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Abstract

Pt, Rh, and bimetallic Pt–Rh catalysts with pure alumina and Ce–ZrO2-modified alumina washcoats are studied by XPS and TEM.
synergistic effect of platinum and rhodium is shown to be capable of stabilizing rhodium against the formation of a reduction-resistive oxid
phase on alumina-supported catalysts in high-temperature air aging. Rhodium is found to exist in two different states: reductio
rhodium oxide in strong interaction with alumina support and reducible rhodium oxide on the surface ofPt–Rh bimetallic particles. Th
growth of the noble metal particle size in the aging treatment is observed to be more pronounced on the Ce–ZrO2-containing catalysts tha
on pure alumina-supported catalysts. Moreover, further increase of the particle size is detected on the Ce–ZrO2-containing catalysts after H2
reduction at 300◦C. This may be related to the ability of Ce–ZrO2 to release oxygen in reducing atmosphere.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Platinum and rhodium have been widely used as ac
components in automotive three-way catalysts (TWCs).
main role of platinum is to operate as an oxidation ca
lyst for carbon monoxide and unburned hydrocarbons, w
rhodium is highly active in the reduction of nitric oxides
nitrogen. Bimetallic catalysts often exhibit properties b
ter than shown by either of the single metal catalysts,
example, improved activity, selectivity, or thermal stabil
This kind of behavior is called synergistic behavior or s
ergistic effect of the two metals. The presence of the sy
gistic activity effects of platinum and rhodium in bimetal
catalysts and possible reasons for the effects have bee
bated in the literature[1–3]. An important factor concernin
the catalytic properties of bimetallic catalyst is the surf
composition of the noble metal particles. There are s
eral theoretical models, which have been used to predic
segregating component of bimetallic alloy[4–7]. However,

* Corresponding author. Fax+358 3 3115 2600.
E-mail address: mika.valden@tut.fi (M. Valden).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
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-

these models are directly applicable only for clean sam
of pure bimetallic alloys and cannot be used in the c
of supported catalysts. Another important element conc
ing the catalytic properties is the interaction between
noble metal particles and the catalyst support. If this
teraction is weak, high-temperature conditions may ind
considerable particle-size growth of noble metal and th
fore decrease in activity.γ -Alumina-supported platinum i
proposed to form two different phases: at low Pt conc
trations a two-dimensional dispersed phase on the su
of alumina and at higher concentrations a three-dimens
particulate phase exhibiting the physical properties of bul
platinum[8–10]. In the case of alumina-supported platinu
catalysts the sintering of the dispersed particles is sugge
to be an important factor in catalyst deactivation, indicat
ing weak interaction between platinum and alumina[11].
The Pt 4d5/2 binding energies measured by XPS are
ported to be about 314.2 eV for metallic platinum[10,12],
315.3 eV for dispersed platinum phase[10], and abou
317 eV for PtO2 [10]. Too strong metal–support interactio
may also lead to decreased catalytic activity, as sugge
for alumina-supported rhodium. At high-temperature ag

http://www.elsevier.com/locate/jcat
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in an oxidative atmosphere alumina-supported rhodium
known to form an oxide phase, which differs from “no
mal” Rh2O3. In aging, the amount of rhodium on the ca
alyst surface decreases and the detected rhodium oxi
characterized by its unusually high Rh 3d5/2 binding en-
ergy of about 310 eV and enhanced stability against H2
reduction[13–15]. The mechanism of this strong intera
tion between rhodium and alumina is still unclear and
been explained by the diffusion of rhodium into the a
minum oxide[16–18], covering of the rhodium by a layer o
alumina[19], or the formation of more stable oxide pha
RhO2 on the surface ofγ -Al2O3 [13]. The Rh 3d5/2 bind-
ing energy values for metallic rhodium are reported to b
the range of 307.0–307.3 eV[13] and for easily reducible
Rh2O3 308.6–309.4 eV[13,20].

The atmosphere in a three-way catalyst is fluctuating c
tinuously between reducing and oxidizing. For the conv
sion of NO, CO, and hydrocarbons, oxidation and reduc
reactions must proceed simultaneously. Cerium oxide
be used as an oxygen-storage component to regulat
partial pressure of oxygen near the catalyst surface[21]. Ox-
idation and reduction reactions of ceria are fast and it is
capable of storing oxygen during lean periods and rel
ing it during rich periods. The addition of zirconium to th
cubic structure of ceria increases its thermal stability
improves its ability to store oxygen[22,23]. Ceria, zirco-
nia, and Ce–Zr mixed oxides are widely used as an add
in alumina-supported catalysts and also as a catalyst
port material. If rhodium is supported on pure Ce–Zr mix
oxide, the rhodium oxide phase formed in high-tempera
air aging at 1000◦C has been demonstrated to be easily
ducible[14].

