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Alumina-Supported Pt—Rh Catalysts

I. Microstructural Characterization
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Analytical electron microscopy was performed on several Pt—Rh
bimetallic catalysts. All catalysts prepared for this investigation
contained alloy particles, but their composition distributions varied
with preparation procedure. A catalyst with approximately 1 wt%
total metal content and a relative metal composition of 60 wt% Pt
and 40 wt% Rh, reduced at 300°C for 12 h, displayed a bimodal
particle composition distribution with particle compositions cen-
tered at approximately 10 wt% Pt and 90 wt% Pt. Few particles
possessed the expected average composition of 60 wt% Pt. The
same catalyst when reduced at 700°C for 72 h displayed a broad
particle composition distribution centered at about 60 wt% Pt.
Together, these composition distributions and those observed for
several other catalysts are consistent with the presence of a low-
temperature miscibility gap in the Pt—Rh equilibrium phase dia-
gram. Catalysts were also prepared that were observed to contain
only Pt-rich or only Rh-rich particles. High-resolution electron
microscopy identified two discrete particle morphologies, particles
>7 nm in diameter were faceted and often internally faulted or
twinned, while particles <7 nm displayed no internal faults and
appeared to be homogeneous, and roughly circular in cross-section.
Because of the small metal particle size, X-ray photoelectron spec-
troscopy was unable to determine if the metal particles were uni-
formly alloyed or if the particle surfaces were enriched with one
alloy component. © 1995 Academic Press, Inc.

INTRODUCTION

When considering air pollution control catalysts, the
generally accepted reason for combining platinum and
rhodium is that platinum is to create an excellent catalyst
for the oxtdation of carbon monoxide and hydrocarbons,
while rhodium displays a high activity for the reduction
of nitric oxide to nitrogen (1). These metals display com-
plementary properties and are, therefore, commonly
found together in automotive exhaust catalysts. In auto-
mobiles, supported Pt—Rh catalysts typically operate in
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the temperature range between 700 and 1000°C. However,
platinum and rhodium also display significant activities
for the reduction of nitric oxide below 300°C (2-10). In
this temperature regime Pt—Rh catalysts could reduce
cold-start emissions in automobiles, and they show prom-
ise for the low-temperature control of nitric oxide and
carbon monoxide produced by electric power utilities.

Bimetallic catalysts have received a great deal of re-
search attention in the past two decades. Although, as
early as 1950, investigations were conducted on conven-
tional metal alloys. These studies focused upon catalytic
activity as a function of variations in electronic structure
caused by alloying (11-15). Alloys of group VIII and
group IB metals received particular attention for their
activities towards hydrogenation, dehydrogenation, and
isomerization. The behavior of Cu-Ni alloys were studied
with respect to the hydrogenolysis of ethane to methane
(15-17). Cu was observed to segregate to the surface of
bulk Cu-Ni alloys and dramatically reduce the hydrogen-
olysis activity of the alloy. The loss of hydrogenolysis
activity was attributed to a decrease in the number of Ni
multiplet sites that were believed to be responsible for
the reaction.

In these early investigations the alloys were prepared
as systems with low dispersions, often in the forms of
wires or gauzes. However, interests have shifted toward
highly dispersed systems. In 1973 Sinfelt introduced the
concept of bimetallic clusters to explain the interaction
of two virtually immiscible metals (18). Sinfelt concluded
that, in the highly dispersed state, there is a strong interac-
tion between the degree of dispersion and the stability of
nonequilibrium structures and metal distributions. There-
fore, catalyst compositions are not restricted to those
combinations of metals which form bulk alloys, and the
properties of catalytic activity and reaction selectivity
are not restricted to the simple additive properties of the
individual constituents.

A barrier to the development of highly dispersed bime-
tallic catalysts is the absence of data on the relationships
between the microstructural state and kinetic perfor-
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mance of bimetallic systems. When discussing bimetallic
systems, the composition of individual catalytically active
particles must be considered. Do the two metals in the
bimetallic system form alloy particles? Are the alloy parti-
cles better catalysts than the unalloyed components? Are
they worse? These obvious questions concerning bimetal-
lic catalysts have been left largely unanswered.

