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Abstract

Exhaust car emissions increase significantly at particular gasoline engine driving cycle such as cold-start when the
three-way catalyst has not reached its light-off temperature. More efficient technologies are needed to reduce these
extra emissions. This study focuses on comparing two strategies to lower cold-start pollutants on a commercial
monolithic catalyst: (i) a high content of PGMs (Pd and Rh) loading with a variable concentration distribution along
the catalyst, called zone-coating, was investigated in order to take advantages of an in situ pre-heating due to
exothermic oxidation processes. And (ii) the use of external device for heating the monolith with the aim to shorten
the laps of time to reach the required temperature for their conversion. Both approaches were compared below 300
°C in terms of NO, CO and hydrocarbons conversions as well as N,O formation with respect to homogeneously
wash-coated catalyst. For evaluation, complex exhaust gas compositions were considered at different steady-state
air-to-fuel A ratios and high frequency transient lean/rich regime to mimic real operation in gasoline engine exhaust.
Results show that a pre-heating of the catalyst at 300 °C is necessary to avoid completely N,O formation from NO
reduction with CO. Remarkably higher NO and CH,4 conversions were observed during transient regimes rather than

steady-state lean, rich or stoichiometric conditions at 200 °C and 300 °C.

Keywords Three-way catalysis, Cold-start emission, Monolithic catalyst, Pre-heating strategy, Transient conditions



1. Introduction

Road transport is a significant contributor to air pollution. Exhaust gas pollutants, carbon monoxide (CO), nitrogen
oxides (NOy) and unburned hydrocarbons (HC) are mainly emitted from the gasoline-based engine tailpipes [1, 2].
Since decades, following ever stricter worldwide regulations on emissions such as Euro 6d, China 6a or US
standards, Three-Way Catalysis (TWC) has been implemented to provide an effective solution to the simultaneous
abatement of these three pollutants near stoichiometric A air-to-fuel ratio using commercial catalysts installed in the
car engines [3, 4]. These solid materials exhibit complex elemental composition. The active phase is provided by
Platinum Group Metals (PGMSs) from which palladium and platinum are mainly used for CO and HC oxidation to
carbon dioxide and water while rhodium ensured NO, reduction to molecular nitrogen [5]. A variable PGM loading
with flow axial coordinate called zoning or zone-coating is sometimes considered by car manufacturers in order to
take advantages of the oxidation reaction exothermicity [6, 7]. Zone-coated configuration was firstly envisaged to
segregate metals in order to avoid inactive alloy formation [8]. Then, a high PGM loading in a short front zone of
the catalyst was proven to maintain sufficient amount of active sites and thus good conversion performance in close-
coupled operation in which particle sintering is favored due to high temperature. On the contrary, the lower
temperature downstream allows preserving a high metal dispersion and thus a lower PGM loading [9]. Metal active
phase is typically supported on multiple washcoat layers deposited on monolithic-shaped cordierite substrates.
Monolith ceramic materials offer good mass and heat transfers, thermal and mechanical stabilities as well as low
pressure drop compared to conventional powder catalyst [10-12]. The washcoat layers are commonly composed of a
mixture of metallic oxides, namely, y-alumina due to its high surface area and thermal stability properties [13-15]
and ceria-zirconia mixed oxide for its oxygen storage capacity (OSC) [16-18]. Several promoters among rare earth
(La, Y, Nd, Pr, Sm) and alkaline (Ba, Sr) elements of the periodic table are then found to further improve OSC and
thermal stability performances of the catalyst [19-22].

However, the upcoming regulations feature more stringent emissions limits (Euro 7), thereby getting closer to a
zero-emission mobility goal including even regulations on nitrous oxide, ammonia and methane levels. Moreover,
the new emission thresholds would be applied at the most polluting driving stage such as cold-starts (including short
trips, stop-and-go) or hard accelerations [1, 23]. Among latter, lowering the total pollutant emission during the
engine cold start is one of the greatest challenges in exhaust after-treatment as catalysts have not reached their light-
off temperature yet, normally around 250-300 °C for TWC [24, 25]. To this end, the development of more efficient

technologies is needed to specifically reduce these emissions.

