transient rate maximum upon potential inter-
ruption, coupled with the observed transient rate maximum
upon potential imposition, may reflect the onset of site
blocking effects by backspillover 0O’ ions on the posi-
tively polarized Pt catalyst and thus the existence of an
optimal applied potential. These effects are worth further
investigation, probably using inert counterelectrodes in an
effort to separate the catalytic and EPOC behaviour of Rh
and Pt in the MEPR environment.
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The magnitude of electrochemical promotion can be
assessed from Fig. 8 which shows the steady state effect of
temperature on the NO consumption and NO, formation
rates (a) and on the CO, formation rate (b) on the Rh/YSZ/
Pt electrocatalytic elements under open circuit and anodic
(+3.5 V) and cathodic (—3.5 V) polarization conditions.
The operating temperature ranges from 200 to 320 °C. The
maximum NO conversion achieved was 37% at quite low
temperatures (~ 240 °C), and negative polarization corre-
sponding to near complete C,H, conversion.

The most important feature, however, of Fig. 8 has to do
with the rate of NO, formation, rno,, in relation to the rate
of NO consumption, ryo, and thus with the selectivity to N,
defined, in absence of N,O, as Sy, = (INno — INo, ) /TNO-
Thus in Fig. 8 under open-circuit it is Sy, ~ 1 over the
entire temperature range investigated. Cathodic polariza-
tion (U = —3.5 V) leads to very significant increase in ryo
but, at the same time, it also leads at 240 °C and above to a
significant increase in rno,, thus causing a significant
decrease in Sy, to values of 0.5 or less.

On the other hand, anodic polarization (U = 3.5 V)
causes a smaller increase in ryo but does not cause NO,
formation below 300 °C, thus maintaining Sy, ~ 1 over a
much wider temperature range.

Thus T = 220 °C is the only temperature where the
electropromotion is quite significant (Fig. 7) and at the
same time the selectivity to N, (Sn,) remains very near
100%. Such an asymmetry in the behaviour of Rh/YSZ/Pt

200 220 240 260 280 300 320
Temperature / °C

Fig. 8 Steady state effect of temperature on the NO conversion and
CO, and NO, formation rates and on the conversion of C,H4 and NO,
under open and closed circuit in highly oxidizing conditions

elements regarding ryo, upon anodic and cathodic polari-
zation has been already observed in absence of O, or
hydrocarbons [34], albeit in the opposite direction. The
difference is most likely due to the very highly oxidizing
conditions in the present case. Figure 8 shows that both
anodic and cathodic polarization decrease the ignition
temperature by at least 20 °C (from 225 to 205 °C) and that
the electropromotion of CO, formation is quite pronounced
in this temperature range. At higher temperatures pcq,
decreases but p.co, is near 100%, as complete C,Hy
conversion is reached via electropromotion.

On the other hand, the electropromotion of the NO
reduction obtained by negative potentials remains quite
pronounced over the entire temperature range (Fig. 8, top)
while positive potentials cause a 20 °C decrease (from 240
to 220 °C) in the temperature of maximum rate of NO
reduction. The rate maximum in ryo at these low temper-
atures is due to the reaction kinetics and is predicted by any
type of Langmuir—Hinshelwood kinetics. The shift of the
rate maximum to lower temperatures reflects the change in
the binding energies of chemisorbed reactants and inter-
mediates with potential [23].

Figure 9 shows the steady state effect of temperature on
the p and A values for CO, production and NO
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consumption, under both anodic (Fig. 9a) and cathodic
(Fig. 9b) polarization. One observes that both with anodic
and cathodic polarization pno, |Anol, pco, and |Aco,|
exhibit a maximum at 220 °C. The measured maximum
[Anol values (1.03 and 2.35) are typically a factor of 50—
100 smaller than the maximum |Aco,| values, as expected
from the expression IAl ~ 2Fr,/I, [23] and the much
smaller (again by a factor of 50-100) r, values of NO
reduction vs C,H, oxidation (e.g. Figs. 2-6).