In the present work Pt, Rh, and bimetallic Pt–Rh c
alysts with pure alumina and Ce–ZrO2-modified alumina
washcoats were studied. The noble metals were impregn
either to calcined catalyst washcoat or to Ce–ZrO2 powder,
which was then used as a washcoat constituent. The
purpose of this study was to find out whether the syn
gistic effect of platinum and rhodium is capable of sta
lizing alumina-supported rhodium against the formation
reduction-resistive oxide phase.

2. Experimental

The washcoats of Pt, Rh, and Pt–Rh catalysts c
posed either of pureγ -alumina or of La-stabilized (4 wt%
γ -alumina modified by Ce0.18Zr0.82O2. The methods use
in the noble metal addition were impregnation into the c
cined washcoat or preimpregnation into the Ce0.18Zr0.82O2
powder. The bimetallic catalysts were prepared using a
ventional two-step aqueous incipient wetness impregna
procedure, where Rh was deposited first followed by
deposition using calculated concentrations to reach the
sired precious metal content. Pt- and Rh-only catalysts w
s

e

-

d

prepared in a similar manner. Washcoat slurry contain
γ -alumina (90 wt%) and alumina sol (10 wt%) or in the ca
of Ce–ZrO2 containing samples La-stabilizedγ -alumina
(50 wt%), Ce–ZrO2 (40 wt%), and alumina sol (10 wt%) wa
first deposited onto a metal foil. The sample was then d
overnight at 110◦C in normal atmosphere and finally ca
cined in air for 4 h at 550◦C. Thereafter the precious met
was impregnated into the catalyst support and the sam
was again dried overnight at 110◦C in normal atmospher
and calcined in air for 4 h at 550◦C. Alternatively, in the
preimpregnation method, the precious metal was first
pregnated into the Ce–ZrO2 powder after which the preciou
metal containing Ce–ZrO2 powder was used as a washco
constituent together with La-stabilizedγ -alumina and alu-
mina sol. [Pt(NH3)4] · 2HCO3 and Rh(NO3)3 · 2H2O were
used as precious metal precursors in the impregnation.
precious metal loadings of Pt and Rh in the catalyst sup
were 0.5 and 0.2 wt%, respectively, except in the Pt/Al2O3

sample, where the Pt loading was 1 wt%. The addi
method of platinum and rhodium was varied from sam
to sample. For example the Pt/Ce–ZrO2 + Rh + Al2O3 cat-
alyst was prepared by first impregnating platinum into
Ce–ZrO2 powder, which was then used as a washcoat c
ponent. Thereafter rhodium was impregnated into the c
lyst supports and the catalyst was dried and calcined.Table 1
summarizes the compositions, the precious metal load
and the preparation methods of the samples investigate
this work. Catalyst aging was performed in a muffle furna
in ambient static air at normal atmospheric pressure for
at 1000◦C. The reducibilityof rhodium and platinum oxide
formed in the aging was investigated by annealing the c
lysts in situ in 400 mbar of static H2 at 300◦C for 30 min
followed by the XPS measurements.

The XPS experiments were carried out in a Kratos XSA
800 electron spectrometer with a base pressure less tha×
10−8 mbar. Nonmonochromatic MgKα X-rays were used a
a primary excitation and the hemispherical energy anal
was operated in a fixed analyser transmission (FAT) m
with a pass energy of 38 eV. The Al 2p line at 74.2 eV w
used as a binding energy reference together with the C
line at 284.6 eV. All binding energies quoted in this wo
were measured within a precision of±0.2 eV. The inelastic
background was removed from the spectra using Shirl
method for the noble metal spectra and linear backgro
subtraction for the Ce 3d spectra.

