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Abstract

Pt, Rh, and bimetallic Pt—Rh catalysts with pure alumina and Ces-Zm@dified alumina washcoats are studied by XPS and TEM. The
synergistic effect of platinum and rhodium is shown to be capableabflating rhodium against the forrtian of a reduction-resistive oxide
phase on alumina-supported catalysts in high-temperature air aging. Rhodium is found to exist in two different states: reduction-resistive
rhodium oxide in strong intaction with alumina support and redble rhodium oxide on the surface &t—Rh bimetallic particles. The
growth of the noble metal particle size in the aging treatment is observed to be more pronounced on the-CeriGing catalysts than
on pure alumina-supported catalysts. Moreover, further increase of the particle size is detected on the-GeniAiing catalysts afterH
reduction at 300C. This may be related to the ability of Ce—Zr@ release oxygen in reducing atmosphere.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction these models are directly applicable only for clean samples
of pure bimetallic alloys and cannot be used in the case
Platinum and rhodium have been widely used as active of supported catalysts. Another important element concern-
components in automotive three-way catalysts (TWCs). The ing the catalytic properties is the interaction between the
main role of platinum is to operate as an oxidation cata- noble metal particles and the catalyst support. If this in-
lyst for carbon monoxide and unburned hydrocarbons, while teraction is weak, high-temperature conditions may induce
rhodium is highly active in the reduction of nitric oxides to  considerable particle-size growth of noble metal and there-
nitrogen. Bimetallic catalysts often exhibit properties bet- fore decrease in activity,-Alumina-supported platinum is
ter than shown by either of the single metal catalysts, for proposed to form two different phases: at low Pt concen-
example, improved activity, selectivity, or thermal stability. trations a two-dimensional dispersed phase on the surface
This kind of behavior is called synergistic behavior or syn- of alumina and at higher concentrations a three-dimensional
ergistic effect of the two metals. The presence of the syner- particulate phase exhibitingp¢ physical properties of bulk
gistic activity effects of platinum and rhodium in bimetallic  platinum[8-10]. In the case of alumina-supported platinum
catalysts and possible reasons for the effects have been decatalysts the sintering of the dispersed particles is suggested
bated in the literaturfl—-3]. An important factor concerning  to be an important factor in calyst deactivation, indicat-
the catalytic properties of bimetallic catalyst is the surface ing weak interaction between platinum and alumjba].
composition of the noble metal particles. There are sev- The pt 4@, binding energies measured by XPS are re-
eral theoretical models, which have been used to predict theported to be about 314.2 eV for metallic platingit®,12]
segregating component of bimetallic allpd~7]. However, 315.3 eV for dispersed platinum phafk0], and about
317 eV for PtQ [10]. Too strong metal-support interaction
* Corresponding author. Fax358 3 3115 2600. may also lead to decreased catalytic activity, as suggested
E-mail address: mika.valden@tut.fi (M. Valden). for alumina-supported rhodium. At high-temperature aging
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in an oxidative atmosphere alumina-supported rhodium is
known to form an oxide phase, which differs from “nor-
mal” RhpOs3. In aging, the amount of rhodium on the cat-
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prepared in a similar manner. Washcoat slurry containing
y-alumina (90 wt%) and alumina sol (10 wt%) or in the case
of Ce—ZrQ containing samples La-stabilizegd-alumina

alyst surface decreases and the detected rhodium oxide i§50 wt%), Ce—ZrQ (40 wt%), and alumina sol (10 wt%) was

characterized by its unusually high Rhs3d binding en-

first deposited onto a metal foil. The sample was then dried

ergy of about 310 eV and enheed stability against #1  overnight at 110C in normal atmosphere and finally cal-
reduction[13-15} The mechanism of this strong interac- cined in air for 4 h at 550C. Thereafter the precious metal
tion between rhodium and alumina is still unclear and has was impregnated into the Cata|yst Support and the Samp|e
been explained by the diffusion of rhodium into the alu- \yas again dried overnight at 11G in normal atmosphere
minum oxide[16-18] covering of the rhodium by a layer of  and calcined in air for 4 h at 55€. Alternatively, in the
alumina[19], or the formation of more stable oxide phase, preimpregnation method, the precious metal was first im-
RhOZ on the surface of-Al 203 [13]- The Rh 3d)2 bind- _ pregnated into the Ce—Zp(®owder after which the precious
ing energy values for metallic rhodium are re_ported tc_> bein metal containing Ce—ZrPpowder was used as a washcoat
the range of 307.0-307.3 el3] and for easily reducible o gsityent together with La-stabilized-alumina and alu-
Rh03 308.6-309.4 e13,20} _ , mina sol. [P{(NH)4] - 2HCO3 and Rh(NQ@)s3 - 2H,0 were