Figure 10 shows the steady state effect of the applied
potential on the NO reduction rate, on the CO, formation
rate and on the conversion of C,H, and NO at the optimum
operation temperature of 220 °C, where the maximum NO
conversion was achieved. In this figure one can clearly see
the inverted volcano type behaviour of the Rh/YSZ/Pt
elements, i.e. the increase of the catalytic rates by both

a Temperature / K
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200 220 240 260 280 300 320
Temperature / °C

Fig. 9 Steady state effect of temperature on the rate enhancement
ratio (p) and Faradaic efficiency (A) for both CO, formation and NO
conversion under both positive (a) and negative (b) potential
imposition under highly oxidizing conditions

@ Springer

positive and negative potential application. However, the
negative imposed potential branch is more effective than
the positive one, as we already noticed from the previous
figures. Although a maximum appears in the electropro-
moted rate of CO, formation rate and thus in C,Hy
conversion, during negative potential imposition at —3 V,
the NO reduction rate increases monotonically with
decreasing potential. This is in agreement with the obser-
vation of a transient maximum in the CO, production rate
after current interruption in Fig. 7, which as we already
noted, may be due to the high coverage of 0°~ promoter
species that is obtained on the Pt counterelectrode at such
high values of negative applied potentials. As already
discussed, it will be necessary to use inert counterelec-
trodes in a MEPR environment in order to investigate this
phenomenon thoroughly. On the other hand, a monotonic
increase in both rates is observed for the positive potential
branch.

Figure 11 shows the corresponding effect of the applied
potential on the rate enhancement ratio (p) and Faradaic
efficiency (A) for the CO, formation and NO reduction
catalytic rates at the optimum operation temperature of
220 °C. The figure also shows the corresponding effective
rate enhancement ratios p.. Similar behaviour to the one of
Fig. 10 is observed. The rate enhancement ratio for the
CO, formation reaction goes through a maximum at ~3 V
in correspondence to the maximum in the CO, formation
rate (Fig. 10). The measured, p values vary from 1.2 to 10
for the CO, formation rate and from 1.1 to 5.6 for the NO
reduction rate, while maximum absolute A values are of
the order of 2 for NO reduction and of 200 for CO, for-
mation. The corresponding effective rate enhancement
ratios, p., approach 0.45 for NO conversion and one for
CO, production with negative polarization. These high
values show the very good performance of the MEP reactor
at the optimal temperature of 220 °C.

100
0 Ino F1=1000 cm* min
20r 20¢ 0 rgo, Po10KkPa
v Ty —e—Xyo Pou=02kPa 1%
% 15 9 15} —=—Xc,H, Pno=0.066 kPa
2 T=220° {60
& |E ;./' <
p N =
S 10} 2 10} - e
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._8 :z) Fo o8
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Fig. 10 Steady state effect of the applied potential on the NO
conversion rate (rno), on the CO, formation rate (rco,) and on the
conversion of NO and C,Hy (Xno, Xc,n,) at T = 220 °C, and highly
oxidizing conditions
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Fig. 11 Steady state effect of the applied potential on the rate
enhancement ratio (p), on the effective enhancement ratio (p.) and on
the apparent Faradaic efficiency (A) for CO, formation and NO
conversion at T = 220 °C, and highly oxidizing conditions