In this work, two different strategies will be evaluated for potentially lowering cold-start emissions that can be
applied on to a monolithic catalyst. The first strategy comprises of introducing a very high PGM loading of close to
2 wt.%Pd along the entire catalyst or only in the front zone of the monolith (zone-coating), which can facilitate an in
situ preheating by promoting an exothermic process from oxidation reactions. The second approach involves an
assisted pre-heating of the catalyst using an electric heating device near the light-off temperatures. While most
previous studies focused on pre-heating and zone-coating impacts on HC conversion, no dedicated study on N,O
formation has been performed [1, 7, 26]. In preliminary work [27], catalytic efficiencies of zone-coated and

homogeneous catalysts in model reactions of CO and Cj’s oxidation or NO reduction were compared regarding to
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their detailed washcoat composition, reducibility and surface properties. Quite distinct air-to-fuel regimes (A=0.5, 1,
1.5) were evaluated showing that the amount of dopants and PGM should be judiciously dosed to allow pollutant
abatement in a cost-effective manner. Herein, the efficiency of the zone-coated strategy is newly discussed
compared to a pre-heating step in terms of pollutant conversion and N,O formation below 300 °C. Interestingly, this
evaluation is performed by employing a complex gas mixture of pollutants consisting of CO, NO and various HC
introduced simultaneously under different lean/rich/stoichiometric steady-state stages (A=0.98, 1, 1.02 respectively)
as well as under realistic transient condition (1s lean/rich) in order to mimic the actual operative conditions as

prevalent in gasoline engines.

2. Materials and Method

2.1. Monolithic catalyst and its characterizations

The investigated monolith purchased from a leading car manufacturer is hereafter called Monolith-A following
confidentiality reasons. Monolith-A results from a zoning with the front side (1/3) having a higher concentration of
Palladium while the back side (2/3) is richer in Rhodium. Here, we will study three cases of this fresh catalyst as
represented in Figure 1: (i) Monolith-A-full refers to the full catalyst with zoning directly sampled from the
commercial exhaust catalyst, (ii) Monolith-A-front, refers to the front side composition only and (iii) Monolith-A-
back, refers to the back side composition only. The two latter catalysts are cut accordingly in order to have similar
full (void+solid) volumes in each case (=7.7 cm®). The specifications of the monolithic catalysts and the methods
used for its characterization are detailed elsewhere [27]. Briefly, Monolith-A chemical composition, textural and
structural properties have been evaluated using X-Ray Fluorescence (XRF), X-ray Photoelectron Spectroscopy
(XPS), Induced Coupled Plasma — Optical Emission Spectroscopy (ICP-OES), Scanning Electronic Microscopy
(SEM) as well as N,-physisorption analysis.

5cm ~1.6cm
——— —p
1.35 \
om |_ 7 E (:
Pd-rich 1.85 % Pd-rich
Monolith-A-front Monolith-A-full Monolith-A-back

Fig. 1 Schematic representation of monoliths tested with regard to their metal concentrations and distributions along the catalyst

2.2. Catalytic performance measurements

The catalytic test setup has already been described in [27]. In this catalytic performance measurements, a complex
mixture of gases composed of CO, CO,, NO, O,, H, and various hydrocarbons has been sent to the monolithic
catalyst mimicking the realistic exhaust gas mixture as produced by multiple Euro6d temp gasoline engines as

shown in Table 1 below under rich, lean or stoichiometric regimes.