Electron probe microanalysis studies conducted on au-
tomobile catalysts have concluded that platinum and rho-
dium are both present throughout the active regions in
fresh and vehicle aged catalyst (19, 20). Supported Pt—Rh
catalysts are reported to contain alloyed platinum and
rhodium particles as determined by X-ray diffraction (8),
extended X-ray adsorption fine structure (6), infrared
spectroscopy (21), and scanning transmission electron mi-
croscopy (19, 20, 22, 23). It is therefore agreed that when
Pt and Rh are impregnated into the same support material,
by a variety of impregnation techniques and precursors,
alloy particles are formed.

If alloy particles are observed, the possibility of one
component segregating to the surface of the alloy particles
must be considered. The surface of bulk Pt—Rh alloys are
observed to be enriched with Pt after high-temperature
annealing in vacuum (24-28). When single crystal alloy
surfaces were exposed to oxygen, Rh surface enrichment
was observed (29). Several investigators used various
techniques to show that when platinum-rhodium alloy
particles do exist, their surface composition is strongly
dependent upon their gas-phase environment and temper-
ature history (8, 30-36). All studies confirm that under
oxidizing conditions and at most temperatures, Pt—Rh
alloy particles become surface enriched in rhodium. Also,
some studies suggest that such rhodium exists as Rh,0;.
The methods used to make this observation included reac-
tion rate studies (8, 31), temperature-programmed desorp-
tion and chemisorption (30), surface characterization, in-
cluding X-ray photoelectron spectroscopy (XPS) and
auger electron spectroscopy (32-35), and transmission
electron microscopy (TEM) analysis (36). Scanning trans-
mission electron microscopy observed a modest Pt sur-
face enrichment in a Pt—Rh alloy particle that was reduced
in H, at 500°C (22).

In those characterization studies which relied upon
techniques that do not possess high spatial resolution
(temperature-programmed desorption, X-ray photoelec-
tron spectroscopy, chemisorption, and Kinetic studies),
the compositions of individual alloy particles were not
determined. Often, it was assumed that all particles were
present at the same composition and that this average
composition is what would be expected from the complete
alloying of the constituent metals. There is no experimen-
tal evidence to support this assumption; but, without such
evidence, the results of many characterization experi-
ments cannot be interpreted.

AND STENGER

In the present study we report on the characterization
of Pt and Rh bimetallic catalysts by analytical electron
microscopy, high-resolution transmission electron mi-
croscopy, and X-ray photoelectron spectroscopy. Em-
phasis is placed upon the measurement and interpretation
of the composition-size distribution of individual catalyst
particles in the size range of 2-15 nm in diameter. The
composition-size distribution of several catalysts will be
examined, and the utility of this construction for the eluci-
dation of the relationships between catalyst preparation
and the resulting catalyst microstructure will be demon-
strated. A companion paper (37) discusses the catalytic
performance of these same catalysts.

EXPERIMENTAL

Catalyst Preparation

Aqueous solutions of Pt and Rh were prepared from
PtCl, (99.9%, Johnson Matthey) and RhCl, xH,0 (99.9%
Johnson Matthey), respectively. These precursors were
impregnated into y-alumina (Corning Celcor EX78) which
was ground and sieved to between 90 and 150 wm in
diameter. The physical properties of this support material
are summarized in Table 1 (38). The aqueous precursor
concentrations required to prepare a specific metal con-
centration were calculated assuming the precursor solu-
tions would completely fill the pores of the support mate-
rial, and that the metal which was imbibed into the pores
would remain after further processing. Typical precursor
concentrations were in the range of 10° mole metal/cc
deionized water to provide total metal compositions of
approximately 1 wt%. An average batch size was prepared
from approximately 4 g of dry alumina. Before impregna-
tion at atmospheric pressure and room temperature, a
volume of precursor solution was prepared that was twice
the volume required to fill the pores of the support mate-
rial. The precursor solution was then filtered using a 1
micron nylon membrane filter and brought into contact
with the y-alumina. The resulting slurry was stirred with
a glass stir bar for approximately 5 min until the color of
the support material was uniform. The wet alumina was

TABLE 1

Description of y-Alumina Support
Material (38)

Property Value
BET surface area 252 mil/g
Pore volume 0.4959 ccl/g
Average pore size 4.0 nm
Porosity 63%
Density 1.31 g/cc
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then placed on a Buchner funnel and quickly rinsed with
about 50 cc deionized water to remove excess precursor
solution from the slurry. Following the rinse, the catalyst
material was allowed to air-dry overnight at room temper-
ature. Subsequent processing varied for each catalyst and
will be presented in the results section.

