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Sintering-redispersion of Pt and deterioration-regeneration of catalytic activity on Pt/MgO as automotive
exhaust catalyst were studied. No Pt sintering was observed after air aging up to 1173 K. Pt L3-edge
extended X-ray absorption fine structure results revealed the formation of an Mg, PtO4-like compound at
the MgO surface and stabilization of oxidized Pt after air aging. Interaction between Pt and MgO involved
in the formation of this Mg,PtO4-like compound likely provides an anchoring effect that prevents Pt
sintering. After redox aging at 1073 K, Pt particles of ca. 20 nm were observed by X-ray diffraction and
transmission electron microscopy (TEM). TEM images revealed that sintered Pt redispersed into smaller
Pt particles of 2-5 nm on sequential oxidation-reduction treatment at 1073 K. Interactions involved
in the formation of the Mg,PtO4-like compound should be the driving force for this redispersion. The
redispersion behavior led to regeneration of the catalytic activity of Pt/MgO in a simulated automotive
exhaust reaction.
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1. Introduction

Supported noble metal (Pt, Rh and Pd) catalysts are widely used
to control automotive emissions by converting carbon monoxide,
hydrocarbons and nitrogen oxides to carbon dioxide, water and ni-
trogen in the exhaust gas [1,2]. Deterioration of catalytic activity
is one of the main problems in maintaining low emissions dur-
ing automotive life. The noble metal loading is thus designed to
provide sufficient catalytic performance to maintain low emission
levels even after deterioration with long-term usage. If catalyst
deterioration can be improved, the noble metal loading can be de-
creased, leading to more efficient use of natural resources. One of
the main causes of deterioration is sintering of the supported no-
ble metals in the catalyst [3-12]. Because Pt easily agglomerates
at high temperature (above ca. 1023 K) in the presence of oxygen
[4,5], inhibition of Pt sintering is one of the key issues in develop-
ing efficient automotive catalysts with low Pt loading. In the last
two decades, the mechanism of Pt sintering has been investigated
extensively with experimental techniques [4-8,10] and modeling
work [8,9,11,12]. Flynn and Wanke developed a model of supported
Pt sintering based on the molecular migration of Pt along the sur-
face [8,9]. In that model, single atoms or molecular cluster escaped
from the particles, moved along the surface and were captured by
other particles. Through this process the particle size increased and
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the total surface area of Pt decreased. Dadyburjor et al. also pro-
posed a similar model, but suggested that the internal stress in
the Pt particle might have an effect on the multi atom escape
from the Pt particle [11,12]. Volter et al. showed experimentally
that the species migrating on the support surface should be oxi-
dized Pt species [10]. This kind of species has been also suggested
by Flynn and Wanke [8]. Based on these studies, the more severe
Pt sintering observed in oxidative atmospheres should be caused
by the production of oxidized Pt species that migrate on the sup-
port surface. Besides sintering, the redispersion of supported noble
metals has also been studied for a long period. An oxy-chlorination
treatment was effective for Pt redispersion and used to regenerate
catalytic activity of supported Pt catalysts [13-19]. In those stud-
ies, oxy-chlorination was needed to oxidize the Pt crystallites and
produce the mobile species including Pt [16,19]. The oxidized Pt
species were deduced by in situ X-ray absorption spectroscopy to
be a complex containing oxygen and chlorine [17]. In this redis-
persion process, that mobile species migrated and were trapped
on support sites and decomposed to smaller Pt particles. Redis-
persion of noble metals on supported catalysts in oxidative atmo-
spheres was also reported in some papers [20-30]. Baker at al.
showed the redispersion of sintered Ir on Al,03 via the formation
of iridates with Group IIA-oxides [20]. They proposed that redis-
persion proceeded with the capture of mobile, molecular iridium
oxide species by Group IIA-oxides on the support surface. Nishi-
hata et al. studied on LaFeq57C0g38Pdg 0503 perovskite-based cata-
lysts with X-ray diffraction and absorption [21]. They suggested the
reversible movement of Pd into and out of the perovskite lattice in
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oxidative and reductive atmosphere cycles that were likely respon-
sible for the high durability of this catalyst and called this phe-
nomenon self-regeneration. Concerning Pt, the redispersion under
oxidative atmosphere was reported mainly on Pt/Al;03 catalysts
with moderate treatment temperature of around 773 K [22-31].
Pt redispersion under oxidative atmosphere is closely connected to
sintering phenomena. Wanke et al. showed that oxidative atmo-
sphere treatment of Pt/Al,03 at 823 K caused Pt redispersion and
higher temperature than 873 K caused Pt sintering. They proposed
a molecular migration mechanism of oxidized Pt for Pt sintering
and redispersion in Pt/Al;03 [22]. In this mechanism, the oxidized
species migrated on the surface and were trapped at surface sites
in redispersion or were captured in Pt crystallites in sintering.
Some experimental studies showed that oxidized Pt was stabi-
lized by forming a complex with the Al,03 support in redispersion
[23,26]. Although slightly different mechanisms were proposed, e.g.
oxide film formation [28,29] or particles splitting model [30,31]
for redispersion, the molecular migration and trapped oxidized Pt
species on surface sites was common [22-27]. Based on this mech-
anism, oxidation of Pt and the interaction between oxidized Pt and
the support surface sites are important for redispersion.