The atmosphere in a three-way catalyst s fluctuating con- used as precious metal precursors in the impregnation. The

tmuou:,:\)llgect:vgen ;eﬁucj:lng an OX'd'?én%.' For tge c;omger- precious metal loadings of Pt and Rh in the catalyst support
sion o ' » and nydrocarbons, oxidation and recuction o . g 5 ang 0.2 wt%, respectively, except in the RBIAI

reactions must proceed simultaneously. Cerium oxide maysample, where the Pt loading was 1 wt%. The addition
be used as an oxygen-storage component to regulate the

partial pressure of oxygen near the catalyst surfatg Ox- method of platinum and rhodium was varied from sample
idation and reduction reactions of ceria are fast and it is thus ©© S8mple. For example the Pt/Ce—2r® Rh + Al0; cat-

capable of storing oxygen during lean periods and releas-aIySt was prepared py first impregnating platinum into the
ing it during rich periods. The addition of zirconium to the Ce-ZrQ powder, which yvas then'used asa Wa'\shcoat com-
cubic structure of ceria increases its thermal stability and PON€nt. Thereafter rhodium was impregnated into the cata-
improves its ability to store oxygef22,23] Ceria, zirco- lyst supports and the catqust was dried gnd calcimable 1.
nia, and Ce—Zr mixed oxides are widely used as an additive SUmmarizes the compositions, the precious metal loadings,
in alumina-supported catalysts and also as a catalyst sup2nd the preparation methods of the samples investigated in
port material. If rhodium is supported on pure Ce—Zr mixed this work. Catalyst aging was performed in a muffle furnace
oxide, the rhodium oxide phase formed in high-temperature In @mbient static air at normal atmospheric pressure for 3 h
air aging at 1000C has been demonstrated to be easily re- at1000°C. The reducibilityof rhodium and platinum oxides
ducible[14]. formed in the aging was investigated by annealing the cata-
In the present work Pt, Rh, and bimetallic Pt—Rh cat- lysts in situ in 400 mbar of static Hat 300°C for 30 min
alysts with pure alumina and Ce—Z#@nodified alumina  followed by the XPS measurements.
washcoats were studied. The noble metals were impregnated The XPS experiments were carried out in a Kratos XSAM
either to calcined catalyst washcoat or to Ce—Zpowder, 800 electron spectrometer with a base pressure less than 1
which was then used as a washcoat constituent. The mainl0~ mbar. Nonmonochromatic Mga X-rays were used as
purpose of this study was to find out whether the syner- a primary excitation and the hemispherical energy analyser
gistic effect of platinum and rhodium is capable of stabi- was operated in a fixed analyser transmission (FAT) mode
lizing alumina-supported rhodium against the formation of with a pass energy of 38 eV. The Al 2p line at 74.2 eV was
reduction-resistive oxide phase. used as a binding energy reference together with the C 1s
line at 284.6 eV. All binding energies quoted in this work
were measured within a precision£0.2 eV. The inelastic
background was removed from the spectra using Shirley’s
method for the noble metal spectra and linear background
The washcoats of Pt, Rh, and Pt-Rh catalysts com- Subtraction for the Ce 3d spectra.
posed either of purg-alumina or of La-stabilized (4 wt%) The TEM measurements were carried out in a Jeol JEM
y-alumina modified by Gg1g7r0.8202. The methods used 2010 AEM operated at 200 kV and equipped with a No-
in the noble metal addition were impregnation into the cal- ran Vantage energy-dispersive spectrometer. TEM samples
cined washcoat or preimpregnation into they@gro.s202 were prepared by scraping the catalyst washcoat off from
powder. The bimetallic catalysts were prepared using a con-the metal foil and crushing itddween glass slides. The pow-
ventional two-step aqueous incipient wetness impregnationdered washcoat was dispersed onto a holey carbon-covered
procedure, where Rh was deposited first followed by Pt Cu grid with ethanol. The samples investigated afterét
deposition using calculated concentrations to reach the de-duction were exposed to air between the reduction and the
sired precious metal content. Pt- and Rh-only catalysts wereTEM analysis.