Analysis of several catalyst preparations by electron-
probe microanalysis found the metals to be homoge-
neously distributed throughout the individual 100-um sup-
port particles. Following preparation, each catalyst was
analyzed for total metal content by inductively coupled
plasma atomic emission spectroscopy (ICPAES, Gal-
braith Laboratories) and given a descriptive name which
contains the average relative weight concentration of Pt
and Rh. For example, a catalyst which contained 1.0 wt%
Pt and 0.5 wt% Rh would be designated as 67/33.

Dispersion Measurements

Metallic dispersion was determined by nonstatic chemi-
sorption using a modified Micromeritics Flowsorb 11 2300.
A gas sampling valve was installed to permit a reproduc-
ible 1.03-cc injection of uncontaminated adsorbing gas.
This volume was always greater than the volume of gas
adsorbed, and the chemisorbed volume was determined
by the difference between the first and consecutive injec-
tion measurements (39).

Chemisorption was performed using hydrogen (nitro-
gen carrier) and carbon monoxide (helium carrier) gases.
The chemisorption results are presented in terms of dis-
persion, which is defined in the following manner:

2 x Moles of H, Chemisorbed
Total Number of Metal Atoms

Moles of CO Chemisorbed
Total Number of Metal Atoms

Dispersion = x 100 [1]

Dispersion = x 100. [2]

The total number of metal atoms was calculated using the
ICPAES analysis. Since these gases adsorb on both Pt
and Rh, it was not possible to measure the number of Pt
and Rh surface sites independently. Only the total number
of surface sites could be determined.

The accuracy of this technique was verified using a Pt
chemisorption standard obtained from Micromeritics. On
separate days the standard material with a specified dis-
persion of 33.7% (+5% relative error) was measured to
be 33.8 and 29.2% by CO chemisorption. A similar mea-
surement was made using H, chemisorption which re-
sulted in a 34.7% dispersion. Both the CO and H, measure-
ments were within the specified range of the calibration
material, and the chemisorption method was assumed to
be accurate. The CO chemisorption values were used to
determine the total number of metal adsorption sites for
all catalysts with the exception of the Rh monometallic
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catalyst. Hydrogen chemisorption values were used for
the Rh catalyst because of uncertainties associated with
the adsorption stoichiometry of carbon monoxide on
Rh (40-43).

Analytical Electron Microscopy

Analytical electron microscopy was performed using
a Vacuum Generators HB-501 field-emission dedicated
scanning transmission electron microscope (STEM). Plat-
inum M-series (Ma-2.051 keV) and rhodium L-series (La-
2.696 keV) X-rays were measured using a Si(Li) energy
dispersive spectrometer with a Link Systems AN10,000
X-ray analyzer. This analyzer uses a top-hat filter to strip
the background intensity from the X-ray peaks. It then
fits library peak-shape standards to the measured peaks
and deconvolutes the peak intensities for the X-ray fami-
lies involved. A sample spectrum for a 5-nm particle is
presented in Fig. 1. The STEM was operated at 100 kV
and at conditions to provide approximately 0.8 nA of
current into an electron probe 2 nm in diameter (full width
at one-tenth maximum intensity).

STEM samples were prepared for analysis by grinding
the catalyst material using a mortar and pestle, ultrasoni-
cally dispersing the catalyst in methanol, and placing two
drops of the suspension on a carbon-coated copper TEM
grid. Alumina support particles were observed using an-
nular dark-field imaging to locate areas of interest which
contained individual metal particles for analysis (Fig. 2).
The electron beam was then rastered over a 3 nm X 4
nm area on a single metal particle. When AEM is per-
formed on individual metal particles, the resulting analysis
is the average composition of the volume which the beam
sampled. Since for these experiments a 2-nm probe was
rastered in a 3 nm X 4 nm rectangle, particles that were
less than 5 nm in diameter were sampled over their entire
volume, and particles larger than 5 nm in diameter were

Al Ko
Pt M-Series

250)

Rh L-Series

X-Ray Counts (FS

1 1.5 2 25 3 3.5

X-Ray Energy (keV)

FIG. 1. X-ray spectrataken from a 4-nm alloy particle with a compo-
sition of 56 wt% Pt.
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FIG. 2.

analyzed through their centers. The analysis was per-
formed using a rastered beam to allow direct observation
of the particle during analysis. This permitted manual
compensation for specimen drift and the real time obser-
vation of potential electron beam damage (44) and beam-
induced contamination (45). X-rays were acquired for live
times of 50 to 200 s per particle in order to achieve accept-
able counting statistics (* 1o errors of 10 wt% Pt or less).