Nagai et al. recently investigated the interaction between Pt and
the support oxide in terms of the inhibition mechanism for Pt on
ceria-based oxides [32]. The authors reported that the interaction
between Pt and the support oxide inhibited Pt sintering at 1073 K
under oxidizing conditions, and that the oxygen 1s core electron
level in the support oxide was important for this interaction. The
oxidized Pt stabilization was observed on oxides with a lower oxy-
gen 1s core electron level. This oxidized Pt had strong interaction
with support and this interaction inhibited the Pt sintering. The
oxygen 1s core electron level correlates with the electron density
on oxygen and the low core electron level corresponds to high
electron density [33]. Higher electron density on oxygen means
more electron localization on oxygen rather than covalency. This
trend is usually discussed with electronegativity of the element
and the acid-base properties of oxide. So, low oxygen 1s core
electron level corresponds to more basic property of oxides with
lower electronegativity cations. The stabilization of oxidized Pt on
basic oxides was already reported and discussed in terms of elec-
tronegativity [34]. From this viewpoint, oxygen core electron level
should be an experimental parameter to describe the acid-base
oxide property and have parallelism with electronegativity. In the
present study, we attempted to regenerate the activity of an aged
Pt catalyst by redispersion of sintered Pt using the interaction be-
tween Pt and the support oxide at high temperature mentioned
above. A typical basic oxide (MgO) was chosen as the support be-
cause more basic cation in the oxide has a lower oxygen 1s core
electron level [32], for which a stronger interaction is expected.
MgO is also favorable as a support oxide because of its high sur-
face area. y-Al,03 was also investigated for comparison. Although
Pt redispersion was observed on Al,03 at moderate temperature, it
is thought to interact weakly with Pt at high temperature [22,32].
Comparative investigation of these two oxides should provide some
insights into the role of the interaction between Pt and the support
oxide for Pt redispersion.

2. Experimental
2.1. Catalyst preparation and aging tests

Pt/MgO and Pt/y-Al,03 were prepared by the usual impregna-
tion method. MgO (Ube Material Industries) and y-Al;03 (Nikki
Universal) were impregnated with Pt(NH3),(NO3), (Tanaka Kikin-
zoku Kogyo K.K.). The impregnated catalyst was dried in an oven
at 383 K for 24 h and calcined in flowing air at 773 K for 5 h.
The Pt loading was controlled at 1 wt%. The catalyst powders

were pressed into disks, crushed and sieved to yield pellets of
0.5-1.0 mm for aging and catalytic reaction tests.

Aging tests were performed under two atmospheric conditions.
In one aging test, catalyst pellets were placed in a quartz tube and
heated at 973, 1073 or 1173 K for 5 h in an air flow (hereafter
referred as the air aging test). In the other test, catalyst pellets
were placed in a quartz tube and heated at 1073, 1173 or 1273 K
for 5 h in a flow cyclically switched every 5 min between 5% O
in Ny and 10% H; in N, (referred to as the redox aging test). The
total flow rate was controlled at 1 L/min in both aging tests.

2.2. Characterization

X-ray diffraction (XRD) was used to evaluate the Pt parti-
cle size in each catalyst after aging tests. Measurements were
performed using a Rigaku SX instrument with Co K« radiation
(A =1.7903 A) operated at 30 kV and 30 mA at a scan speed of
0.125 deg/min. The particle size was estimated from the width at
half-height (8) of the XRD line of Pt(311) using the Scherrer equa-
tion L =KA/Bcos6d (K=1, A =1.7903 A).