2. Experimental
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Table 1
The compositions, the noble metal loadings, #trelmanufacturing methods of the catalysts
Sample name Washcoat composition Noble metals (wt%) Manufacturing method
Rh/Al,O3 y-Al,03 Rh 0.2 Rh impregn. ter-Al,O3 washcoat
Pt/Al,O3 y-Alo0O3 Pt1.0 Pt impregn. tgr-Al,03 washcoat
PtRh/AL O3 y-Al,03 Rh 0.2, Pt0.5 Pt and Rh impregn.teAl ,03 washcoat
Rh + Al;03 + Pt/Ce-ZrQ La-stabilizedy-Al,03, Ce-ZrQ Rh0.2,Pt0.5 Pt preimpregn. to Ce—Z;@Rh impregn. to washcoat
Pt+ Al,0O3 + Rh/Ce-ZrQ La-stabilizedy-Al,03, Ce-ZrQ Rh 0.2, Pt0.5 Pt impregn. to washcoat, Rh preimpregn. to Ce>ZrO
PtRh/Ce-Zr@ + Al,03 La-stabilizedy-Al,03, Ce-ZrQ Rh0.2,Pt0.5 Pt and Rh preimpregn. to Ce—ZrO
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Fig. 1. Photoelectron spectra of the bimglienergy region containing Rh 3d and PgAdpeaks for fresh (left) and 100€ air-aged (right) catalysts.
(a) Pt/AbOg; (b) Rh/ALbO3; (c) PtRh/AbO3. The schematic pictures of the catalyst structures are shown. The spectrum with a solid line of each pair is
measured from the as-received catalyst and the spectrum with a dotted line from the catalyst afteryimesitictibn.

3. Results markably the peak position. In the aged PtRhf@{ catalyst
Rh 3d and Pt 4¢}» peaks are overlapping, but the peak posi-
3.1. Rh3d and Pt 4d XPStransitions tions can be obtained by peak fitting. In the fitting procedure,

the relative widths and areaswasl| as the distance between

In Fig. 1the XP spectra of the binding energy region con- the Rh 3d,> and Rh 3d,> synthetic components were con-
taining Rh 3d and Pt 4}, peaks are shown for fresh (left)  strained virtually to the same values as for the fresh catalysts.
and 1000C aged (right) catalysts. In these catalysts the An example of the result from similar fitting procedure is
noble metals are added to purealumina washcoat by im-  presented in our previous wofR4]. In this catalyst rhodium
pregnation and schematic pictures of the catalyst structuresappears to be in two different chemical states with thg3d
are also shown in thEig. 1 The spectra (a) are measured binding energies of 310.2 and 308.4 eV. The higher value co-
from the Pt/ApOs catalyst, spectra (b) from the Rhi&; incides with the peak position of reduction-resistive rhodium
catalyst and spectra (c) from the PtRh/@% catalyst. The oxide and the lower is in the range of reducible;Rb. Af-
spectrum with a solid line adach pair is measured from the ter the H reduction of the aged catalyst the Rhsgdpeak
as-received catalyst and theegfrum with a dotted line from  with higher binding energy remains at the same position,
the catalyst after in situ fHreduction in 400 mbar at 30@ 310.2 eV. The lower binding energy component of the Rh
for 30 min. On the fresh Rh/AD3 and PtRh/A$O3 catalysts 3ds,2 peak shifts to 306.8 eV, which is slightly lower than
the Rh 3d transition is intensive and rhodium is reducible as the binding energy range for metallic rhodium.
indicated by the shift of the Rh 3¢ peaks from the bind- The chemical state of platim was determined from the
ing energies of 309.4 and 309.6 eV, respectively, to 307.2 eV Pt 4d,> peak. This transition is wider and weaker than
in the Hp reduction. After air aging of the Rh/ADs catalyst the most intensive Pt 4f transition and it also interferes with
at 1000°C, the intensity of the Rh 3d peaks has decreasedthe Rh 3d peak pair. However, it is more clearly visible
and the Rh 3¢)» binding energy has increased to 309.9 eV, than the Pt 4f peak pair, which is interfering with the very
which coincides with the peak position of reduction-resistive intensive Al 2p peak. The variations of the small shoulder
rhodium oxide phase. ThesHeduction does not affect re-  under the Al 2p peak caused by the Pi/4fpeak were also
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Fig. 2. Photoelectron spectra of the binglienergy region containing Rh 3d and P Adpeaks for fresh (left) and 100 air-aged (right) catalysts. (a) Rt
Al»,03 + Rh/Ce-ZrQ (Rh preimpregnated to Ce-ZsOPt impregnated to washcoat); (b) RhAlI,03 + Pt/Ce-ZrQ (Pt preimpregnated to Ce—ZsORh
impregnated to washcoat); (c) PtRh/Ce—Zr® Al,03 (Pt and Rh preimpregnated to Ce—2)OThe schematic pictures of the catalyst structures are shown.
The spectrum with a solid line of each pair is measured from the as-receiaystand the spectrum with a dotted line from the catalyst after in situ H
reduction.