The TEM measurements were carried out in a Jeol J
2010 AEM operated at 200 kV and equipped with a N
ran Vantage energy-dispersive spectrometer. TEM sam
were prepared by scraping the catalyst washcoat off f
the metal foil and crushing it between glass slides. The pow
dered washcoat was dispersed onto a holey carbon-co
Cu grid with ethanol. The samples investigated after H2 re-
duction were exposed to air between the reduction and
TEM analysis.
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Table 1
The compositions, the noble metal loadings, andthe manufacturing methods of the catalysts

Sample name Washcoat composition Noble metals (wt%) Manufacturing method

Rh/Al2O3 γ -Al2O3 Rh 0.2 Rh impregn. toγ -Al2O3 washcoat
Pt/Al2O3 γ -Al2O3 Pt 1.0 Pt impregn. toγ -Al2O3 washcoat
PtRh/Al2O3 γ -Al2O3 Rh 0.2, Pt 0.5 Pt and Rh impregn. toγ -Al2O3 washcoat
Rh+ Al2O3 + Pt/Ce–ZrO2 La-stabilizedγ -Al2O3, Ce–ZrO2 Rh 0.2, Pt 0.5 Pt preimpregn. to Ce–ZrO2, Rh impregn. to washcoa
Pt+ Al2O3 + Rh/Ce–ZrO2 La-stabilizedγ -Al2O3, Ce–ZrO2 Rh 0.2, Pt 0.5 Pt impregn. to washcoat, Rh preimpregn. to Ce–Z2
PtRh/Ce–ZrO2 + Al2O3 La-stabilizedγ -Al2O3, Ce–ZrO2 Rh 0.2, Pt 0.5 Pt and Rh preimpregn. to Ce–ZrO2

Fig. 1. Photoelectron spectra of the binding energy region containing Rh 3d and Pt 4d5/2 peaks for fresh (left) and 1000◦C air-aged (right) catalysts
(a) Pt/Al2O3; (b) Rh/Al2O3; (c) PtRh/Al2O3. The schematic pictures of the catalyst structures are shown. The spectrum with a solid line of each
measured from the as-received catalyst and the spectrum with a dotted line from the catalyst after in situ H2 reduction.
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3. Results

3.1. Rh 3d and Pt 4d XPS transitions

In Fig. 1the XP spectra of the binding energy region c
taining Rh 3d and Pt 4d5/2 peaks are shown for fresh (lef
and 1000◦C aged (right) catalysts. In these catalysts
noble metals are added to pureγ -alumina washcoat by im
pregnation and schematic pictures of the catalyst struc
are also shown in theFig. 1. The spectra (a) are measur
from the Pt/Al2O3 catalyst, spectra (b) from the Rh/Al2O3
catalyst and spectra (c) from the PtRh/Al2O3 catalyst. The
spectrum with a solid line ofeach pair is measured from th
as-received catalyst and the spectrum with a dotted line from
the catalyst after in situ H2 reduction in 400 mbar at 300◦C
for 30 min. On the fresh Rh/Al2O3 and PtRh/Al2O3 catalysts
the Rh 3d transition is intensive and rhodium is reducibl
indicated by the shift of the Rh 3d5/2 peaks from the bind
ing energies of 309.4 and 309.6 eV, respectively, to 307.2
in the H2 reduction. After air aging of the Rh/Al2O3 catalyst
at 1000◦C, the intensity of the Rh 3d peaks has decrea
and the Rh 3d5/2 binding energy has increased to 309.9
which coincides with the peak position of reduction-resis
rhodium oxide phase. The H2 reduction does not affect re
markably the peak position. In the aged PtRh/Al2O3 catalyst
Rh 3d and Pt 4d5/2 peaks are overlapping, but the peak po
tions can be obtained by peak fitting. In the fitting proced
the relative widths and areas aswell as the distance betwee
the Rh 3d5/2 and Rh 3d3/2 synthetic components were co
strained virtually to the same values as for the fresh catal
An example of the result from similar fitting procedure
presented in our previous work[24]. In this catalyst rhodium
appears to be in two different chemical states with the 35/2
binding energies of 310.2 and 308.4 eV. The higher value
incides with the peak position of reduction-resistive rhodi
oxide and the lower is in the range of reducible Rh2O3. Af-
ter the H2 reduction of the aged catalyst the Rh 3d5/2 peak
with higher binding energy remains at the same posit
310.2 eV. The lower binding energy component of the
3d5/2 peak shifts to 306.8 eV, which is slightly lower th
the binding energy range for metallic rhodium.