The Pt dispersion was determined by CO pulse chemisorption
at 323 K using an Ohkura Riken R6015-S instrument. The sample
was heated to 673 K in flowing O, and held at this tempera-
ture for 15 min. After purging with He, the sample was reduced
in Hy for 15 min and then cooled to 323 K in flowing He. A CO
pulse was injected into the sample at 323 K until the adsorption
reached saturation. The amount of CO adsorbed was calculated as
the difference between total amount of CO injected and the out-
let from the sample. Metal dispersion was calculated by assuming
a COfsurface Pt atom ratio of 1:1 [35].

Transmission electron microscopy (TEM) was performed on a
JEOL JEM2000-EX system at an acceleration voltage of 200 kV to
observe Pt particles in the catalysts.

Pt L3-edge (11.5 keV) X-ray absorption fine structure (XAFS)
measurements were carried out using the BLO1B1 and BL16B2
beamlines at the SPring-8 facility (Hyogo, Japan) to investigate the
local coordination structure around Pt and its chemical state af-
ter aging tests. Standard samples of Pt foil and PtO, were also
measured as references for Pt metal and Pt oxide. The storage ring
energy was operated at 8 GeV with a typical current of 100 mA.
XAFS spectra at the Pt Li3-edge were measured using a Si(111)
double-crystal monochromator in transmission mode at room tem-
perature in air. XAFS data reduction was carried out as described
elsewhere [36]. Curve-fitting analysis of extended XAFS (EXAFS)
spectra was performed for inverse Fourier transforms on the Pt-
oxygen and Pt-cation (cations Pt and Mg) shells using theoretical
parameters calculated by McKale et al. [37].

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a PHI model 5500MC instrument with Mg Ko ra-
diation. Oxygen 1s core electron levels in the support oxides were
recorded to evaluate the chemical properties of the support. Bind-
ing energies were calibrated with respect to Pt 4f7; at 71.4 eV [32].
The spectrum of Pt 4f;;, was also measured to evaluate the valence
state of Pt. To calculate the proportion of each valence state, spec-
tral deconvolution was performed.

2.3. Catalytic reaction test

Catalytic reaction tests were carried out in a tubular fixed-bed
reactor at atmospheric pressure with a simulated automotive ex-
haust gas using a conventional flow system [38]. A quantity of
1.0 g of catalyst was used and the total flow rate was 3.3 L/min
(W/F =0.009 gsmL™1). The conversion of hydrocarbon (HC), car-
bon monoxide (CO) and NOy over the catalysts was measured as a
function of temperature between 373 and 773 K using a simulated
exhaust gas containing 0.7% CO, 0.23% H,, 0.053% C3Hg, 0.12% NO,
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Fig. 1. Temperature dependences of hydrocarbon conversion in simulated exhaust
reactions over fresh and air aged catalysts. (a) Pt/y-Al;03, (b) Pt/MgO. Air aging
temperature: 973, 1073 or 1173 K.

0.646% O3, 10% CO,, and 3% H,0 in Nj. This gas composition re-
sembles the exhaust gas of a gasoline fueled automotive internal
combustion engine operating under a stoichiometric air/fuel ratio.
Samples were pretreated in situ in the simulated exhaust gas at
773 K for 15 min and then cooled to 373 K before catalytic re-
action tests. The concentrations of HC, CO and NOy in the outlet
were measured using an exhaust gas analysis system (MEXA8120,
Horiba) as a function of the reaction temperature.