followed and the peak shifts seemed to be about the sameOn the fresh P# Al,03 + Rh/Ce-ZrQ catalyst weak plat-
magnitude as those observed for the P4/4¢peak. On the  inum Pt 4d,2 and rhodium 3d signals can be detected and
fresh Pt/AbO3 catalyst the Pt 4¢}> peak is located at the  the binding energies are 308.9 eV for Ry 3dand 314.9 eV
binding energy of 315.5 eV andHeduction shifts the peak  for Pt 4d/,. In the H reduction these binding energies
to 314.4 eV, as seen iRig. 1 Due to the high intensity of  shift to 307.2 and 314.1 eV, respectively. After air aging at
the Rh 3d peak pair the weak Ptgjgltransition is not re- 1000°C rhodium is detectable by XPS from the PtRh/Ce—
solvable from the fresh PtRh/#D3 catalyst. After aging of ~ ZrO» + Al catalyst with the binding energy of 310.3 eV and
the Pt/AbO;3 catalyst at 1000C the Pt 4d,, peak is atthe  the peak position is almost the same, 310.2 eV, also after the
binding energy of 314.1 eV and after the Feduction of the H> reduction. In the aged R Al,O3 + Pt/Ce—ZrQ and
aged catalyst the Pt 4@ binding energy is 313.3 eV. Af-  Pt+ Al203 + Rh/Ce-ZrQ catalysts both Rh 3¢, and Pt
ter aging in air at 1000C the Pt 44, signal intensity from 4ds/, peaks are visible and rhodium appears to be in two dif-
the bimetallic PtRh/AlO3 catalyst is comparable to the Rh  ferent chemical states. The Rhs3glbinding energies for Rh
3d transitions and the peak appears at the binding energy of+ Al2O3 + Pt/Ce-ZrQ catalyst are 309.8 and 307.7 eV, and
314.7 eV. In the H reduction the peak is shifted to lower for Pt+Al>03 + Rh/Ce-ZrQ catalyst 309.9 and 308.0 eV.
binding energy of 314.0 eV. The Pt 4d,, binding energies are 313.6 and 314.0 eV, re-
The XP spectra shown iRig. 2 are measured from the  spectively. After the I reduction of the aged R Al>Os
catalysts where the noble metals were impregnated either+ Pt/Ce—ZrQ and Pt+ Al203 + Rh/Ce-ZrQ catalysts the
to calcined catalyst washcoat or to Ce—Zn@wder, which lower binding energy component of the Rhszdpeak shifts
was then used as a washcoat constituent. The schematic picto 305.9 and 306.1 eV, respectively, and the other compo-
tures of the catalyst structures are again shown in the figure.nent remains at about the same binding energy. The fitted
Spectra (a) are measured from the4P#Al,03 + Rh/Ce— peak positions measured from the aged catalysts are listed in
ZrO, catalyst, spectra (b) from the Rh Al,O3 + Pt/Ce— Table 2
ZrO, catalyst, and spectra (c) from the PtRh/Ce—Zr©
Al,03 catalyst. The spectrumith a solid line of each pair ~ 3.2. TEM characterization
is measured from the as-received catalyst and the spectrum
with a dotted line from the catalyst aftepleduction. On the Composition and microstructure of the catalysts were
fresh Rh+ Al,O3 + Pt/Ce-ZrQ catalyst the Rh 3d transi-  characterized by TEM. In all the fresh catalysts only small-
tion is intensive and rhodium is reducible as indicated by the grainedy-Al,O3 structures and, if present, Ce—Zr@g-
shift of the Rh 3d,, peak from the binding energy of 309.4 glomerates are seen. The size of the Pt and Rh particles is
to 307.1 eV in the Hreduction. On the fresh PtRh/Ce—ZrO  too small to be resolvable from the washcoat by conventional
+ Al catalyst, where both Pt and Rh have been preimpreg- TEM, as also observed in other studj2k According to the
nated to Ce—Zr@the noble metals are undetectable by XPS. EDS analysis platinum and rhodium are rather evenly dis-
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Table 2

