Catalysis Letters \ol. 74, No. 34, 2001

133

Coke deposition on automotive three-way catalysts studied
with LEIS
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LEIS measurements have been performed on fresh and used commercial three-way catalysts (P/Rh/CeO,/y-Al203). The catalysts
showed a significant decrease in the platinum surface concentration of approximately 50% after use in hydrocarbon oxidation at cold-
start conditions, and could be completely regenerated. The selectivity towards the outermost atomic layer of LEIS allowed a one to one
correlation between the surface Pt concentration as detected with LEIS and that obtained by kinetic modelling. This supports recent
assumptions on selective deactivation. Conventiona surface science techniques such as XPS, SIMS or AES would have yielded ambiguous
results since their probing depths are not limited to the outermost atomic layer.
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1. Introduction

Nowadays, most cars are supplied with a monolith con-
verter, which contains a so-called three-way catalyst to di-
minish the emission of harmful components present in the
car exhaust gas [1]. The catalyst converts simultaneously
carbon monoxide, uncombusted hydrocarbons, and oxides
of nitrogen to carbon dioxide, water, and nitrogen. After
a cold start, however, the temperature of the catalyst is too
low for an effective conversion (viz., T < 600 K), resulting
in emissions of toxic pollutants. The rates of conversion of
the reactants are then completely determined by theintrinsic
chemical reaction kinetics. Therefore, for a further optimi-
sation of the exhaust gas converter and the control system,
currently an air/fuel ratio based feedback controller, a full
understanding of the processis necessary, notably the kinet-
ics of the reactions involved. The influence of the driver,
reflected by FTP tests (federal test procedure), aswell asthe
delay of the sensor/controller system cause steep and fre-
guent changesin the composition of the exhaust gasfrom the
car engine [2]. Thisindicates the need for modelling of the
transient kinetics. Transient kinetic modelling, based on el-
ementary reaction steps, yields a detailed model, capable of
predicting accurately the conversionsof all componentsover
the automotive catalyst. Such a model can be used to im-
prove the performance of the monolith converter via model
predictive control [3].

During the cold-start period, which will take generally
about 100 s, the engine is normally operated at rich con-
ditions in order to ensure its operation. This will result in
alarge excess of carbon monoxide and unburned hydrocar-
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bons in the exhaust gas that partly adsorb onto the catalytic
surface. Partia decomposition of these adsorbed compo-
nents during the monoalith heat-up will lead to the presence
of carbonaceousdeposits on the catalytic surface, which will
block active sites of the catalyst, until the deposits can be
burned off. Thelatter will not occur until the end of the cold-
start period, at T ~ 600 K. Carbon deposits from CO on
Pt/CeO, and Rh/CeO, catalysts have been imaged by means
of TEM [4], and aso ethylene is notorious for depositing
carbonaceous species on noble metal catalysts [5-8]. This
means that deposition of carbonaceous species contributes
significantly to the emissions during the cold-start period.
Recent kinetic studies [9,10] on ethylene and acetylene ox-
idation in the framework of automotive catalysis endorsed
the involvement of carbonaceous species, notably the selec-
tive deactivation of noble metal sites with respect to oxygen
adsorption. The intention of this study is to provide an in-
dependent, quantitative confirmation of the decrease of no-
ble metal sites, as estimated from the recent kinetic stud-
ies[9,10].

A real exhaust gas contains hundreds of different hydro-
carbons [11-13]. Ethylene and acetylene have been chosen
to represent these hydrocarbons. Ethylene, with arelatively
large abundancein an exhaust gas[13], representsthe hydro-
carbons, which can be oxidised quite easily, among which
aromatics[14,15]. Acetylene was chosen mainly because of
both its large inhibitive effect and high concentration after a
cold engine start, as discussed recently [10].