3. Results and discussion
3.1. Air aging

Since previous work [32] revealed that interaction between Pt
and the support oxide should occur under oxidizing conditions, the
effect of air aging on the catalyst was investigated as a first step.
Fig. 1 shows the temperature dependences of HC conversion for
Pt/y-Aly03 in (a) and Pt/MgO in (b), before and after air aging tests
at 973, 1073 and 1173 K. The catalytic activity of Pt/y-Al,03 dete-
riorated severely after air aging tests while the activity of Pt/MgO
changed little. As the characteristic temperature dependence of the
catalytic reaction in automotive exhaust, the conversion showed
very sharp increase in a narrow temperature region and shifted to
higher temperature after aging. To evaluate this kind of catalytic
activity, the temperature at which 50% HC conversion occurs (re-
ferred as Ts5¢) has been frequently used as the indicator of catalytic
activity [15] and chosen also in this work. Thus, HC conversion
reaches 50% at Tsg and a lower value of Ts5g indicates higher cat-
alytic activity. Fig. 2 shows Ts5q values for Pt/y-Al,03 and Pt/MgO,
before and after air aging tests at 973, 1073 and 1173 K. Tsq for
Pt/MgO did not change, whereas Tsp for Pt/y-Al,03 increased by
approximately 200 K after air aging tests. This result indicates that
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Fig. 2. Hydrocarbon 50% conversion temperatures (Tsg) in simulated exhaust reac-
tions over Pt/MgO and Pt/y-Al,03 before and after air aging tests.

Table 1
Pt particle size determined by XRD in Pt/y-Al,03 and Pt/MgO after air aging test

Aging temperature (K) Pt particle size (nm)

Pt/y-Al,03 Pt/MgO
973 30 N.D.
1073 34 N.D.
1173 35 N.D.
Note. N.D.: not detected.
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Fig. 3. Pt L3-edge XANES spectra of Pt/MgO after 1073 K air aging test, together with
standard samples of Pt foil and PtO, powder.

Pt/MgO had higher stability than Pt/y-Al,03 under oxidizing con-
ditions at high temperature, although its catalytic activity was not
as high as that of Pt/y-Al,03 before the aging test.

The Pt particle size in Pt/MgO and Pt/y-Al,03 determined by
XRD measurements after air aging tests is shown in Table 1. No
Pt sintering was observed in Pt/MgO, although the Pt particle size
in Pt/y-Al,03 was ca. 30 nm. The oxygen 1s binding energy mea-
sured by XPS for MgO and y-Al,03 was 529.6 and 5314 eV, re-
spectively. According to these XPS results, the stability of Pt against
sintering agreed with previous results in terms of the oxygen 1s
core electron level [32]. This stability of Pt on MgO against sin-
tering corresponded to the stable catalytic performance of Pt/MgO
after air aging tests.

To investigate the state of Pt in Pt/MgO after air aging tests,
XAFS measurements were performed. Fig. 3 shows the X-ray
absorption near edge structure (XANES) spectra at L3-edge for
Pt/MgO after air aging at 1073 K with the spectra of standard
samples of Pt foil and PtO,. In the case of Pt L-edge XANES, the
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Fig. 4. Fourier-transformed spectra of Pt L3-edge EXAFS for (a) Pt/MgO after 1073 K
air aging tests, and standard samples of (b) PtO, powder and (c) Pt foil.

Table 2
Results of curve-fitting analysis for the Pt/MgO after 1073 K air aging test and the
standard samples

Sample Shell CN R (A % (A%
Pt foil® Pt—Pt 12.0 2.76 0.0045
Pt/MgO Pt-0 5.9 2.04 0.0041
Pt-Mg 6.2 3.02 0.0027
Pto,? Pt-0 5.7 2.04 0.0026
Pt-Pt 53 310 0.0019

Note. CN, coordination number; R, bond distance; o, Debye-Waller factor.
@ The curve-fitting analysis for the standard samples was performed by references
to [41,42].

white line absorption intensity reflects the vacancy of Pt 5d or-
bital [39] and is used to estimate the Pt oxidation state [40]. The
white line absorption intensity of Pt/MgO after air aging at 1073 K
showed comparable or even higher intensity than standard sample
of PtO,. This result indicated that Pt existed in the Pt** oxida-
tion state in Pt/MgO after air aging at 1073 K. Fig. 4 shows the
Fourier-transformed Pt Ls3-edge EXAFS spectrum for Pt/MgO af-
ter air aging at 1073 K, with spectra of standard samples of Pt
foil and PtO, shown as references for bulk Pt metal and Pt ox-
ide. Quantitative curve-fitting analysis of the EXAFS spectra was
performed for inverse Fourier transforms on the Pt-oxygen and
Pt-cation (cation = Pt and Mg) shells. The results of curve-fitting
were summarized in Table 2. The FTs are not corrected for phase