The chemical state of platinum was determined from th
Pt 4d5/2 peak. This transition is wider and weaker th
the most intensive Pt 4f transition and it also interferes w
the Rh 3d peak pair. However, it is more clearly visi
than the Pt 4f peak pair, which is interfering with the ve
intensive Al 2p peak. The variations of the small shoul
under the Al 2p peak caused by the Pt 4f7/2 peak were also
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H

Fig. 2. Photoelectron spectra of the binding energy region containing Rh 3d and Pt 4d5/2 peaks for fresh (left) and 1000◦C air-aged (right) catalysts. (a) Pt+
Al2O3 + Rh/Ce–ZrO2 (Rh preimpregnated to Ce–ZrO2, Pt impregnated to washcoat); (b) Rh+ Al2O3 + Pt/Ce–ZrO2 (Pt preimpregnated to Ce–ZrO2, Rh
impregnated to washcoat); (c) PtRh/Ce–ZrO2 + Al2O3 (Pt and Rh preimpregnated to Ce–ZrO2). The schematic pictures of the catalyst structures are sh
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 after in situ2
reduction.
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followed and the peak shifts seemed to be about the s
magnitude as those observed for the Pt 4d5/2 peak. On the
fresh Pt/Al2O3 catalyst the Pt 4d5/2 peak is located at th
binding energy of 315.5 eV and H2 reduction shifts the pea
to 314.4 eV, as seen inFig. 1. Due to the high intensity o
the Rh 3d peak pair the weak Pt 4d5/2 transition is not re-
solvable from the fresh PtRh/Al2O3 catalyst. After aging of
the Pt/Al2O3 catalyst at 1000◦C the Pt 4d5/2 peak is at the
binding energy of 314.1 eV and after the H2 reduction of the
aged catalyst the Pt 4d5/2 binding energy is 313.3 eV. Af
ter aging in air at 1000◦C the Pt 4d5/2 signal intensity from
the bimetallic PtRh/Al2O3 catalyst is comparable to the R
3d transitions and the peak appears at the binding ener
314.7 eV. In the H2 reduction the peak is shifted to low
binding energy of 314.0 eV.

The XP spectra shown inFig. 2 are measured from th
catalysts where the noble metals were impregnated e
to calcined catalyst washcoat or to Ce–ZrO2 powder, which
was then used as a washcoat constituent. The schemati
tures of the catalyst structures are again shown in the fig
Spectra (a) are measured from the Pt+ Al2O3 + Rh/Ce–
ZrO2 catalyst, spectra (b) from the Rh+ Al2O3 + Pt/Ce–
ZrO2 catalyst, and spectra (c) from the PtRh/Ce–ZrO2 +
Al2O3 catalyst. The spectrum with a solid line of each pai
is measured from the as-received catalyst and the spec
with a dotted line from the catalyst after H2 reduction. On the
fresh Rh+ Al2O3 + Pt/Ce–ZrO2 catalyst the Rh 3d trans
tion is intensive and rhodium is reducible as indicated by
shift of the Rh 3d5/2 peak from the binding energy of 309
to 307.1 eV in the H2 reduction. On the fresh PtRh/Ce–ZrO2

+ Al catalyst, where both Pt and Rh have been preimp
nated to Ce–ZrO2 the noble metals are undetectable by XP
f

-
.

On the fresh Pt+ Al2O3 + Rh/Ce–ZrO2 catalyst weak plat
inum Pt 4d5/2 and rhodium 3d signals can be detected
the binding energies are 308.9 eV for Rh 3d5/2 and 314.9 eV
for Pt 4d5/2. In the H2 reduction these binding energi
shift to 307.2 and 314.1 eV, respectively. After air aging
1000◦C rhodium is detectable by XPS from the PtRh/C
ZrO2 + Al catalyst with the binding energy of 310.3 eV an
the peak position is almost the same, 310.2 eV, also afte
H2 reduction. In the aged Rh+ Al2O3 + Pt/Ce–ZrO2 and
Pt + Al2O3 + Rh/Ce–ZrO2 catalysts both Rh 3d5/2 and Pt
4d5/2 peaks are visible and rhodium appears to be in two
ferent chemical states. The Rh 3d5/2 binding energies for Rh
+ Al2O3 + Pt/Ce–ZrO2 catalyst are 309.8 and 307.7 eV, a
for Pt +Al2O3 + Rh/Ce–ZrO2 catalyst 309.9 and 308.0 eV
The Pt 4d5/2 binding energies are 313.6 and 314.0 eV,
spectively. After the H2 reduction of the aged Rh+ Al2O3
+ Pt/Ce–ZrO2 and Pt+ Al2O3 + Rh/Ce–ZrO2 catalysts the
lower binding energy component of the Rh 3d5/2 peak shifts
to 305.9 and 306.1 eV, respectively, and the other com
nent remains at about the same binding energy. The fi
peak positions measured from the aged catalysts are list
Table 2.