Table 1 Concentration of the realistic mixture gas composition for catalytic performance evaluation at different richness

Lean Stoichiometric Rich

Mixture (»=0.98) ppm  (3=1.00) ppm  (2=1.02) ppm

Main pollutants

NO 1000 1000 1000
CcO 9640 9640 9640
CH, 191 191 191
CoH, 94 94 94
C3He 478 478 478
n-CsHy, 498 498 498
i-CsHy, 489.5 489.5 489.5
Catalyst inhibitor
CO; 10%, 10%, 10%,
Others
0, 1.70%, 1.66%, 1.63%,
H, 3342 3342 3342
He Balance Balance Balance

The air factor (A) values varied in the range of 0.98-1.02 to illuminate each regime’s significance for a specific
reaction with a total flow of 2 L min™ (at 20 °C, 1 atm) and a space velocity (GHSV) of 42 000 h™ considering the
solid volume only (2.85 cm®). The protocol for the catalytic performance testing is described in Fig S1. The catalysts
were firstly degreened for 4 h at 500 °C under oxidative flow (10% 0,/10% H,0O/He). During the catalytic tests, the
experimental protocol consisted of 3 isothermal steps at every 100 °C from 100 to 300 °C, where the following
regimes switch, lean, rich and stoichiometric change every 15 min after thermal stabilization (Figure S1(b)). The
switch regime refers to the periodic 1s transient between rich and lean modes. The gas phase composition at the
reactor outlet was analyzed overall using Infrared spectroscopy (IGS Antaris™, Thermo Scientific) and micro-gas

chromatography (LWGC double channel, Varian 490), simultaneously.

Pre-heating experiments were performed by previously increasing the temperature of the catalysts under O,/He flow
at every 50 °C from 100 °C to 400 °C before exposure to the complex gas mixture described above. The evolution of
reactant and product concentration, especially NO conversion and N,O formation were followed for 15 min under
the 1s lean/rich transient regime at each temperature interval. Last experiment was performed by heating the
catalysts directly to 300 °C under the O,/He mixture before exposure to the full mixture. In that case, different air-

to-fuel ratios were examined in the following order: richl/switchl/rich2/lean/stoichiometric/switch2.

3. Results and discussion
3.1. Catalyst description

The investigated catalyst including the front and the back sides was characterized in detail in reference [27] for
morphological, structural, chemical and surface properties. Only the salient features are briefly stated in this paper as

follows,

i Monolith-A consists of double-washcoat layers over the honeycomb cordierite support with hexagonal

channels (800 cpsi) and an open frontal area of 63%.



ii. It comprises different washcoat elements such as Ce, Zr and Al, including promoters like La, Nd, Pr, S, Ba
and Y in varied concentrations across the first and second washcoat layers.

iii. The Ce/Zr ratio controlling the OSC properties of the catalysts is 0.38 in Monolith-A-front and 0.23 in
Monolith-A-back. The front side presents a higher Ce®/Ce*" surface ratio equivalent to 0.31, indicating
higher presence of oxygen vacancies across this zone.

iv.  Washcoats were mainly prepared with blends of metal oxides like alumina and/or ceria-zirconia to provide
high specific surface areas and OSC properties, respectively. The first washcoat layer comprises Zr-
enriched ceria-zirconia with segregated particles of alumina, which helps minimize the sintering effect at
higher operating temperatures. The second layer is made of y-alumina with segregated particles of ceria-
zirconia that helps preserve the alumina phase.

V. Promoters like La, Nd, Pr and Y are added in small amounts to the washcoat in order to provide thermal
stability and enhance OSC properties of the ceria-zirconia. Previous studies on this catalyst confirmed the
presence of sulfur stabilized as barium sulfate for the specific role of enhancing HC oxidation and reducing
coking effects.

vi.  The zoning strategy applied to the monolith is reflected in the variable concentration of the active metal
sites or PGMs across length. The Pd-rich front consists of relatively high concentration (1.85 at.%) of Pd
and only 0.01 at.% Rh to assist oxidation reactions, while the Rh-rich back side comprises of 0.07 at.% Rh
and only 0.39 at.% of Pd to promote the NO reduction reaction (Figure 1). The latter percentages are given
taking into account all the sample (cordierite support and washcoat). Interestingly, a non-uniform Pd axial
distribution along the monolith showed better catalytic performances towards hydrocarbon and NOj
conversion as well as a higher temperature profile at the monolith inlet compared to a homogeneously Pd-
loaded catalyst (with the same total loading of Pd) [7, 26]. No segregated radial distribution of PGMs was

observed within the washcoat layers of Monolith-A.