Quantification was performed using the Cliff-Lorimer
ratio method (46)

Co_y I
Crn R Lo

(3]

where I and Iy, are the measured X-ray intensities for
Pt and Rh, Cp, and Cg,, are the unknown weight fractions,
and &kp g, is the Cliff-Lorimer £-factor, an experimentally
determined sensitivity factor which relates the measured
relative X-ray intensities to the ratio of the element weight
fractions. The experimental measurement of kp gz, on a
sample of known composition eliminates the need to de-
termine difficult-to-measure parameters such as ioniza-
tion cross-section and detector efficiency (47). In this in-

Annular dark field image of a single piece of alumina which contains many metal particles.

vestigation, the experimentally determined k-factor was
obtained from ultramicrotomed sections of Pt—13%Rh
thermocouple wire that were placed upon carbon support
films. The average Cliff-Lorimer &k-factor, kp_pn, =
1.079 + 3%, was subsequently used for quantification.
When analyzing individual metal particles, the thin film
approximation was invoked, which assumes the effects
of X-ray absorption and fluorescence may be ignored.
In this case, the approximation was supported by X-ray
absorption calculations which predicted the deviation in
kp gn caused by X-ray adsorption within a single particle
(48). The effect of X-ray absorption on k-factors is a func-
tion of particle composition and is bounded by the effects
of Pt-rich and Rh-rich particles on the generated Pt-M
and Rh-L X-rays. The largest deviation in the measured
k-factor occurs for Pt-rich particles, which if ignored will
result in the apparent under estimation of the Rh concen-
tration. A result for a 10-nm particle, which was measured
to be 95 wt% Pt and 5 wt% Rh without absorption correc-
tion, after correction would become 94.8 wt% Pt and
5.2 wt% Rh (a Rh increase of 4%). The alumina support
material has only a small effect on Pt and Rh X-ray absorp-
tion: an alumina thickness of 100 nm leads to a deviation
in kp g Which results in the apparent under estimation of
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Pt concentrations. An uncorrected 50 wt% Pt particle in
100 nm of alumina would actually be 51 wt% Pt when
corrected for absorption. Since the Pt—Rh k-factor was
measured as a function of specimen thickness, and the
effects of X-ray absorption as a function of particle com-
position and diameter are known, it is possible to explic-
itly correct for these effects for each particle analyzed.
However, the systematic error introduced by the thin
film approximation is small in comparison to the X-ray
statistical counting error. Therefore, the effect of X-ray
absorption can be safely ignored for Pt-Rh particles less
than 10 nm in diameter in approximately 100 nm of
alumina.

The precision of AEM measurements is typically lim-
ited by counting statistics, and STEM measurements of
individual highly dispersed catalyst particles are no excep-
tion. In many analytical situations this limitation is over-
come by either making several measurements of similar
specimen areas and performing confidence interval tests,
or by simply counting sufficiently long in a single analysis
to minimize the statistical counting error. For the dis-
persed catalyst materials under investigation, neither op-
tion was feasible. Each individual metal particle repre-
sents a unique analysis opportunity, multiple analyses of
similar sample regions are not possible, and the maximum
analysis time per particle is dictated by the buildup of
specimen contamination and electron beam damage to the
alumina support, The error for each composition measure-
ment (*1g) was estimated using error propagation, as-
suming the standard deviation in a single measurement
of a X-ray peak equals the square root of the number of
X-ray counts in that peak.

To avoid biasing the AEM results by inappropriate sam-
pling of the individual alloy particles, two selection rules
were developed: no more than 10 to 15 particles were
analyzed in each piece of alumina, and a range of alloy
particle sizes was analyzed in each piece of alumina. This
sampling procedure was not intended to provide a truly
representative particle size distribution of the catalysts
or an estimate of the particle dispersion. It was intended
to examine the relationship between particle composition
and size for those metal particles which likely formed in
the 4-nm pores of the alumina support material.