In this study low-energy ion scattering (LEIS) has been
used to quantify the coke formation on a commercial three-
way catalyst with a characteristic noble metal loading of
0.48 wt%. Using LEIS the elemental composition of the
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outermost atomic layer of a catalyst can be determined in a
guantitativeway. Hence, if the catalyst surfaceis partly cov-
ered with carbon this will both be detected by observing the
presence of carbon and by measuring the disappearance of
the underlying material. Therefore, LEIS can reveal whether
the carbonis deposited on the carrier material or onthe noble
metals. Techniques like XPS, Auger electron spectroscopy
(AES) or secondary ion mass spectroscopy (SIMS), do not
provide this information since their probing depths are not
limited to the outermost atomic layer which leadsto ambigu-
ous results [16]. For instance — assuming 8 = 45°, Mg Ko
X-rays, inelastic mean free path of 3.07 nmfor Pty in C[17],
and a carbon monolayer thickness of 0.2 nm [18] —a surface
that is totally covered with one atomic layer of carbon still
gives about 91% of the Pt XPS signal of a clean Pt sample.
While a Pt surface that is only half covered with two mono-
layers of C would give the same 91% Pt signal. Therefore,
XPS cannot be used to determine the part of the Pt surface
that is covered with C. The XPS signa of the C atoms can
also not be used, since C can also be on the support. Hence,
guantification of the carbon coverage does not make sense.
The same kind of ambiguity will be encountered when using
AES or SIMS. Moreover, matrix effectswill further compli-
cate the analysis when using SIMS. The information depth
of LEIS, however, islimited to one atomic layer [19,20] and
allows quantification of the noble metal arealoss. Moreover,
thehigh sensitivity of LEIStowardsnoble metalsenablesde-
tection down to concentrations of some 10 ppm of a mono-
layer. Thisopensa unique possibility to quantitatively verify
the kinetic modelling. In general it will thus be possible with
LEIS to study the nucleation site of coke formation.

The noble metal surface areas of fresh and used commer-
cial catalysts as detected with LEIS, have been compared
with the corresponding values as estimated from kinetic
modelling of the acetylene and ethylene oxidation at cold-
start conditions, to verify the outcome of the latter [9,10].

2. Experimental
2.1. Catalyst (pre-)treatment

A commercia Pt/Rh/CeO,/y-Al203 catalyst, as used for
coating monoliths, has been provided by dmc? A.G. (Hanau,
Germany) as a powder with a mean particle diameter of
12 um. The powder is pressed, crushed, and sieved to obtain
a fraction with pellet diameters between 0.11 and 0.15 mm.
To enhance isothermicity during kinetic measurementsin a
fixed-bed reactor, 0.92 g of catalyst is diluted with 1.4 g of
inert a-Al>03 (0.15-0.21 mm).

In order to enable reproducible kinetic experiments the
following pre-treatment is carried out. The catalyst is heated
to 773 K in asteady flow of He. Thenthe catalyst is oxidised
during 1 h by a stream containing 25 vol% oxygen. Next
the catalyst is kept under flowing He for 30 min in order to
purge reversibly adsorbed oxygen, followed by reduction in
aHe stream containing 5 vol% Hy at 773 K for 2 h. Finally,
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the catalyst is allowed to cool down to reaction temperature
under a He stream.

2.2. Kinetic experiments

Different batches of the thus pre-treated Pt/Rh/CeOs/
y-Al,03 catalyst have been used in transient ethylene oxida-
tion experimentsat cold-start conditions(393—443K), andin
transient acetylene oxidation experiments at cold-start con-
ditions (503-543 K). During the transient experiments, the
catalyst material is alternately exposed to He flows with ei-
ther 0.15 kPa hydrocarbonsor 0.5 kPa O, at frequencies be-
tween 0.05 and 0.25 Hz for a period of two weeks. More de-
tail on the transient experiments can be found in[9,10], con-
cerning the ethylene and acetylene oxidation, respectively.

2.3. LEISexperiments

In LEIS (also known as ion scattering spectroscopy or
ISS) experiments, low-energy noble gas ions are scattered
by atoms in the exposed surface. According to the laws of
conservation of energy and momentum, the energy spectrum
of the back-scattered ionsis equivalent to the mass spectrum
of the target atoms. The information depth of LEIS is lim-
ited to one atomic layer, because of the high neutralisation
probability of the noble gasions.

Prior to LEIS analysis the catalyst samples have been
compacted into pellets at 300 MPa. Recently, we have
shown that compaction at 300 MPa does not influence the
surface composition [21]. LEIS selectively probes the out-
ermost atomic layer, hence surface contaminants would ob-
scure theintrinsic composition. Therefore, the contaminants
have to be removed before analysis of the intrinsic compo-
sition is possible. To clean the fresh, and to regenerate the
used three-way catalyst sampl es, an atomic oxygen beam has
been applied. The use of atomic oxygen allows very effec-
tive cleaning at low temperatures (ca. 310 K). After the ox-
idative cleaning, the catalysts are reduced at 573 K in 20 kPa
H> flowing at 2.6 mmol/min for 10 min.