3.2. TEM characterization

Composition and microstructure of the catalysts w
characterized by TEM. In all the fresh catalysts only sm
grainedγ -Al2O3 structures and, if present, Ce–ZrO2 ag-
glomerates are seen. The size of the Pt and Rh particl
too small to be resolvable from the washcoat by conventio
TEM, as also observed in other studies[2]. According to the
EDS analysis platinum and rhodium are rather evenly
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Table 2
The Rh 3d5/2 and Pt 4d5/2 XPS binding energy values measured from the air-aged catalysts as received and after in situ H2 reduction and average noble me
particle sizes measured from the catalysts by TEM

Sample name Rh 3d5/2 (A) Rh 3d5/2 (B) Pt 4d5/2 Av. particle size

As rec. H2 red. As rec. H2 red. As rec. H2 red. As rec. H2 red.

Rh/Al2O3 309.9 eV 310.0 eV < 20 nm < 20 nm
Pt/Al2O3 314.1 eV 313.3 eV 120 nm 120 nm
PtRh/Al2O3 308.4 eV 306.8 eV 310.2 eV 310.2 eV 314.7 eV 314.0 eV 130 nm 130 nm
Rh+ Al2O3 + Pt/Ce–ZrO2 307.7 eV 305.9 eV 309.8 eV 310.0 eV 313.6 eV 313.1 eV 230 nm 360 nm
Pt+ Al2O3+ Rh/Ce–ZrO2 308.0 eV 306.1 eV 309.9 eV 309.9 eV 314.0 eV 313.4 eV 170 nm 360 nm
PtRh/Ce–ZrO2 + Al2O3 310.3 eV 310.2 eV 180 nm 260 nm

Fig. 3. The microstructure of the Rh/Ce–ZrO2 + Al2O3 catalyst (Pt and Rh preimpregnated to Ce–ZrO2) as fresh and after air aging.
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tributed to the washcoat. In the aged catalysts, the grain
of the γ -Al2O3 and Ce–ZrO2 has slightly increased and
the case of the Pt-only and Pt–Rh bimetallic catalysts the
ble metal particles can also be resolved from the washc
In the aged Rh-only catalyst the noble metal particle
stays below 20 nm, which is approximately the grain siz
γ -Al2O3 after aging and the Rh particles cannot be reso
from the washcoat by conventional TEM. The structure
the PtRh/Ce–ZrO2 + Al2O3 catalyst as fresh and after a
aging is shown inFig. 3and the structure was similar in th
case of the other catalysts. The results of the EDS an
sis indicate that in all the aged bimetallic catalysts the no
metal particles contain both platinum and rhodium and
core of each particle is Pt rich and the surface Rh rich. W
signals of both noble metals are also obtained by EDS f
those parts of the washcoat, where no noble metal part
are seen. In several previously reported studies the segr
ing component of bimetallic alloy has been shown to dep
on the surrounding atmosphere. During the heat treatme
an oxidative atmosphere rhodium segregates onto the su
of Pt–Rh alloy and in a reductive atmosphere the segre
ing component is platinum[1,25,26]. On the basis of the
.

t-

e
-

previous studies the segregation of rhodium on the par
surface in the high-temperature air aging of the catalys
an expected result. The particle-size distributions are sh
in Figs. 4 and 5for the catalysts, where the particle size w
detectable after the aging treatment. The particle dete
limit determined byγ -alumina grain size, 20 nm, is marke
as a low limit in the diagrams. To obtain these distributio
the diameters of 150 particles per sample were measure
ter aging in air at 1000◦C and also after H2 reduction of the
aged catalyst. As can be seen fromFig. 4the distributions for
the Pt/Al2O3 and PtRh/Al2O3 catalysts with pureγ -alumina
washcoat are almost similar. H2 reduction does not affect th
average particle size. However, the particle-size distribut
shown inFig. 5 for the catalysts withγ -alumina washcoa
modified by Ce–ZrO2 and La2O3 differ remarkably from
the distributions for pureγ -alumina-supported catalysts.
these catalysts the particle-size growth in aging has b
more pronounced and the H2 reduction has increased the a
erage size of the particles even further. The average n
metal particle sizes measured from the catalysts are l
in Table 2together with the binding energy values from t
aged catalysts.
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Fig. 4. The particle-size distributions for the air-aged Pt/Al2O3 and PtRh/Al2O3 catalysts. The schematic pictures of the catalyst structures are show
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3.3. Ce 3d XPS transition