4 Conclusions

The present results appear to be of significant practical use-
fulness for the development of efficient commercial catalytic
converters for lean burn or Diesel engines. In relation to pre-
vious exploratory studies of electrochemical promotion using
Rh/YSZ/Pt elements and monolithic electropromoted reactors
[34-36], the present study has identified optimal performance
at low temperatures (220-240 °C) and pronounced electro-
promotion even under highly oxidizing conditions
(A = 16.7). In this narrow temperature range the selectivity to
N, obtained with the Rh/YSZ/Pt elements is near 100% and
the production of CO, N,O and NO, is almost undetectable.
This significant enhancement in performance may be to a
small extent due to the reactor gas-tightness improvement, but
is primarily due to the significantly lower (220 °C) operating
temperatures studied in the present investigation. It will be
interesting to test more such units operating at 220—240 °Cin
the exhaust of Diesel engines [37] in order to examine long
term performance and stability.
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Appendix 1 Studies of the electrochemical promotion of NO reduction until 10/2007 (Refs. [24-49])

Electrolyte Electrode Temperature (°C) Lean/rich Rate enhancement (max) Selectivity to N, Refs.

YSZ Ir 200-500 C3He=NO = 0.2 kPa 0, = 1 kPa: Yield N,O ~7% [24]
0, = 1 and 5 kPa yield N, unpromoted 38%, unpromoted

promoted 64% and promoted

YSZ Pd 320-480 CO = 0.5 kPa pN, = 2.6 Unpromoted 33%, [25]
NO = 0.75 kPa promoted 47%
No O,

YSZ Pd 373 CO = 0.55 kPa pN, = 3.1 Unpromoted 22%, [26]
NO = 1.34 kPa oN-0 = 1.5 promoted 35%
No O,

YSZ Pd 370 CO = 0.65 kPa PN, = 4.2 [27]
NO = 0.61 kPa pN,0 = 2.2

pCO, =22

YSZ Pt 230-410 C3Hg=NO = 0.2 kPa pN, = 1.9 Unchanged [28]
0, =1 kPa

YSZ Rh 300 C3Hg:NO = 1 kPa pN, =3 Unpromoted/ [29]
0, = 0.5 kPa promoted 50%

YSZ Rh 250400 CO = 0.3 kPa pN, = 10 Below 350°C 5% [30]
NO = 0.1 kPa pN,0 =3 Above 420°C 20%
0, = 0.85-1.4 kPa

YSZ Rh 250430 C3;Hg = 0.085 kPa 380°C: pN, = 10, T = 430°C no N,O [31]

NO = 0.07 kPa

pN,0 = 3
430°C: pN, = 49

0O, = 0.3 and 2 kPa
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Appendix 1 continued