High-Resolution Electron Microscopy

High-resolution electron microscopy (HREM) was per-
formed using the JEOL 4000EX transmission electron
microscope at the Arizona State University Center for
High Resolution Electron Microscopy. When operated at
400 ke'V this microscope provides, under ideal conditions,
an interpretable resolution of 0.17 nm. Specimens were
prepared similarly to those for AEM with the exception
that the catalyst suspension was deposited upon plain
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copper TEM grids with no carbon support film. Areas of
the specimen where small metal particles were found in
thin areas of the support, or exposed off the edge of the
alumina, were photographed at a direct magnification of
500,000 . After an image was captured on film, it was
converted to a digital format using a CCD camera and
Gatan’s Digital Micrograph software running on a Macin-
tosh Quadra 950 computer. This software can also gener-
ate a simulated diffraction pattern from selected portions
of an image. From such patterns, the angles and distances
between crystallographic planes may be determined.
Since Pt, Rh, and their alloys are known to possess the
face centered cubic structure, the lattice planes may be
indexed on this basis. In some alloy systems it is possible
to determine alloy composition from the lattice constants
measured in HREM images, but for the Pt-Rh case, there
is only a 3% change in lattice parameter over the complete
composition range from pure Pt to pure Rh. This small
difference is difficult to reliably detect using this tech-
nique.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was per-
formed to determine the surface composition of the alloy
catalysts. This work was performed using a Scienta
ESCA-300 instrument, which is capable of generating a
high-photon flux for rapid data acquisition. The ESCA-
300 provides an energy resolution which is limited by the
natural line widths of the photoelectrons under investiga-
tion. The high-photon intensity also permits the investiga-
tion of dispersed catalysts with a total metal loading of
about 1 wt%. A freshly polished Pt—30 wt% Rh thermo-
couple wire was utilized to determine a bulk sensitivity
factor of 1.267 for the intensity ratio of the Pt 4f;,, to Rh
3p,,, signals. This sensitivity factor was used to convert
experimental XPS Pt/Rh intensity ratios to chemical com-
positions,

The supported catalysts were hydraulically pressed be-
tween tungsten carbide dies to produce a self-supporting
sheet of the material to be analyzed. This preparation
method produced a relatively smooth sample surface
which displayed improved charge neutralization charac-
teristics under the irradiation of an electron flood gun
when compared to other more conventional preparation
techniques. Quantification was performed using the
ESCA-300 software to curve fit the data and extract inte-
grated intensities from overlapped peaks. The Al 2p line
directly overlaps the Pt 4f;,, line (Fig. 3a), but the Pt
4f7,, line could be successfully analyzed. The Rh 3p,,, line
was selected for quantification because of the absence of
interfering lines (Fig. 3b). Unfortunately, the Rh 34 and
Pt 44 lines are considerably overlapped, but they were
monitored for lineshape changes (Fig. 4a).
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FIG. 3. Typical XPS spectra of Pt—Rh alloy catalyst materials which
contains the peak models used for intensity integration and quantifica-
tion: (a) Pt 4f region used for Pt quantification, (b} Rh 3p region used
for Rh quantification.

Pure Pt and pure Rh spectra were also compared to
the Pt-30 wt% Rh alloy standard to determine if any
significant energy shifts were present due to alloying. The
magnitude of the observed shifts were such that they
would be easily obscured in the supported catalyst speci-
mens by line broadening due to charging and by the lack
of a reliable energy reference.

RESULTS

While the overall procedure for catalyst preparation
has been given above, the preparation of each catalyst is
summarized in the following subsections (also summa-
rized in Table 1 of Part II). The experimental results are
presented in chronological order.

60/40 Alloy Catalysts

This alloy catalyst was first impregnated with Pt, air-
dried overnight, and then calcined in air at 500°C for 3 h.
The material was then impregnated with Rh and air-dried
overnight. During the final preparation step, the catalyst
was reduced in flowing H, at 300°C for 12 h. The impregna-
tion solutions were prepared to make a catalyst that would
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FIG. 4. XPS spectra showing the modeled peak overlap situation
in the Rh 3d, Pt 44 region of the spectrum. This spectral region was
used to detect lineshape changes and was not used for quantitation: (a)
spectrum taken from freshly polished Pt-30 wt% Rh bulk alloy standard.
Solid lines represent fitted spectra for the alloy standard, (b) Rh 3d-Pt
4d region of spectrum for the 75/25 Rh,,-Pt,4 catalyst (dots) compared
to the fitted spectrum of (a). Excess intensity between the two Rh 3d
peaks implies mixed oxidation states.