The Rh 3d,, and Pt 4@,, XPS binding energy values measured from the air-aged catalysts as received and afterjmesiuckion and average noble metal
particle sizes measured from the catalysts by TEM

Sample name Rh 3¢b (A) Rh 3ds/2 (B) Ptad;» Av. particle size
As rec. H red. As rec. H red. As rec. H red. As rec. H red.

Rh/Al,03 3099 eV 3100 eV <20 nm <20 nm
Pt/Al,O3 3141 eV 3133 eV 120 nm 120 nm
PtRh/ALO3 3084 eV 3068 eV 3102 eV 3102 eV 3147 eV 3140 eV 130 nm 130 nm
Rh+ Al,03 + Pt/Ce-ZrQ 307.7 eV 3059 eV 3098 eV 3100 eV 3136 eV 3131 eV 230 nm 360 nm
Pt+ Al,03+ Rh/Ce-ZrQ 3080 eV 3061 eV 3099 eV 3099 eV 3140 eV 3134 eV 170 nm 360 nm
PtRh/Ce-ZrQ@ + Al,03 3103 eV 3102 eV 180 nm 260 nm

_ Alumina

- - '
100 p VR AT

Fig. 3. The microstructure of the Rh/Ce—Zr@ Al,0O3 catalyst (Pt and Rh preimpregnated to Ce-Zrés fresh and after air aging.

.

tributed to the washcoat. In the aged catalysts, the grain sizeprevious studies the segregation of rhodium on the particle
of the y-Al,03 and Ce—ZrQ@ has slightly increased and in  surface in the high-temperature air aging of the catalysts is
the case of the Pt-only and Pt—Rh bimetallic catalysts the no-an expected result. The particle-size distributions are shown
ble metal particles can also be resolved from the washcoat.in Figs. 4 and Sor the catalysts, where the particle size was
In the aged Rh-only catalyst the noble metal particle size detectable after the aging treatment. The particle detection
stays below 20 nm, which is approximately the grain size of limit determined byy-alumina grain size, 20 nm, is marked
y-Al203 after aging and the Rh particles cannot be resolved as a low limit in the diagrams. To obtain these distributions
from the washcoat by conventional TEM. The structure of the diameters of 150 particles per sample were measured af-
the PtRh/Ce—Zr@ + Al,0s3 catalyst as fresh and after air ter aging in air at 1000C and also after bHreduction of the
aging is shown irFig. 3and the structure was similar in the aged catalyst. As can be seen frBig. 4the distributions for
case of the other catalysts. The results of the EDS analy-the Pt/AbO3 and PtRh/AOs catalysts with pure-alumina

sis indicate that in all the aged bimetallic catalysts the noble washcoat are almost similarptieduction does not affect the
metal particles contain both platinum and rhodium and the average particle size. However, the particle-size distributions
core of each particle is Pt rich and the surface Rh rich. Weak shown inFig. 5 for the catalysts withy-alumina washcoat
signals of both noble metals are also obtained by EDS from modified by Ce-ZrQ@ and LaO3 differ remarkably from
those parts of the washcoat, where no noble metal particlesthe distributions for purer-alumina-supported catalysts. In
are seen. In several previously reported studies the segregatthese catalysts the particle-size growth in aging has been
ing component of bimetallic alloy has been shown to depend more pronounced and thelfeduction has increased the av-
on the surrounding atmosphere. During the heat treatment inerage size of the particles even further. The average noble
an oxidative atmosphere rhodium segregates onto the surfacenetal particle sizes measured from the catalysts are listed
of Pt—Rh alloy and in a reductive atmosphere the segregat-in Table 2together with the binding energy values from the
ing component is platinunil,25,26] On the basis of the  aged catalysts.
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Fig. 4. The particle-size distributions for the air-aged Pt@d and PtRh/A$O3 catalysts. The schematic pictures of the catalyst structures are shown.