After evacuation, hydrogen from the reduction treatment
remains on the catalyst surface. This remaining hydrogen
can be selectively removed by sputtering, since the sputter
rate for hydrogenis usually 10-50 times higher than that for
other elements[22]. From LEIS measurementsas afunction
of ion dose, it appeared that hydrogen was removed upon a
He dose of 2 x 10%° jons/cm?. Between aHedose of 2x 10%°
and 10 x 10 jons/cm?, the surface composition of the cata-
lyst remained constant. The sputter rate of Neistypically ten
times higher than for He. Therefore, al presented measure-
ments are carried out using either aHe dose between 2x 10%°
and 9 x 10'® ions/cm? or aNe dose between 0.2 x 10'° and
1 x 10 iong/cm?.

All LEIS measurementshave been performedin the UHV
Calipso LEIS set-up. This set-up, which has been devel oped
at the Eindhoven University of Technology, is equipped with
a sensitive double-toroidal analyser and a large position-
sensitive detector. These allow a large part of the energy
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Figure 1. Two LEIS spectra obtained with 3 keV #He on afresh (—) and aused (- - -) three-way catalyst.

spectrum to be measured simultaneously [23]. Since the
sensitivity of this set-up is about a factor 1000 higher than
that of conventional LEIS, it is now possible to detect as
little as some 10 ppm of a monolayer Pt on a supported cat-
alyst.

To analyse the surface composition of the three-way cat-
alyst before and after use in the ethylene and acetylene oxi-
dation, 3 keV “Heions have been used. Moreover, 3 keV Ne
ions have been used to alow separation of Pt from the Ce
inthe catalyst carrier. Unfortunately, Rh cannot be observed
since the expected Rh surface concentration is ca. ten times
lower than the Pt surface concentration because of segrega-
tion [24]. Moreover, the Rh peak is on the low-energy side
of the huge Ce peak. Hence asmall Rh peak isindiscernible
from the Ce background of the catalyst carrier. The beam
was rastered over an area of 1 x 1 mm? during measure-
ments. In the Calipso LEIS set-up the primary ion beam is
directed perpendicular towards the target, and ions scattered
over 145° with respect to the incoming beam are detected.
During the experimentsthe catalyst samples were prevented
from charging by flooding with low-energy electrons from
all directions.

3. Results
3.1. LEISanalysis of the catalyst carrier

Figure 1 shows LEIS spectra of afresh (solid line) and a
used (dotted line) Pt/Rh/CeO2/y-Al203 three-way catalyst.

The spectra have been measured with a 3 keV “He dose of
6 x 10% iong/cm?, and are therefore selectively represent-

ing the outermost atomic layer of the catalyst. From this
figure, it can be seen that the catalyst surface exposes not
only large amounts of Ce, O, and Al, but also a significant
amount of F. Additional measurements on the support mate-
rialsrevealed that the F originatesfrom the y-Al,O3 support
material. Like other surface contaminants, F will obscure
underlying catalyst congtituents. Since the F content differs
from sampleto sample, it hampers exact quantification of the
composition of the catalyst support. However, the Al peak
area is about twice as high as the Ce peak area. In combi-
nation with the fact that Ce is much heavier and therefore
more easily detected than Al, this shows that there is much
more Al in the surfacethan Ce. Thisisin agreement with the
bulk analysis of the diluted three-way catalyst being 11 wt%
CeO, and 89 wt% y-Al,03 [25].

3.2. LEISanalysis of the Pt surface area after acetylene
oxidation

To alow separate determination of Pt and Ce, 3 keV Ne
ions have been used. Figure 2 showsthe Pt LEIS signals for
a fresh three-way catalyst (dash line), the catalyst after use
in the acetylene oxidation (thick solid line), and the catalyst
after regeneration following use in the acetylene oxidation
(thin solid line). Prior to the LEIS measurements, the fresh
catalyst has been cleaned using atomic oxygen, whereuponit
was reduced at 573 K. As has been described in the previous
section, these treatments have been carried out to reveal the
intrinsic catalyst surface. To regeneratethe catalyst after use
in the acetylene oxidation, the same treatment has been ap-
plied. Thefigure showsthe Pt signal decreased 504-5% after
use in the acetylene oxidation at cold-start conditions. This
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Figure 2. Three LEIS spectra obtained with 3 keV Ne on afresh (- - -), aused (—) and aregenerated (—) three-way catalyst. The figure showsadropin
the Pt surface area after use in acetylene conversion at cold-start conditions. After regeneration the Pt surface areaiis fully restored.

decrease in Pt signal can be explained in two ways, either
half of the Pt is covered by some other material, or severe
sintering took place during use. An eightfold volume in-
crease of the Pt particlesdueto sintering is needed to explain
a50% signal decrease. Thisishighly improbable during use
at 543 K, especially since both the fresh and the used cat-
alyst have been exposed to 773 K during the pre-treatment.
As shown in figure 2, the Pt surface concentration could be
completely restored after regeneration.