3.2. Catalytic performance evaluation at low temperature

3.2.1. Zone coating investigation: effect of high Pd content
The effect of the zoning strategy on catalytic performances at low temperature has been investigated in full catalyst
as well as its different parts (Pd rich front and Rh-rich back) considering them as individual and distinct catalysts.
The aim is to determine the add value of the existing concentration gradients to improve oxidative and reductive
properties during the competitive reactions taking place during cold start conditions in the temperature range of 100-
300 °C. For that purpose, Monolith-A is exposed to a realistic gas mixture under different regimes periodically,
namely, switch, rich, lean and stoichiometric conditions at every 100 °C. Figure 2 focuses on the oxidative
properties from the outlet concentration profiles of CO, propene and methane as well as the reduction properties

from the NO, profile and consequent N,O formation.

The concentration of CO shown in Figure 2(a) during the catalytic performance testing is obviously an outcome of
two competing reactions, CO oxidation by oxygen versus that by NO. We can see that at 100 °C none of the CO is
oxidized and the concentration profile is unaffected by the subjected regimes. However, as the temperature increases

from 100 to 200°C, we can reach full conversion of CO for each of the tested catalysts. The Monolith-A-full and



Monolith-A-front present identical CO profiles and reach 50 % conversion at Tsq,=167 °C then full conversion at
around 150°C. Monolith-A-back present slightly lower activity achieving complete removal of CO only at 210°C
with a Tsq Observed at 186 °C. Moreover, no effect of the different air-to-fuel ratio is detected overall the entire
temperature range. Similar observations can be made in the case of propene conversion depicted in Figure 2(b) for
which full conversion is reached at lower temperature for Monolith-A-full and Monolith-A-front at around 182 °C,
compared to Monolith-A-back (220 °C). It is clear that higher CO and propene oxidation in the full and front
catalysts is a result of higher Pd content in them compared to the back side achieved as a result of the zoning
strategy. Interestingly, the trends for Monolith-A-full and Monolith-A-front are almost identical while the high Pd
content is only localized in the one third front part of the full catalyst. Finally, it is worthwhile to note that CO and
propene conversion are delayed on Monolith-A-back which emphasize the peculiar role of palladium for oxidation

reactions.

According to Figure 2(c), methane conversions reaching up to 70% at 300°C in case of Monolith-A-full and
Monolith-A-front which is a considerably lower temperature considering methane difficult activation [28].
Monolith-A-back shows lower activity with only 30% of converted methane at 300°C owing to lower concentration
of Pd. This is also the case at a lower temperature of 200°C, where methane oxidation starts to a small extent for full
and front catalyst unlike the back part. A slight overconcentration of CH,4 can be observed around 150 °C when
propene and others hydrocarbons as well as H, start to be converted (see Figure S2(f)). The CO, concentration
simultaneously increases in the same temperature range due to oxidation reactions (Figure S2(d)). The monolith
zoning strategy thereby seems to be beneficial in case of efficient conversion of methane to CO,. Here also, as was
the case for CO and propene, a longer Pd-rich zone such as in Monolith-A-front did not result in an improved CH,

conversion.

The NO, outlet concentration profiles are presented in Figure 2(d) with N,O formation profile in Figure 2(e). Here,
no nitrous oxide was formed during the progress of this entire reaction for Monolith-A front and back while a trace
amount of NO, (=20 ppm) arises above 100 °C for the full catalyst (Figure S2(e)). The presence of ammonia was
detected in IR gas analysis during the course of the experiment (Figure S3). However, the nitrogen mass balance
does not show any significant deviation associated with the fact that ammonia would not quantified. It seems
obvious that the absence of water in the inlet exhaust, avoiding reforming reactions, is a crucial parameter which
likely explain the absence of significant production of ammonia. Much higher NO, conversion up to 60% is
observed for Monolith-A-back at 200°C in the transient mode due to high Rh content (0.09 at.%) along the overall
catalyst, suggesting that NO, reduction at lower temperature would be improved by a higher Rh concentration. This
activity could be even positively impacted by the high dispersion and oxidation state of Rh as well as their
interaction with the ceria-zirconia washcoat layer despite a low Ce/Zr ratio of 0.23 [29-31]. In case of the rich, lean
and stoichiometric steady-state regimes at 200°C the three catalysts show comparable extent of NO, conversion. On
reaching 300°C, Monolith-A-front shows better NO, conversion due to higher Pd content (1.9 at.%) under the rich,
lean and stoichiometric regimes indicating that at medium temperature range higher Pd concentration aids in
improving the reduction of NO [9, 32-34]. It is also worth to correlate the high NO, conversion at 300 °C with the
absence of oxygen (Figure S2g). Indeed, O, becomes fully converted in reaction of HC oxidation, leaving NO as the