—Exp *Fit (Mg)
5.0

25}

k3-weighted EXAFS

2 5 é 15 1#
k (A1)

shift; therefore, the peaks in the FTs are shifted to lower R val-
ues. The values of bond length in the text and table are corrected
for phase shift. In the FT spectrum of Pt foil, the peak at 2.76 A
is assigned to the Pt-Pt bond. In the FT spectrum of PtO,, the
peaks at 2.04 and 3.10 A are assigned to the Pt-O and Pt-O-Pt
bonds, respectively. The spectrum of Pt/MgO is clearly different
from that of bulk Pt foil and PtO,. No peak corresponding to the
Pt-Pt bond, which should appear at 2.76 A, was observed in the
EXAFS spectrum of Pt/MgO after air aging at 1073 K. The first peak
at 2.04 A was close to that of PtO;, and it was fitted with the Pt-O
bond. The second evident peak at 3.02 A was not observed in both
Pt foil and PtO,. A curve-fitting simulation of this second peak
was carefully performed. Fig. 5 shows the results based on the
supposition that the second neighboring atom was Mg or Pt. An
excellent fitting result for the simulation of Mg was obtained. In
contrast, an appropriate fit could not be obtained for Pt, because
the EXAFS oscillation pattern of Pt was very different than that
of the experimental data. From this fitting, this second peak was
assigned to Pt—-O-Mg bond with a distance of 3.02 A and its co-
ordination number (CN) was 6.2. These XANES and EXAFS results
on Pt/MgO after air aging tests at 1073 K indicated that Pt was
dispersed at the atomic level as Pt** and was surrounded by six
oxygen atoms in Pt/MgO and that its state was different from that
of bulk PtO;. Muller et al. reported that PtO; reacts with MgO to
form an inverse spinel-type oxide of Mg,PtO4 at an oxygen pres-
sure of 150-200 atm at 1123 and 1173 K [43]. Such a high oxygen
pressure was needed to stabilize oxidized Pt because PtO; is eas-
ily reduced to the metallic state above 900 K in air. In this inverse
spinel structure, Pt is surrounded by six oxygen atoms at octahe-
dral sites. Asakura et al. reported an Pt L3-edge EXAFS analysis on
Pt/MgO catalyst [44], in which the very similar values for Pt lo-
cal structure were found; the first neighbor was Pt-O with 2.03 A
distance and CN = 6.2, the second neighbor was Pt-Mg (oct) with
3.01 A distance and CN = 6.0 and third neighbor was Pt-Mg (tetra)
with 3.45 A distance and CN = 4.0. They discussed these results
on the basis of a formation of spinel type oxide of Mg,PtO4 and
proposed that Pt** jon substituted for Mg?* in the top layer of
MgO lattice and its structure distorted to this spinel-like structure.
Based on the literature and present XAFS results, we concluded
that Pt reacted with MgO to form an Mg,PtO4-like compound in
air aging tests and existed as atomically dispersed Pt** ions than
sintered metallic Pt particles. The formation of a binary oxide in-
cluding Pt in supported catalysts was already proposed by Yoshida
et al. [34]. They discussed Pt L3-edge XANES results with thermo-
chemical data and showed that electrophobic oxides, such as alkali
and alkaline earth oxides, promote noble metal oxidation and the
formation of binary oxides including noble metal. The present re-
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Fig. 5. Curve-fitting analysis on the inverse Fourier-transform of the second peak on the Pt/MgO after 1073 K air aging test in Fig. 4 and the corresponding curve fit.
(Left) Experimental (—) and curve-fit on Mg atom (®). (Right) Experimental (—) and curve fit on Pt atom (-- A--).
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Fig. 6. The temperature dependences of hydrocarbon conversion in simulated ex-
haust reactions over fresh and redox aged catalysts. (a) Pt/y-Al;03, (b) Pt/MgO.
Redox aging temperature: 1073, 1173 or 1273 K.

sults and conclusion agree with that proposed mechanism since
MgO is a typical electrophobic oxide. This Mgy PtO4-like compound
is considered to be restricted to the MgO surface [44], because its
formation starts on the MgO surface and the Mg/Pt atomic ratio
(>2) was much too great for bulk Mg;PtO4. The formation of this
Mg, PtO4-like compound should act as an anchor for Pt at the MgO
surface and should be responsible for inhibiting Pt sintering in air
aging tests.