Electrolyte Electrode Temperature (°C) Lean/rich Rate enhancement (max) Selectivity to N, Refs.
YSZ Rh 430 C3Hg = 0.85 kPa pN, = 3-11 100% [30]
NO = 0.7 kPa
0, 0.3 and 2 kPa
YSZ Rh 320440 CO = 0.3 kPa pN, = 10 Below 350°C 50% [32]
NO = 0.1 kPa pN,0 =3 Above 420°C 100%
0, = 0.3-2 kPa
YSZ Rh-Ag 386 C3Hg:NO = 0.1 kPa pN, =8 Unpromoted 28%, [33]
(7:1) 0, = 5kPa pN,O = 3 promoted 55%
YSZ/Pt Rh 300-330 C,H, = 0.36 kPa T = 320°C Not given [34]
MEPR NO = 0.14 kPa pNO = 1.33
21 plate 0, = 1.1 kPa Conversion
operation unpromoted 60%
Promoted 80%
YSZ/Au Rh 305 C,H, = 0.36 kPa pNO = 1.8 Not given [35]
MEPR NO = 0.11 kPa Conversion
unpromoted 30.5%
11 plate 0, = 1.1 kPa Promoted 56%
operation
YSZ/Au Rh 305 C,H; = 0.36 kPa pNO = 1.8 Not given [36]
MEPR NO = 0.11 kPa Conversion
unpromoted 30.5%
11 plate 0O, = 1.1 kPa Promoted 56%
operation
YSZ/Pt Rh 290-330 Real engine pNO < 1 Not given [37]
exhaust gas test
MEPR NO = 0.037 kPa NO, conversion
CO, = 8.3 kPa unpromoted < 5
promoted 30%
0, = 9.8 kPa
Fuel = 0.23 kPa
YSZ/Au Rh:Pt 335-380 NO = 0.065 kPa 0, = 0.8 kPa N0 and NO, [38]
MEPR CoH, = 0.2 kPa pNO = 2.32 not detected
0, = 0.8-10 kPa 0, = 10 kPa
pNO = 1.26
YSZ Rh 370 C3He=NO = 0.1 kPa pN, =55 0, < 2.5 kPa 100% [39]
0, = 0.3-4.8 kPa pCO, = 220 0, > 2.5 kPa
significant NO,
formation
"_Al,O3 Ir 250400 C3H¢=NO = 0.2 kPa Poisoning of K* 60-100% [40]
g
K* promoted 0, = 0-5 kPa for CO, and
N, formation
rate at all
0, <0 kPa
B’-Al,05 Pt 280400 CO = NO = 3:1 Not given Not given [41]
No 02
f"-A1,054 Pt 320-400 CO:NO = 0.75kPa pN, = 13 Unpromoted 15%, [42]
No O, N0 = 1.5 promoted 65%
B’-A1,05 Pt 300430 NO = 0-1.6 kPa pN, = 18 Unpromoted 35%, [43]
H, = 0-1 kPa N0 = 11 promoted 70%
No 02
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Appendix 1 continued
Electrolyte Electrode Temperature (°C) Lean/rich Rate enhancement (max) Selectivity to N, Refs.
B’-Al,05 Pt 361 C3Hg = 0-0.6 kPa  pN, =20 Unpromoted 60%, [44]
NO = 1.3 kPa promoted 80%
No O,
f"-A1,05 Pt C3Hg=NO = 0.2 kPa T = 220°C pNO < 1.5 T < 340°C N,O [45]
Na* promoted 0, = 0.5-5 kPa T > 220°C poisson T > 300°C NO,
B’-Al,05 Pt 240 C3He=NO = 0.2 kPa O, = 0.5 kPa: pNO =14 O, = 0.5 and 1 kPa: [46]
SN2 > 50%
Na* promoted 0, = 0.5-5 kPa 0, = 5 kPa: pNO =1 0O, = 5 kPa: Sy < 45%
B"-A1,05 Rh 310 CO:NO = 1 kPa Unpromoted 23%, [47]
promoted 75%
Cu 310 No O,
CO =2 kPa Unpromoted < 5%,
promoted 95%
NO =1 kPa
No O,
p"-Al,03 Rh 322 CONO =09kPa O, =0: pN, = L5, O, = 0: unpromoted 54%, [48]
pN,O = 0.38 promoted 82%
0O, = 0-2 kPa 0, =2: pN, = 1, O, = 2: unpromoted/
PN2O =1 promoted 24%
B"-A1,05 Rh 350 C3Hg:NO = 0.1 kPa O, = 0: pN, = 1.89, O, = 0: unpromoted 49%, 48]
pN,O = 0.47 promoted 78%
0, = 0-2 kPa 0, = 2: pN, = 0.07, O, = 2: unpromoted 55%
pN,O = 0.1 promoted 52%
B’-Al,05 Rh 307 CO:NO = 1 kPa pN, = 3.1 Unpromoted 24%, [49]
No O, N0 = 0.3 promoted 80%
B’-Al,05 Rh 350 C3HgNO =1 kPa  pN, =24 Unpromoted 45%, [49]
No O, oN,O = 0.4 promoted 82%
Nasicon Pt 200400 C3He=NO = 0.2 kPa pN, = 1.7 Anodic polarization: [50]
0O, =5kPa pN,O = 1.5 Unpromoted 41%
Promoted 61%
Cathodic polarization:
Unpromoted 41%
Promoted 73%
Proton Pt 100-350 NO = 800 ppm [51]
conductor H, = 0-8400 ppm
0, = 0-10 kPa
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