be 0.5 wt% Pt and 0.5 wt% Rh. The actual metal concen-
trations in the supported catalyst were 0.61 wt% Pt, and
0.40 wt% Rh, with 0.55 wt% Cl as determined by ICPAES
(Galbraith Laboratories). CO chemisorption found this
catalyst to be 51% dispersed. This catalyst will be referred
to as the 60/40 catalyst. A portion of the 60/40 catalyst
was reduced in flowing H, at 700°C for 72 h instead of
300°C for 12 h. This catalyst was labeled 60/40A. The
dispersion of this catalyst was determined by CO chemi-
sorption to be 44%.

Analytical electron microscopy results for the 60/40
catalyst after catalytic testing are presented in Fig. 5.
This plot of Pt composition (Rh composition = 100-Pt
composition) versus particle size for the 60/40 catalyst
displays a bimodal distribution of particle compositions,
with very few particles possessing the bulk composition
of 60 wt% Pt. Instead, particle compositions appear to
be centered at approximately 10 wt% Pt and 90 wt% Pt. A
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FIG.5. Plotof particle composition versus size for the 60/40 catalyst.

Particle composition and particle size histograms are also presented.

trend toward increasing Pt concentration with increasing
particle size is present in the Pt-rich portion of the particle
composition distribution. The Rh-rich portion of the dis-
tribution does not exhibit an obvious trend. Particles in
the composition range of 20 wt% Pt to 60 wt% Pt are
conspicuously absent.

AEM results for the 60/40A catalyst are presented in
Fig. 6. A broad distribution of particle compositions was
observed for this catalyst with a substantial fraction of
all particles measured found in the 20 wt% Pt to 80 wt%
Pt composition range. This is a very different particle
composition distribution from that observed for the
60/40 catalyst. The 60/40 and 60/40A catalysts were pre-
pared from the same material; the only difference was the
final reduction temperature.

Atomic resolution images of the 60/40 catalysts were
obtained by HREM. Both catalysts appeared similar in
HREM images. Typical images of the 60/40 catalyst are
presented in Fig. 7. Particles in the 1-4 nm range were
roughly circular in cross-section and possessed no internal
defect structure (Fig. 7A and 7B). Figure 7A contains two
particles, and the calculated diffraction pattern was taken
from the bottom particle. This pattern can be indexed as
a [100] zone axis, and the prominent diffraction spots are
{200} reflections. The calculated interplanar spacing of
1.967 A is in good agreement with the expected spacing
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of 1.962 A for Pt {200}. Figure 7B shows a particle in
which cross-fringes are observed. The associated diffrac-
tion pattern is also of the [100] type with both sets of
{200} reflections visible. An angle of 88.7° was measured
between {200} planes, which is in good agreement with the
expected value of 90°. The measured interplanar spacings,
1.992 and 2.049 A, were also within experimental limits
for Pt {200}. Particles larger than 7 nm were often faceted
along crystallographic planes, and nearly always con-
tained internal faults and twin boundaries (49). Figure 7C
is a typical example of this type of particle. There were
no analytical capabilities available on the TEM used for
high-resolution work; therefore, no correlation between
particle composition and morphology was possible. Also,
since the variation of lattice parameter with alloy compo-
sition is only 3%, no compositional information could be
extracted from the lattice spacings in the HREM images.

The average metal particle surface composition of the
60/40 catalyst was determined by quantitative XPS analy-
sis to be 8 wt% Pt (92 wt% Rh). The particle composition
which would be expected based upon the bulk composi-
tion of the catalyst determined by ICPAES is 60 wt% Pt.
Thus, the XPS data suggest that these alloy particles are
surface-enriched with Rh when compared to the expected
bulk composition.
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FIG. 6. Plot of particle composition versus size for the 60/40A cata-
lyst. Particle composition and particle size histograms are also pre-
sented.
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FIG. 7.

The XPS surface composition result for the 60/40A
catalyst was 54 wt% Pt (46 wt% Rh). When compared to
the expected bulk composition of 60 wt% Pt, this data
suggests that the alloy particles of the 60/40A catalyst are
only modestly surface-enriched with Rh.