3.2. Redox aging

In real situations, automotive catalysts are exposed not only
to oxidizing, but also to reducing conditions, because combustion
is controlled at a stoichiometric condition between oxidizing and
reducing atmospheres to achieve highly efficient catalytic purifi-
cation of the exhaust gas [1,2]. To simulate this situation, redox
aging tests were performed. The temperature dependences of HC
conversion are shown in Fig. 6 for Pt/y-Al;03 in (a) and Pt/MgO
in (b), before and after air aging tests at 1073, 1173 and 1273 K.
The conversion curve of Pt/y-Al,03 shifted almost monotonously
to higher temperature with increase of redox aging temperature.
In the case of Pt/MgO, although the conversion curve of the aged
catalyst shifted to higher temperature from that of fresh cata-
lyst, the changes within the aged catalysts were not as simple
as that of Pt/y-Al,03. The temperature dependence of conver-
sion of the catalyst aged at 1273 K was less steep than those
of other aged catalysts. At lower reaction temperature, Pt/MgO
aged at 1273 K showed higher activity than those aged at 1173
or 1073 K. The conversion increased less steeply than other aged
catalysts and showed lower activity at high reaction temperature.
Tso for HC conversions after redox aging tests at 1073, 1173 and
1273 K are shown in Fig. 7 for the comparison of catalytic activ-
ity. In contrast to air aging tests, T59 for Pt/MgO increased after
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Fig. 7. Hydrocarbon 50% conversion temperatures (Tsg) in simulated exhaust reac-
tions over Pt/MgO and Pt/y-Al,03 before and after redox aging tests.
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Fig. 8. Particle size of Pt in Pt/MgO and Pt/y-Al;03 determined by XRD after redox
aging tests.

redox tests, although it did not depend on the aging temperature.
Pt/MgO showed comparable catalytic activity to that of Pt/y-Al,03
after redox aging tests at 1073 K. After redox tests at 1173 and
1273 K, Pt/MgO showed higher catalytic activity than Pt/y-Al,0s.
This trend was the same if the overall conversion curve was com-
pared among these catalysts. XRD measurements revealed sintered
Pt in both catalysts after redox aging, as shown in Fig. 8. The
Pt particle size in both catalysts increased with the aging tem-
perature, and the Pt particle size was comparable in Pt/MgO and
Pt/y-Al,03 after redox aging tests at all temperature. These XRD
results are not consistent with the catalytic activity results in the
viewpoints of the difference between Pt/y-Al,03 and Pt/MgO, and
also the aging temperature dependence of Pt/MgO.

To investigate this discrepancy in more detail, CO pulse adsorp-
tion measurements were used. The Pt dispersions determined by
this method are shown in Fig. 9. Pt dispersion in Pt/MgO was al-
most constant after the redox aging tests. After redox aging at
1073 K, the Pt dispersion in Pt/MgO was comparable to that of
Pt/y-Al,03. After redox tests at 1173 and 1273 K, the Pt dispersion
in Pt/MgO was greater than that in Pt/y-Al;0s. This trend for Pt
dispersion after redox aging tests is fairly consistent with the cat-
alytic activity. Because Pt dispersion is considered to be a direct
measure of the number of active sites in the Pt-supported cata-
lyst, the higher Pt dispersion in Pt/MgO should be responsible for
its higher catalytic activity compared to Pt/y-Al,0s3. Using these Pt
dispersion results, turnover frequency (TOF) of these catalysts was
estimated at a reaction temperature of 673 K. The temperature of
673 K was chosen because that temperature was necessary to get
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TOF was estimated at 673 K reaction temperature. The values for Pt/y-Al,03 aged
at 1173 and 1273 K were experimental and for others were estimated from the con-
versions at lower temperature with an assumption of Arrhenius-type temperature
dependence. Pt dispersions in Fig. 9 were used for aged catalysts. Pt dispersion of
fresh Pt/y-Al;03 and Pt/MgO determined by CO pulse adsorption were 55 and 21%,
respectively and used to estimate the TOFs of fresh catalysts.