3.3. Ce 3d XPStransition tions; thus, the Ce 3d spectra can be compareBign6the
Ce 3d spectra from the Pt/Ce-Zr@ Rh + Al 03 catalyst

Ce-Zr@ and lanthanum oxide were used as additives is shown after aging in air and afteptfeduction of the aged
in the preparation of the catalysts and the changes of thecatalyst. The peak positions of the duplets caused by Ce
oxidation states of Zr, La, and Ce induced by air-aging treat- and Cé* oxidation states are marked into the figure accord-
ment or in situ H reduction were also followed by XPS. ing to the notation first used by Burroughs et[a8R]. The
According to Zr 3d and La 3d spectra the oxidation states peak pairs y-Up and V-u' are characteristic for the €e
of zirconium and lanthanum meain practically unchanged — oxidation state and the other peak pairs are due {6 Geate.
both in the air-aging treatment and in the téduction. The  In the transition from C& to more reduced Gé form, the
Zr 3ds/2 peak is located at the binding energy of about mostobvious features appearing in the spectra are a decrease
182.0 eV, which coincides with the values measured from in the intensity of ¢’ and V' peaks at the binding energies
Ce-Zr mixed oxide§27]. The La 3@/, peak is at the bind- ~ of about 917 and 889.5 eV and an increase 'irmtvabout
ing energy of about 835.5 eV, which falls in the range mea- 885 eV. From the Ce 3d spectra it can be deduced that in
sured for the dispersed lanthanum ph§2®&]. The Ce 3d the air-aged Pt/Ce—ZrO+ Rh + Al,03 catalyst cerium is
spectra from cerium-containing oxides is known to be com- mostly at Cé" oxidation state, but also some Eestate
plicated because of the hybization of the O 2p valence seems to be present. After the in sity Heduction the {f
band with the Ce 4f orbitdR9,30]. If both Ceé+ and Cé+ peak due to the C¢ state is absent indicating pure Te
oxidation states are present in the sample, five spin—orbitstate. The Ce 3d spectra from all the Ce—Zntaining
duplets can be found in the Ce 3d region. In addition, the catalysts, both fresh and aged, were very much similar as
experimental procedure of XPS measurements may causeseen inFig. 7 showing the Ce 3d spectra from fresh and
partial reduction of cerium oxide. The exposure to the X-ray aged Pt+ Al,03 + Rh/Ce-ZrQ, Rh + Al;03 + Pt/Ce-
beam, vacuum environment, secondary electrons from theZrO,, and PtRh/Ce-Zr@-+ Al,03 catalysts. For the fresh
X-ray source, or sample charging may contribute to the dam- catalysts the signal intensity is lower, but the shape of the
age of the samplEB1]. However, all the catalysts studied in  spectra is the same. Accordingthese results, cerium is in
this work have been exposed to similar measurement condi-reducible form in all the Ce—Zr@containing catalysts and
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Fig. 5. The particle-size distributions for the air-aged+PAloO3 + Rh/Ce-ZrQ (Rh preimpregnated to Ce—ZpOPt impregnated to washcoat), Rh
Al,O3 + Pt/Ce-ZrQ (Pt preimpregnated to Ce—Z5ORh impregnated to washcoat), and PtRh/Ce-Z#OAl,03 (Pt and Rh preimpregnated to Ce—4)0O

catalysts. The schematic pictures of the catalyst structures are shown.

seems to be capable of acting as an oxygen-storage compoemission from smaller particles and recapture to larger ones

nent releasing oxygen in a reducing atmosphere.

4. Discussion

Metal particle sintering is ¢hermally activated process,
which may occur by three diffent mechanisms: (i) particle

(Ostwald ripening), and (iii) vapor-phase transport. All these
mechanisms play a role in the noble metal particle-size
growth on supported catalysts. In air aging at 100Ghe
particle-size growth of platinum is more prominent than that
of the rhodium, due to the following reasons: the higher
loading of platinum in the catalyst, the lower stability of plat-

migration and coalescence on the support surface, (ii) atominum oxide and the strong interaction of rhodium with the
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particle sintering of bimetallics similar to that observed for
monometallic§34].