LEIS data are generally independent of the chemical en-
vironment (i.e., no matrix effects) [19,20]. Therefore, the
sensitivity for Pt can be calibrated against a reference sam-
ple with a well-known Pt surface atomic density. The Pt
surface concentration of the three-way catalyst has been
calibrated against a sputter-cleaned pure polycrystaline Pt
sample. From this, it was |earned that the Pt surface concen-
tration in the fresh three-way catalyst equals approximately
0.040% of a monolayer. However, this concentration is ob-
tained on athree-way catalyst that has been diluted with inert
a-Al>0s3. If correction for the dilution is applied, a Pt sur-
face concentration of 0.098% of a monolayer for the pure
fresh three-way catalyst is found. If 50% of this amount is
covered with carbonaceous species, this cannot be detected
in the carbon LEIS signal, since the sensitivity for carbonis
too low. However, the high sensitivity for Pt allows detection
of the Pt surface concentration loss.

The Pt surface concentration can be entirely restored dur-
ing regeneration, or cleaning. This proves that no sinter-
ing took place during use. The loss in Pt signal is due to
a 50 + 5% coverage of the Pt with carbonaceous species,
deposited during acetylene oxidation. These carbonaceous
species can be effectively removed using atomic oxygen and
a consecutive reduction at 573 K.

Table 1
The Pt surface concentration normalised to afresh three-way catalyst.

LEIS Kinetic modelling
Fresh three-way catalyst 1 1
Three-way catalyst used in 0.50 + 0.05 04+0.1
acetylene conversion
Three-way catalyst used in 0.49 £ 0.05 06+0.1
ethylene conversion
Regenerated three-way catalyst 11+01 -

3.3. Comparison between LEISanalysis and kinetic
modelling

LEIS analysis reveals that three-way catalysts that have
been used in ethylene oxidation at cold-start conditions show
a 51 + 5% decrease in Pt surface concentration as well.
Table 1 summarises the relative Pt surface concentrations
found with LEIS and compares them to those obtained with
kinetic modelling by Harmsen et al. [9,10]. The experimen-
tal error margin for LEIS analysis is mainly caused by the
determination of the Pt peak area. Since both peak area de-
terminations have an accuracy of 7%, a 10% error marginis
estimated for the peak area ratio of the fresh and the used
catalyst.

For the data obtained by kinetic modelling, the error es-
timation is more difficult, because the statistical data from
transient regression analysisisunreliable, dueto the fact that
successive measurements in time are not independent. The
kinetic modelling results revealed a 60 and 40% reduction
of the Pt surface concentration in case of acetylene and eth-
ylene, respectively. Thisis of the order of magnitude of the
50% reduction found in the LEIS experiments. Thisvalue of
50% Pt surface reduction has been used in model simulations
of the ethylene and acetylene conversion. It was found that
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this value of 50% could also well describe the experimen-
tal data. Thisindicates an uncertainty of approximately 0.1
for the kinetic modelling resultsin the normalised Pt surface
concentration. This error marginis givenin table 1.

Consequently, the observed 50 + 5 or 51 + 5% decrease
in Pt surface concentration after use in, respectively, acety-
lene or ethylene oxidation, asfound with LEI'S, agrees quan-
titatively with the noble metal area loss found in kinetic
modelling.

4. Conclusions

LEIS analysis shows a Pt surface concentration of about
0.098% of amonolayer in afresh commercia three-way cat-
alyst. After usein either acetylene or ethylene oxidation at
cold-start conditions, adecrease of 50+ 5% of the Pt surface
concentration is observed with LEIS. The Pt surface concen-
tration can be completely restored by exposing the used cat-
alyst to atomic oxygen and a subsequent reduction at 573 K.
Therefore, the observed Pt loss is not due to sintering, but
due to deposition of carbonaceous species during the hydro-
carbon oxidation. The observed loss in Pt surface area with
LEIS agrees quantitatively with the noble metal arealoss as
found in kinetic modelling of acetylene and ethylene oxi-
dation, being 60 &+ 10 and 40 + 10%, respectively [9,10].
As such, the current results support earlier assumptions on
selective catalyst deactivation with respect to the oxygen ad-
sorption. Hence, this study showsthat LEIS can be success-
fully applied to quantitatively investigate coke formation on
commercial supported three-way catalysts. This kind of in-
formation is believed to be unique for surface analysis.
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