95/5 and 17/83 Catalysts

From the previously described characterization experi-
ments, it became clear that interpretation of the catalytic
performance data from the 60/40 catalysts would be diffi-
cult because of the broad range of particle compositions

High-resolution electron microscopy images of the 60/40 catalyst.

which these catalysts contained. There is no basis to as-
sume that Pt-rich, Rh-rich, and 50/50 alloyed particles
would perform equally for the same reaction. Therefore,
the goal of the following preparations was to make cata-
lysts with simple, well-defined particle composition distri-
butions so that catalytic performance could be determined
as a function of particle composition.

The target compositions were chosen to match the
prominent compositions of the bimodal particle composi-
tion distribution of the 60/40 catalyst (as shown in Fig.
5). These alloy catalysts, identified as the 95/5 and 17/83
catalysts, were first impregnated with Pt precursor, air-
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dried overnight, and calcined in air at 500°C for 3 h. The
materials were then impregnated with Rh and air-dried
overnight. Before characterization, the catalysts were re-
duced in flowing H, at 300°C for 12 h.

Each catalyst was analyzed for total metal content by
ICPAES (Galbraith Laboratories). The 95/5 catalyst con-
tained 1.42 wt% Pt, 0.078 wt% Rh, and 0.69% Cl. The
dispersion of the 95/5 catalyst was determined to be 32%.
The 17/83 catalyst contained 0.21 wt% Pt and 1.02 wt%
Rh, and was determined to be 80% dispersed.

Analytical electron microscopy results for the 95/5 cata-
lyst are presented in Fig. 8. All particles analyzed were
Pt-rich and contained between 80 and 100 wt% Pt. There
is a trend toward increased Rh concentration with de-
creasing particle size.

Figure 9 contains the analytical results for the 17/83
catalyst. An overwhelming majority of the particles were
found to be Rh-rich in the composition range of 0 wt%
Pt to 30 wt% Pt. These particles were typically 2 nm in
diameter or less. Since it is difficult to measure particle
dimensions smaller than the probe diameter (approxi-
mately 2 nm, full width at one-tenth maximum intensity),
these particles were reported to be 2 nm in diameter. All
particles larger than 3 nm were found to contain substan-
tially more Pt, but on a number basis represented a small
portion of the particle population. Thus, the relative num-
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Particle composition and particle size histograms are also presented.
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ber density of the particles is not adequately described
by the AEM data of Fig. 9. To further emphasize this
point, annular dark-field (ADF) images of this catalyst are
presented in Fig. 10. Clearly, the particle population is
dominated by |- to 2-nm particles, which without excep-
tion were found to be Rh-rich. The bias in the AEM data
arises because of the experimental difficulties encoun-
tered when analyzing particles less than 2 nm in diameter.
The larger particles are more easily observed and ana-
lyzed. Particles less than 2 nm in diameter are much more
difficult to analyze because of their relatively low contrast
in ADF images. Also, the electron beam may slightly
damage the alumina support material, or cause some con-
tamination which can easily obscure the smaller particles.
In these cases, several particles must be attempted before
a single acceptable analysis is performed.

75/25 Rh, ~Pt,,, Catalyst

This alloy catalyst was first impregnated with Rh, air-
dried overnight, and calcined in air at 500°C for 3 h. The
material was then impregnated with Pt and air-dried over-
night. Unlike previous preparations, the Rh was impreg-
nated first for this catalyst, and then the material was
oxidized. The Rh oxidation before Pt impregnation was
intended to produce a bimetallic Pt—-Rh catalyst with a
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FIG. 10. Annular dark-field images of the 17/83 catalyst which show the large number of Rh-rich particles less than 2 nm in diameter (arrows

indicate Pt-rich particle).

minimum of alloying. Low dispersion Rh,0, was expected
to form, thereby reducing the availability of Rh for alloy-
ing. Before catalytic testing, the catalyst was reduced in
flowing H, at 300°C for 12 h. The catalyst was analyzed
for total metal content by ICPAES (Galbraith Labora-
tories) and was found to contain .18 wt% Pt and 0.39
wt% Rh. This catalyst was measured to be 55% dispersed.

Analytical electron microscopy results for this catalyst
are presented in Fig. 11. The particle composition distri-
bution is dominated by the presence of Pt-rich particles
with Pt concentrations greater than the average buik con-
centration of 75% Pt. Not presented in Fig. 11 are large
particles, up to 200 nm in diameter, that were Rh-rich.
Also, XPS results from this catalyst suggested the pres-
ence of mixed oxidation states for Rh (Fig. 4b). A portion

of the signal intensity from the Rh 3d lines was shifted
to higher binding energies. This implies the presence of
Rh,0;, possibly associated with the relatively large Rh
particles that were observed by AEM.