enough conversion with Pt/y-Al,03 redox aged at 1273 K, which
showed the lowest activity. The conversions over some catalysts,
especially the fresh catalysts, were too high at 673 K to estimate
TOF. In such a case, the TOF was estimated from the extrapola-
tion of the conversions at lower temperature with an assumption
of Arrhenius-type temperature dependence. The Pt dispersions of
fresh Pt/y-Al,03 and Pt/MgO were determined as 55 and 21%, re-
spectively by CO pulse adsorption and used to estimate the TOF of
fresh catalysts. The results are shown in Fig. 10. The TOF of fresh
Pt/y-Al;03 was much higher than that of fresh Pt/MgO. TOF of
Pt/y-Al,03 decreased and that of Pt/MgO increased after redox ag-
ing. The TOFs of redox aged catalysts were almost the same among
six Pt/y-Al;03 and Pt/MgO catalysts. The large TOF difference be-
tween fresh Pt/y-Al,03 and Pt/MgO is likely caused by a support
effect on the fresh catalyst. The catalyst on the more basic support
showed lower activity for hydrocarbon oxidation and this effect
was attributed to the stabilization of oxidized Pt on the oxide [34].
After aging tests, the TOFs of the aged catalysts were almost the
same regardless of the support or the Pt particle size. This means
that the reaction was structure-insensitive.

The discrepancy between the Pt particle size determined by
XRD and the Pt dispersion determined by CO adsorption should
be attributed to the difference in Pt particle size distribution in
these catalysts, because the experimental results give only an aver-
age value over the distribution. The number of Pt particles smaller

P 4

Fig. 11. TEM image of Pt/MgO (A) after a redox aging test at 1073 K, (B) after thermal
treatment at 1073 K in air for 5 h and (C) after reduction at 1073 K for 5 h in 10%
Hy/Ny.

than ca. 5 nm, which are not observable by XRD measurement,
should be greater on Pt/MgO than on Pt/y-Al;03. These small Pt
particles contribute to the CO adsorption and catalytic activity. The
larger number of small Pt particles on Pt/MgO could be caused
by strong interaction between Pt and MgO under oxidizing condi-
tions, as mentioned in Section 3.1. Even among the aged Pt/MgO,
the Pt particle size estimated by XRD increased with increasing
aging temperature although the Pt dispersions were almost con-
stant after any aging temperature. This result would indicate the
Pt particle size distribution change in Pt/MgO with increasing ag-
ing temperature. A bimodal type distribution would account for
these results [25], in which the large Pt particles sintered to larger
particles and the number of Pt particles smaller than ca. 5 nm
increased with increasing aging temperature. This Pt particle size
distribution change might be a reason for the change of the tem-
perature dependence of the conversion of aged Pt/MgO.

3.3. Regeneration after redox aging

If the interaction between Pt and MgO under oxidizing con-
ditions is effective after redox aging of samples, this interaction
could be a driving force for the redispersion of sintered Pt par-
ticles. Thermal treatment in air at 1073 K could cause a reaction
between Pt particles and MgO to form an Mg;PtO4-like compound
on the MgO surface. This reaction could cause atomic-level redis-
persion of Pt on the MgO surface under oxidizing conditions. To
investigate this hypothesis, Pt/MgO was submitted to a redox aging
test at 1073 K, after which it was treated in air for 5 h at 1073 K.
The catalyst was then reduced in a flow of 10% of H, in N, for 5 h
at 1073 K. The size of the Pt particles after each treatment was in-
vestigated by TEM and XRD. TEM images of the catalyst after each
treatment are shown in Fig. 11. After the redox aging test, Pt par-
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Table 3

The percentage of high valence state Pt (Pt2+, Pt*+) after each treatment

Sample (A) (B) Q)
Pt/MgO 60% 80% 30%
Pt/y-Al,03 0% 0% 0%

Note. (A) Aged at 1073 K in redox cycle, (B) after thermal treatment at 1073 K in air
and (C) after reduction at 1073 K in Hy/N, sample B.