Ce–ZrO2 and lanthanum oxide were used as additi
in the preparation of the catalysts and the changes o
oxidation states of Zr, La, and Ce induced by air-aging tr
ment or in situ H2 reduction were also followed by XPS
According to Zr 3d and La 3d spectra the oxidation sta
of zirconium and lanthanum remain practically unchange
both in the air-aging treatment and in the H2 reduction. The
Zr 3d5/2 peak is located at the binding energy of ab
182.0 eV, which coincides with the values measured fr
Ce–Zr mixed oxides[27]. The La 3d5/2 peak is at the bind
ing energy of about 835.5 eV, which falls in the range m
sured for the dispersed lanthanum phase[28]. The Ce 3d
spectra from cerium-containing oxides is known to be co
plicated because of the hybridization of the O 2p valenc
band with the Ce 4f orbital[29,30]. If both Ce3+ and Ce4+
oxidation states are present in the sample, five spin–o
duplets can be found in the Ce 3d region. In addition,
experimental procedure of XPS measurements may c
partial reduction of cerium oxide. The exposure to the X-
beam, vacuum environment, secondary electrons from
X-ray source, or sample charging may contribute to the d
age of the sample[31]. However, all the catalysts studied
this work have been exposed to similar measurement co
tions; thus, the Ce 3d spectra can be compared. InFig. 6the
Ce 3d spectra from the Pt/Ce–ZrO2 + Rh + Al2O3 catalyst
is shown after aging in air and after H2 reduction of the aged
catalyst. The peak positions of the duplets caused by C3+
and Ce4+ oxidation states are marked into the figure acco
ing to the notation first used by Burroughs et al.[32]. The
peak pairs v0–u0 and v′–u′ are characteristic for the Ce3+
oxidation state and the other peak pairs are due to Ce4+ state.
In the transition from Ce4+ to more reduced Ce3+ form, the
most obvious features appearing in the spectra are a dec
in the intensity of u′′′ and v′′ peaks at the binding energie
of about 917 and 889.5 eV and an increase in v′ at about
885 eV. From the Ce 3d spectra it can be deduced th
the air-aged Pt/Ce–ZrO2 + Rh + Al2O3 catalyst cerium is
mostly at Ce4+ oxidation state, but also some Ce3+ state
seems to be present. After the in situ H2 reduction the u′′′
peak due to the Ce4+ state is absent indicating pure Ce3+
state. The Ce 3d spectra from all the Ce–ZrO2-containing
catalysts, both fresh and aged, were very much simila
seen inFig. 7 showing the Ce 3d spectra from fresh a
aged Pt+ Al2O3 + Rh/Ce–ZrO2, Rh + Al2O3 + Pt/Ce–
ZrO2, and PtRh/Ce–ZrO2 + Al2O3 catalysts. For the fres
catalysts the signal intensity is lower, but the shape of
spectra is the same. According to these results, cerium is i
reducible form in all the Ce–ZrO2-containing catalysts an
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Fig. 5. The particle-size distributions for the air-aged Pt+ Al2O3 + Rh/Ce–ZrO2 (Rh preimpregnated to Ce–ZrO2, Pt impregnated to washcoat), Rh+
Al2O3 + Pt/Ce–ZrO2 (Pt preimpregnated to Ce–ZrO2, Rh impregnated to washcoat), and PtRh/Ce–ZrO2 + Al2O3 (Pt and Rh preimpregnated to Ce–ZrO2)
catalysts. The schematic pictures of the catalyst structures are shown.
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seems to be capable of acting as an oxygen-storage co
nent releasing oxygen in a reducing atmosphere.