On the fresh catalysts, both platinum and rhodium are
highly dispersed regardless of the manufacturing method.
Rhodium is present in the form of easily reducible rhodium
oxide. On PtRh/Ce-Zr©+ Al»,03 and Pt+ Al,O3 +
Rh/Ce-ZrQ catalysts, where rhodium has been added by
i preimpregnation to the Ce—ZpQthe visibility of Rh 3d
peaks is poor and in the case of PtRh/Ce—-ZHOAl»03
catalyst Rh 3d cannot be detected by XPS. This is proba-
bly related to the manufacturing process, where Rh is first
incorporated to the Ce—Zgpowder and the Rh/Ce—-ZpO
precursor material is then added to the alumina slurry. In this
process the rhodium-containing Ce—2r@gglomerates are
partially encapsulated by a porous layer of alunjind. The
Rh 3ds/2 binding energies of the easily reducible rhodium
oxide on the fresh catalysts are found to be in the range of
308.9-309.6 eV. After bireduction the Rh 3¢» binding en-
ergies are between 307.1 and 307.2 eV that are characteristic
for metallic rhodium. Platinum 4g> peaks can be detected
by XPS from the fresh Pt/AD3 and Pt+ Al,03 + Rh/Ce—
ZrO; catalysts. The FWHM value for the 4d peak from
the fresh catalysts is about 6 eV, suggesting the presence of
several oxidation states. Since no clear shoulders are visi-
ble for fitting it can only be deduced that platinum is at least
mostly in the oxidized form and is reducible by, lHeduc-
tion as indicated by the shift in the average binding energy
value of Pt 4d,, peak for about 1 eV.

Inthe aged Rh/AIO3 catalyst the particle size of rhodium
stays below 20 nm, which is approximately the grain size of
y-Al,03 after aging and the Rh particles cannot be detected
by conventional TEM. Rhodium is present as a reduction-
resistive oxide phase with high Rh 3¢ binding energy
of about 310 eV. The binding energy of this peak is not

Rh

Aged at
1000 °C

INTENSITY (a.u.)

920 910 900 890 880
BINDING ENERGY (eV)

930 870

Fig. 6. Ce 3d photoelectron spectra from the R, O3 + Pt/Ce-ZrQ
catalyst after aging in air (solid line) and aftep IFeduction of the air-aged
catalyst (dotted line). The peak positions of the douplets caused %ﬁ/ Ce
and Cé+ oxidation states are marked into the figure according to the nota-
tion by Burroughs et a[32].

alumina support. The majorityomponent of the bimetallic

particles formed is therefore platinum. The relatively stable
rhodium oxide segregating on the surface of the bimetal-
lic particles is expected to retard the particle-size growth
in comparison to the platinum-only catalyst. However, this
is not seen in the samples of this work, since the particle-
size distributions of the alumina-supported platinum-only

and Pt-Rh samples are similar after air aging.The vapor- ;¢ taq by H reduction at 300C. However, besides the
phase transport of both platinum and rhodiumyealumina high binding energy component also another Rh 3d peak
support has been reported to be greatly enhanced by thepair appears at lower binding energy (307.7-308.4 eV) on
presence of Cefat temperatures between 800 and 900 the PtRh/AbO3, Pt + Al,Os + Rh/Ce=ZrQ, Rh + Al»,Oz

in air atmospher§33]. The volatile noble metal oxides are + Pt/Ce-ZrQ, and PtRh/Ce—~Zr@+ Al,0s catalysts. This
suggested to be responsible for the vapor-phase transporform of rhodium oxide is reducible as indicated by the shift
in o>-<idizir)g atmosphere. The more pronounced noble metal 5 e peak to lower binding energies in the Feduction.
particle-size growthin 1000C air aging detected on the Ce—  pyring aging in air, bimetallic Pt—Rh particles are formed
ZrOp-containing catalysts studied in this work might reflect 5nd rhodium is found to segregate onto the surface of these
this phenomenon. The noble metal particle size was alsoparticles. Both platinum and rhodium are also detected to be
found to increase in the low-temperature hydrogen reduc- present in those parts of the support, where noble metal par-