ticles of ca. 20 nm were observed in TEM images (Fig. 11A), which
is comparable to the size estimated from XRD measurements. Af-
ter thermal treatment in air at 1073 K, large Pt particles almost
disappeared (Fig. 11B) and no Pt diffraction peak was observed in
the XRD pattern. After this oxidizing treatment, Pt particles were
considered to have been redispersed at the atomic level, with the
formation of Mg,PtO4-like compound on the MgO surface. After
reduction by 10% Hy/N, at 1073 K, many Pt particles of 2-5 nm
appeared (Fig. 11C). After this reducing treatment, Pt atoms seg-
regated as metallic Pt particles from the Mg;PtO4-like compound.
These results demonstrated that sequential oxidation and reduc-
tion treatments at 1073 K led to redispersion of sintered Pt into
smaller Pt particles, and the interaction between Pt and MgO was
effective at high temperature, even after redox aging tests. Dur-
ing this sequential treatment, the oxidation state of the supported
Pt was investigated by XPS. Pt/y-Al,03 was also investigated for
comparison. XPS measurements were made on both samples after
redox aging tests, oxidizing treatment and reducing treatment. The
percentage of Pt in high valence states (summation of Pt and
Pt4*) is summarized in Table 3. On Pt/y-Al;03, supported Pt was
found to be in the Pt (metallic) state after every treatment, and
no high valence state was observed. Because Pt was sintered as
large particles on Pt/y-Al,03 after redox aging tests, almost all the
Pt atoms should exist as large Pt particles in the metallic state. On
the other hand, a high valence state (Pt** or Pt*t) was observed
on Pt/MgO, even after redox aging, although large Pt particles were
confirmed both in TEM images and from XRD measurements. This
result suggests that some Pt atoms interacted strongly with MgO
and not all Pt atoms existed as large particles, even after redox
aging. The percentage of Pt in high valence states increased to
80% after oxidizing treatment and decreased to 30% after reducing
treatment. A proportion of Pt after reducing treatment could be
transformed to high valence states during sample transfer in air at
room temperature for XPS measurements. The present redispersion
results agreed well with the redispersion mechanism [22-27] in
which oxidized Pt species migrated along surface and were trapped
at surface sites. The XPS observation of a high valence state Pt in
Pt/MgO after oxidizing treatment revealed the presence of oxidized
Pt species in the redispersion. The Mgy PtO4-like compound should
be the trap site for oxidized Pt species and should be a driving
force for the redispersion.

To determine if the regeneration of catalytic activity can be
attributed to this Pt redispersion, a catalytic activity test was per-
formed on Pt/MgO using a simulated exhaust gas. For comparison,
Pt/y-Al;03 was treated in the same manner and its catalytic activ-
ity was also tested. Fig. 12 shows Tsg for the catalytic reaction. As
mentioned in Section 3.2, Pt/y-Al,03 showed much higher activ-
ity than Pt/MgO before aging. Tso for both Pt/MgO and Pt/y-Al,03
increased to comparable values after the redox aging test. T5o for
Pt/MgO decreased after sequential oxidation-reduction treatment
at 1073 K after redox aging tests, whereas Tso for Pt/y-Al,03 in-
creased further. Since the number of active sites dominantly de-
termined catalytic activity after redox aging tests mentioned in
Section 3.2, this catalytic regeneration was considered to be caused
by the redispersion of Pt. These results demonstrated that deacti-
vated Pt in Pt/MgO catalyst could be regenerated via redispersion
of the agglomerates by sequential oxidation-reduction treatment
at 1073 K, whereas the activity of Pt/y-Al;03 further deteriorated
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Fig. 12. Hydrocarbon 50% conversion temperatures (Ts¢) in simulated exhaust reac-
tions over Pt/MgO and Pt/y-Al,03: (A) before aging; (B) after a redox aging test at
1073 K; and (C) after sequential oxidation for 5 h in air and reduction for 5 h in
10% Hy /N, at 1073 K.

after the same treatment. The results indicate that a strong inter-
action between Pt and the support oxide is essential for catalyst
regeneration.

4. Conclusions

After redox aging tests at above 1073 K, the catalytic activity of
Pt/MgO deteriorated and Pt agglomerates of ca. 20 nm were ob-
served by XRD and TEM. TEM images revealed that the sintered Pt
redispersed into smaller particles of 2-5 nm on sequential treat-
ment in 20% 03/N, followed by 5% Hy/N, at 1073 K. This redis-
persion of Pt led to regeneration of the catalytic activity of Pt/MgO
to a value almost the same as that before the aging test. In con-
trast the same sequential treatment caused further deterioration
of Pt/y-Al,03 after redox aging at 1073 K. EXAFS and XPS results
revealed oxidized Pt species and the formation of Mg,PtOg4-like
compound on the MgO surface after oxidizing treatment at 1073 K.
This Mg, PtO4-like compound formation should be the driving force
for the redispersion.
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