4. Discussion

Metal particle sintering is athermally activated proces
which may occur by three different mechanisms: (i) particl
migration and coalescence on the support surface, (ii) a
-emission from smaller particles and recapture to larger o
(Ostwald ripening), and (iii) vapor-phase transport. All th
mechanisms play a role in the noble metal particle-
growth on supported catalysts. In air aging at 1000◦C the
particle-size growth of platinum is more prominent than t
of the rhodium, due to the following reasons: the hig
loading of platinum in the catalyst, the lower stability of pl
inum oxide and the strong interaction of rhodium with
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Fig. 6. Ce 3d photoelectron spectra from the Rh+ Al2O3 + Pt/Ce–ZrO2
catalyst after aging in air (solid line) and after H2 reduction of the air-aged
catalyst (dotted line). The peak positions of the douplets caused by C3+
and Ce4+ oxidation states are marked into the figure according to the n
tion by Burroughs et al.[32].

alumina support. The majoritycomponent of the bimetalli
particles formed is therefore platinum. The relatively sta
rhodium oxide segregating on the surface of the bime
lic particles is expected to retard the particle-size gro
in comparison to the platinum-only catalyst. However, t
is not seen in the samples of this work, since the parti
size distributions of the alumina-supported platinum-o
and Pt–Rh samples are similar after air aging.The va
phase transport of both platinum and rhodium onγ -alumina
support has been reported to be greatly enhanced by
presence of CeO2 at temperatures between 800 and 900◦C
in air atmosphere[33]. The volatile noble metal oxides a
suggested to be responsible for the vapor-phase tran
in oxidizing atmosphere. The more pronounced noble m
particle-size growth in 1000◦C air aging detected on the Ce
ZrO2-containing catalysts studied in this work might refle
this phenomenon. The noble metal particle size was
found to increase in the low-temperature hydrogen red
tion on the Ce–ZrO2-containing catalysts. The explanati
for this may be related to the ability of Ce–ZrO2 to store and
release oxygen. As seen from the Ce 3d spectra inFig. 6,
cerium oxide is reduced in the hydrogen treatment and
released oxygen may combine with hydrogen on the sur
of the noble metals. The water vapor thus formed may
duce remarkable local increase of humidity in the pore
the catalyst support and turn the hydrogen reduction to l
temperature hydrothermal aging. This may, in turn, lead
more pronounced particle-size growth, since the presen
water vapor in the aging atmosphere is known to favor
t

f

particle sintering of bimetallics similar to that observed
monometallics[34].

On the fresh catalysts, both platinum and rhodium
highly dispersed regardless of the manufacturing meth
Rhodium is present in the form of easily reducible rhodi
oxide. On PtRh/Ce–ZrO2 + Al2O3 and Pt + Al2O3 +
Rh/Ce–ZrO2 catalysts, where rhodium has been added
preimpregnation to the Ce–ZrO2, the visibility of Rh 3d
peaks is poor and in the case of PtRh/Ce–ZrO2 + Al2O3
catalyst Rh 3d cannot be detected by XPS. This is pro
bly related to the manufacturing process, where Rh is
incorporated to the Ce–ZrO2 powder and the Rh/Ce–ZrO2
precursor material is then added to the alumina slurry. In
process the rhodium-containing Ce–ZrO2 agglomerates ar
partially encapsulated by a porous layer of alumina[14]. The
Rh 3d5/2 binding energies of the easily reducible rhodiu
oxide on the fresh catalysts are found to be in the rang
308.9–309.6 eV. After H2 reduction the Rh 3d5/2 binding en-
ergies are between 307.1 and 307.2 eV that are characte
for metallic rhodium. Platinum 4d5/2 peaks can be detecte
by XPS from the fresh Pt/Al2O3 and Pt+ Al2O3 + Rh/Ce–
ZrO2 catalysts. The FWHM value for the 4d5/2 peak from
the fresh catalysts is about 6 eV, suggesting the presen
several oxidation states. Since no clear shoulders are
ble for fitting it can only be deduced that platinum is at le
mostly in the oxidized form and is reducible by H2 reduc-
tion as indicated by the shift in the average binding ene
value of Pt 4d5/2 peak for about 1 eV.