tion on the Ce—Zr@-containing catalysts. The explanation
for this may be related to the ability of Ce—Zr@ store and
release oxygen. As seen from the Ce 3d spectiéign 6,

ticles are not visible. In the previous studies the magnitude of
the binding energy shifts due to alloying has been detected to
be so small that the peaks from pure Pt or Rh are impossible

cerium oxide is reduced in the hydrogen treatment and theto resolve by fitting from the peaks originating from the alloy
released oxygen may combine with hydrogen on the surfaceparticles on catalyst support. This is partly due to the large
of the noble metals. The water vapor thus formed may in- linewidth of the peaks originating from supported particles
duce remarkable local increase of humidity in the pores of [1,20]. The two different states of rhodium in bimetallic cat-
the catalyst support and turn the hydrogen reduction to low- alysts after air aging are suggested to be rhodium oxide in
temperature hydrothermal aging. This may, in turn, lead to strong interaction with alumina support (high binding en-
more pronounced particle-size growth, since the presence ofergy of about 310 eV, reduction-resistive) and rhodium oxide
water vapor in the aging atmosphere is known to favor the on the surface of Pt—Rh bimetallic particles (lower bind-
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Fig. 7. Ce 3d photoelectron sgtra of fresh (left) and 1000C aged catalysts (right) measured as received (solid line) and afteedtiction (dotted line).
The schematic pictures of the catalyst structures are shown. @)¥P3O3 + Rh/Ce-ZrQ (Rh preimpregnated to Ce—ZOPt impregnated to washcoat);
(b) Rh+ Al,03 + Pt/Ce-ZrQ (Pt preimpregnated to Ce—Z5ORh impregnated to washcoat); (c) PtRh/Ce—Zr© Al,03 (Pt and Rh preimpregnated to
Ce-ZrQ).

ing energy, reducible). In the bimetallic PtRh catalyst the of a reduction-resistive oxide phase on alumina support. In
Rh—alumina interaction has been partly substituted by the the air aging at 1000C for 3 h, bimetallic PtRh particles are
stronger interaction between platinum and rhodium and thusformed and the core of the particles is found to be Pt rich
part of the rhodium oxide has remained in reducible form in and the surface Rh rich. Rhodium is found to exist in two
air aging. The absence of the reducible low binding energy different states in bimetallic catalysts. The two Rh 3d peak
component on the Rh 3d spectra of the PtRh/CesZ+O pairs seen in the XP spectra are suggested to originate from
Al>Og3 catalyst is probably due to the encapsulation of noble rhodium oxide in strong interaction with alumina support
metal containing Ce—ZrPagglomerates by a porous layer (high binding energy of about 310 eV, reduction-resistive)
of alumina. The detected rhodium signal mostly originates and rhodium oxide on the surface of Pt—Rh bimetallic par-
from the aluminum oxide layer, where rhodium is in the re- ticles (lower binding energy, reducible). In the bimetallic
duction resistive form. PtRh catalyst the Rh—alumina interaction has been partly
After Ha reduction the binding energy of the reducible Rh  substituted by the stronger ingation between platinum and
3d pair is lower than the values usually reported for metal- rhodium and thus part of the rhodium oxide has remained in
lic rhodium on a catalyst surface (307.0-307.3 §.3,14] reducible form in air aging.
An explanation for the unusually low Rh 3d binding energy The noble metal particle-size growth in aging treatment
might be differential charging. In air-aging bimetallic Pt—=Rh has been more pronounced on the Ce—£cOntaining cat-
particles are formed and the particle-size growth is remark- alysts compared to the ones with pure alumina support and
able. During XPS measurements the large metallic particlesfurther increase of the particle size is detected on the Ce—
are differentially charged compared to the ceramic support ZrOo-containing catalysts afterdHeduction at 300C. This
structure or the finely dispersed partic[8%,36] Differen- may be related to the ability of Ce—Z3@ release oxygen in
tial charging seems to be more pronounced in the case of thea reducing atmosphere. The released oxygen may combine
Ce-ZrQ-containing catalysts, where the average particle with hydrogen on the surface of noble metals and the water

size after H reduction is larger than in the PtRh/8s3 cat- vapor formed may induce remarkable local increase of hu-
alyst. In these catalysts piaum also shows binding energy  midity in the pores of the catalyst support, thus favoring the
values lower than usually reported for metallic platinum. particle sintering.
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