only oxidant species remaining in the gas mixture, thus favoring its reactivity and dissociation on Pd. That can



explain the slightly better NO conversion at 300 °C especially in rich and stoichiometric media for all the catalysts.
Interestingly, better or almost complete NO, removal takes place under the switch regime in each catalyst case at
200 °C and 300 °C, respectively compared to the other modes. Similar to the case of methane oxidation, transient
conditions seem to assist in improving the catalytic performances for NO, reduction to nitrogen. Formation of
ammonia, in a small extent, was also observed during this transient stage (Figure S3), while no N,O was formed.
The investigated catalysts are clearly more sensitive to the oxygen content or the steady-state regime conditions
especially at high temperature with higher activity in the rich conditions while lower activity is observed in lean
condition, as expected. The formation of N,O was also analyzed during the course of this reaction (Figure 2(e)),
with its maximum formation in case of Monolith-A-front reaching 50 ppm at 100°C and least amount of N,O was
produced in case of the Monolith-A-back thanks to its higher Rh concentration. In all cases, the highest level of N,O
is formed during the rise of temperature from 100 to 200°C, once again highest for Monolith-A-front reaching a 250
ppm spike. The volume concentration of N,O formed per minute during the experiment was calculated by
integration of its concentration evolution between 100 and 300 °C around 41, 59 and 19 ppm for full, front and back
monolithic materials, respectively. Evidently, the higher concentration of Rh is highly beneficial for low temperature

NO reduction as well as lowering the extent of N,O formation, although to only a small extent.

The temperature profiles of outlet gases during catalytic tests on Monolith-A were compared to a blank experiment
on Figure S4 in supporting material. A difference of around +40 °C was observed at both 200 °C and 300 °C
temperature stages attributed to exothermic HC oxidation reaction taking place in this range. However, no
significant deviation was observed between the catalytic tests on Monoliths-A-full, -front and -back. This result
indicates that the in situ preheating expected from the zone-coating strategy by taking advantages of exothermic

process of HC oxidation reaction remains in fact very limited.

At this point one can consider that the zoning strategy helps to partly combine the advantageous effects of higher Rh
as well as Pd concentrations to have overall improvement on NO, reduction properties. In general, in all cases, the
Monolith-A-front does not show any remarkable improvement in order to lower cold-start emission in spite of the
highest Pd concentration throughout its length. In the next part of the study, we therefore focus on Monolith-A-full

and Monolith-A-back only applying a totally different strategy.
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Fig. 2 Outlet concentration profiles of (a) CO, (b) C3Hs, (c) CH,, (d) NO, and (e) N,O during temperature-programmed catalytic
testing in a complex mixture composition with Monolith-A-full (red crosses), Monolith-A-front (blue circles), Monolith-A-back
(green triangles) under switch (1s lean/rich), rich, lean and stoichiometric conditions. The deep black lines represent the initial
concentration of each gaseous reactant