In the aged Rh/Al2O3 catalyst the particle size of rhodiu
stays below 20 nm, which is approximately the grain size
γ -Al2O3 after aging and the Rh particles cannot be dete
by conventional TEM. Rhodium is present as a reduct
resistive oxide phase with high Rh 3d5/2 binding energy
of about 310 eV. The binding energy of this peak is
affected by H2 reduction at 300◦C. However, besides th
high binding energy component also another Rh 3d p
pair appears at lower binding energy (307.7–308.4 eV
the PtRh/Al2O3, Pt + Al2O3 + Rh/Ce–ZrO2, Rh + Al2O3
+ Pt/Ce–ZrO2, and PtRh/Ce–ZrO2 + Al2O3 catalysts. This
form of rhodium oxide is reducible as indicated by the s
of the peak to lower binding energies in the H2 reduction.
During aging in air, bimetallic Pt–Rh particles are form
and rhodium is found to segregate onto the surface of t
particles. Both platinum and rhodium are also detected t
present in those parts of the support, where noble metal
ticles are not visible. In the previous studies the magnitud
the binding energy shifts due to alloying has been detecte
be so small that the peaks from pure Pt or Rh are impos
to resolve by fitting from the peaks originating from the all
particles on catalyst support. This is partly due to the la
linewidth of the peaks originating from supported partic
[1,20]. The two different states of rhodium in bimetallic ca
alysts after air aging are suggested to be rhodium oxid
strong interaction with alumina support (high binding e
ergy of about 310 eV, reduction-resistive) and rhodium ox
on the surface of Pt–Rh bimetallic particles (lower bin
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.
);
to
Fig. 7. Ce 3d photoelectron spectra of fresh (left) and 1000◦C aged catalysts (right) measured as received (solid line) and after H2 reduction (dotted line)
The schematic pictures of the catalyst structures are shown. (a) Pt+ Al2O3 + Rh/Ce–ZrO2 (Rh preimpregnated to Ce–ZrO2, Pt impregnated to washcoat
(b) Rh+ Al2O3 + Pt/Ce–ZrO2 (Pt preimpregnated to Ce–ZrO2, Rh impregnated to washcoat); (c) PtRh/Ce–ZrO2 + Al2O3 (Pt and Rh preimpregnated
Ce–ZrO2).
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ing energy, reducible). In the bimetallic PtRh catalyst
Rh–alumina interaction has been partly substituted by
stronger interaction between platinum and rhodium and
part of the rhodium oxide has remained in reducible form
air aging. The absence of the reducible low binding ene
component on the Rh 3d spectra of the PtRh/Ce–ZrO2 +
Al2O3 catalyst is probably due to the encapsulation of no
metal containing Ce–ZrO2 agglomerates by a porous lay
of alumina. The detected rhodium signal mostly origina
from the aluminum oxide layer, where rhodium is in the
duction resistive form.

After H2 reduction the binding energy of the reducible
3d pair is lower than the values usually reported for me
lic rhodium on a catalyst surface (307.0–307.3 eV)[13,14].
An explanation for the unusually low Rh 3d binding ene
might be differential charging. In air-aging bimetallic Pt–R
particles are formed and the particle-size growth is rem
able. During XPS measurements the large metallic part
are differentially charged compared to the ceramic sup
structure or the finely dispersed particles[35,36]. Differen-
tial charging seems to be more pronounced in the case o
Ce–ZrO2-containing catalysts, where the average part
size after H2 reduction is larger than in the PtRh/Al2O3 cat-
alyst. In these catalysts platinum also shows binding energ
values lower than usually reported for metallic platinum.

5. Conclusions

The synergistic effect of platinum and rhodium is sho
to be capable of stabilizing rhodium against the formatio
of a reduction-resistive oxide phase on alumina suppor
the air aging at 1000◦C for 3 h, bimetallic PtRh particles ar
formed and the core of the particles is found to be Pt
and the surface Rh rich. Rhodium is found to exist in t
different states in bimetallic catalysts. The two Rh 3d p
pairs seen in the XP spectra are suggested to originate
rhodium oxide in strong interaction with alumina supp
(high binding energy of about 310 eV, reduction-resist
and rhodium oxide on the surface of Pt–Rh bimetallic p
ticles (lower binding energy, reducible). In the bimeta
PtRh catalyst the Rh–alumina interaction has been p
substituted by the stronger interaction between platinum an
rhodium and thus part of the rhodium oxide has remaine
reducible form in air aging.

The noble metal particle-size growth in aging treatm
has been more pronounced on the Ce–ZrO2-containing cat-
alysts compared to the ones with pure alumina support
further increase of the particle size is detected on the
ZrO2-containing catalysts after H2 reduction at 300◦C. This
may be related to the ability of Ce–ZrO2 to release oxygen i
a reducing atmosphere. The released oxygen may com
with hydrogen on the surface of noble metals and the w
vapor formed may induce remarkable local increase of
midity in the pores of the catalyst support, thus favoring
particle sintering.
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