3.2.2. Catalyst pre-heating against N,O formation

Among strategy for reducing pollution during cold-start, installation of an external pre-heating step of the catalyst up
to a sufficiently high temperature has been envisaged such that N,O formation can be efficiently minimized. To
examine the optimum pre-heating temperature, Monolith-A-full and Monolith-A-back catalysts have been exposed
to the complex mixture gas composition at every 50 °C under the lean/rich transient mode in which the NO
conversion was found to be optimal. At high temperature above 300°C, Figure 3 (Monolith-A-full) and Figure 4
(Monolith-A-back) show that both catalysts converge to the same catalytic behavior with a quasi-full conversion of
NO to nitrogen. Incomplete NO reduction with parallel production of N,O is mainly observed below 250°C and
notably at 150°C. Interestingly only the first half of the profile for Monolith-A-full at 150 °C favors NO reduction
by CO to N,O according to Eq (1). In principle, N,O can be subsequently reduced to nitrogen according to Eq (3). A



strong discontinuity appears with a strong loss of NO conversion (Figure 3c) while CO and CsHg become quasi-
converted. Such observation emphasizes the occurrence of the competitive CO oxidation by O, according to Eq (2).

Hence, CO would be no longer available for the reduction of NO.

CO + 2 NO - N,0 + CO, 1)
2CO+0,-2CO, )
CO +N,0 = N, + CO, 3)

The same discontinuity was not observed in the case of Monolith-A-back at 150 °C where CO and C3Hg are still
present in high concentrations. Indeed, complete oxidation reactions are only observed at higher temperature of
250°C (Figure 4a and 4b). This is not surprising owing to the lower Pd concentration in Monolith-A-back. At 150
°C, around 1000 ppm of CO are missing in the gas feed that certainly correspond to the 500 ppm conversion of NO
to form N,O then N, according to Eqgs (1) and (3). It is worth to note that some NO conversion could account for
reduction by H, at this temperature to form N,, N,O or NH; according to following equations. H, profiles (not
reported here) show complete conversion at 150 °C and a small spike of ammonia is recorded at the same
temperature (Figure S3).

2NO + 2H, — N, + 2H,0 (4)
2NO + H, — N,O + H,0 (5)
2NO + 5H, — 2NH; + 2H,0 (6)

Finally, NO and CO conversion temperatures for both monoliths are consistent with those observed during
temperature programmed catalytic tests in switch regimes (Figure 2). Pre-heating the catalyst does not affect its
performance for better or worse, however, these outcomes highlight that a pre-heating temperature of 300 °C is
necessary to avoid residual trace amount of N,O in the exhaust during the cold start engine, in line with previous
findings [35].
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The pre-heating strategy is further examined by performing a catalytic test at the chosen temperature of 300°C by
direct exposure to the complex mixture under varying regimes as shown in Figure 5. The catalysts are initially under
the rich conditions (richl) followed by switch, rich2, lean, stoichiometric and switch2 regimes. This allows
inspecting the behavior of the catalyst under variable air-to-fuel ratios as well as the impact of the order of the
regimes, if any. Remarkably, NO conversion for Monolith-A-full displayed in Figure 5(a) reaches 71% or twice
more than in rich2 mode (33%) during richl regime. No such difference is observed for Monolith-A-back catalyst

where only 20% of NO conversion is obtained at steady-state in both rich modes. Moreover, the two successive

12



switch modes show similar behavior i.e. almost full NO conversion for both monoliths confirming the best catalytic
performances obtained during transient 1s lean/rich regime. Interestingly, these observations can be transposed to
some extent to the evolution of methane concentration in the different air-to-fuel ratios. Best performances are
reached during transient modes for both catalysts while rich1 regime on Monolith-A-full shows a slightly better CH,
conversion than rich2 (68% vs. 59% respectively), which is not observed with the back monolith part. Regarding the
N,O formation we can observe in Figure 5(b) that this pre-heating step certainly avoids the N,O formation, and

remains such under the change of the regimes as well.
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Fig. 5 Exposure of Monolith-A-full (red crosses) and Monolith-A-back (green triangles) to mixture gas composition on pre-
heating the catalysts at 300°C: Concentration profiles of (a) NO, (b) N,O and (c) CH, under different regimes richl, switchl,
rich2, lean, stoichiometric, switch2. Dotted blue lines represent the initial concentration of NO and CH, reactants
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3.3 General assessment

The two technological strategies for minimizing typical cold-start emissions like N,O by (i) catalyst designing
through zone-coating with exceptionally high Pd loadings and (ii) catalyst pre-heating to intermediate temperatures
helped to evaluate their present and future commercial validation. The unusually high Pd loading by zone coating
was not successful in avoiding cold start emissions. In this case, N,O formation is still prevalent at low
temperatures. Simply higher Pd loadings do not improve catalytic performances beyond a certain concentration of
such precious metals [36—38] since strong CO and Pd interactions can occur making desorption of CO from Pd a
rate-limiting step [39]. Rapid rates of oxidation are also observed on catalyst exhibiting a high density of Pd active
sites, leading to an insufficient concentration of CO, HC and H, which are required for NO, reduction [40]. In
addition, high Pd loading favors high-temperature sintering besides also increasing the manufacturing cost of such
catalysts. On the other hand, pre-heating seems a better option and highly efficient method in regards to avoiding
N,O cold start emission, as seen in previous studies as well, while maintaining similar catalytic performances [1,
41]. One might conceivably point out that preheating strategy consumes higher energy derived through higher fuel

consumption.

Beyond N,O emissions, high catalytic performance for both oxidation and reduction reactions under the transient
switch mode at low temperature is evidenced. It is noteworthy to see that in each case, especially at 200 °C and 300
°C, a higher catalytic activity for NO, reduction and methane oxidation can be distinguished during the 1s lean/rich
transient mode, while the impact of the steady-state regimes (lean, rich and stoichiometric) on the concentration
profiles is less significant. Similar performances under all the steady-state conditions were observed earlier for the
model CO and propene oxidation reactions for the same catalyst in our previous work and was attributed to the
enhanced OSC properties of this monolithic catalyst [27]. It may be considered that during the transient condition
the catalyst active species can experience change in their oxidation state and structure, which can dramatically
impact the conversion rates. Some studies showed that mixed PdO, (metal-ionic sites) species can be more active
than the PdO (fully oxidized sites) ones for methane oxidation, the occurrence of which primarily depends on the
variation of the oxygen feed subjected to the catalyst that can be maintained through a periodic lean/rich
environment close to stoichiometric operating conditions [42-46]. Along similar lines, the respective orders of the
regimes also have an influence as evidenced by the differences on NO outlet concentrations in richl and rich2
regimes. It is most probably resulting from difference of catalytic active surface sites before and after exposing to
the mixed compositions of gases. To investigate this, a feasible approach would be to study the catalyst surface
evolution by XPS after exposure to the pollutants by quasi in situ analysis and/or by in situ XAS analysis. However,
this would remain the scope of another study. Finally, it is worth mentioning that the introduction of a large amount
of water in the gas feed could have a significant impact on the result reported in this work by promoting reforming
or reverse water-gas-shift reactions. The latter are obviously not prevalent here where water is assumed to be formed

in only trace amount.
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4. Conclusions

A commercial three-way catalyst and its different coating zones currently used by a major car manufacturer have
been investigated in this paper for, firstly, assessing the impact of the zone-coating on it and, secondly, the
effectiveness of incorporating a catalyst pre-heating step under transient lean/rich mode during cold-start conditions,
referred to as the switch regime in this work. It was evidenced that the occurrence of increasing the PGM loading
through zone coating allows combining improved catalytic conversion of CO and HC oxidation due to high Pd
loading as well as improved NO reduction thanks to higher Rh loading on the back side. However, no important
beneficial effect was observed in this case for avoiding N,O formation at lower temperatures of up to 200 °C. The
pre-heating of catalyst at 300 °C was on the other hand shown to be highly effective for preventing N,O from
forming. Interestingly, in all cases the transient mode was revealed to be the most active regime at all temperature
ranges of the current study.

The results reported in this study will provide directions to optimize the PGM concentration in regards of pre-
heating strategy and cost/performances ratio for further development of three-way catalysts keeping in mind the cold
start emission challenge and new pollutant thresholds (N,O, CH,, NH3) from European regulations.
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