Coimpregnated 72/28 Catalysts

A single solution which contained both metal salts was
prepared, impregnated into the support material, and al-
lowed to air dry overnight. The dry catalyst material was
divided in half. One half of the material was reduced in
H, at 300°C for 12 h, and the other half was oxidized in
air at 500°C for 3 h. Both catalysts were measured to
contain 0.73 wt% Pt and 0.29 wt% Rh.
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Analytical electron microscopy results for the coim-
pregnated catalysts are presented in Figs. 12 and 13. Both
catalysts display bimodal particle composition-size distri-
butions similar to the distribution observed for the 60/40
catalyst. The dispersions of these two 72/28 catalysts were
not measured by chemisorption. However, the particle
size distributions of these catalysts (Figs. 12 and 13) are
quite similar to that of the 60/40 catalyst (Fig. 5) for which
the dispersion was 51%.

DISCUSSION

Particle composition distributions were measured using
analytical electron microscopy. Currently, field-emission
analytical electron microscopy is the only analytical tool
available with the spatial resolution and analytical sensi-
tivity to determine the composition of individual alloy
catalyst particles in the 2—15 nm size range. The resulting
particle composition distributions presented as a function
of particle size have shown that the sequentially impreg-
nated and coimpregnated Pt—Rh catalysts under investiga-
tion form alloy particles, and that the particle composition
distribution may change as a function of reduction temper-
ature after impregnation. The 60/40 catalyst, which was
reduced at 300°C, displayed a bimodal particle composi-
tion distribution with few particles between 20 wt% Pt
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and 60 wt% Pt (Fig. 5). This was an unexpected result.
The preparation procedure was selected to produce alloy
particles of uniform composition at the bulk ratio of the
alloy components (60 wt% Pt). Platinum is known to dis-
perse during oxidation treatment (50-52), and calcination
at 500°C is a common preparation treatment which is
known to produce highly dispersed Pt catalysts. Rhodium
on the other hand, has been shown to coarsen during
oxidation (53, 54), and maximum dispersions would be
achieved through reduction. In combination, the process
of oxidation after Pt impregnation and reduction after Rh
impregnation was designed to promote alloy formation.

One possible explanation for the formation of a bimodal
composition distribution is the presence of a low tempera-
ture miscibility gap (55) in the Pt—Rh equilibrium phase
diagram (Fig. 14). The presence of a miscibility gap in the
Pt—Rh system was first proposed on the basis of observed
miscibility gaps in other group VIII-group VIII binary
alloy systems (56), but this phase separation has not been
experimentally observed due to kinetic restrictions. If a
miscibility gap exists, and if there is sufficient atomic
mobility to reach thermodynamic equilibrium, then an
alloy which is present at a temperature and composition
beneath the miscibility gap would be expected to form
Pt-rich and Rh-rich phases as observed (Fig. 5).

If the concentrations at which most particles were ob-
served (peaks in a concentration histogram) are plotted
on the phase diagram (Fig. 15), there is good agreement
between the AEM data and the proposed location of the
miscibility gap. A 50% alloy particle composition would
only be permitted at temperatures which approach or ex-
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FIG. 14. Pt-Rh equilibrium phase diagram in weight percent Rh
which includes the theoretical miscibility gap.
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points representing the observed maxima in the AEM particle composi-
tion histograms for each catalyst. Multiple data points at 300°C were
offset for clarity.

ceed the cusp of the gap. This was observed for the
60/40A catalyst which was reduced at 700°C for 72 h (Fig.
6). The fact that there are no well-defined peaks in the
60/40A concentration histogram suggests that the top of
the miscibility gap may be near 700°C.

In a bulk system, if a solid solution is cooled below an
equilibrium miscibility gap, substantial undercooling may
be observed because of the kinetic restrictions of mass
transport in bulk metal systems. This is especially the
case when the miscibility gap occurs at temperatures less
than about half the absolute melting temperature of the
alloy. In this low-temperature regime, bulk diffusion in
most metals is very limited. When catalysts are prepared,
individual metal particles are formed from disordered pre-
cursor molecules at temperatures which would permit
only limited diffusion in bulk systems. However, it has
been previously suggested that when metal particles nu-
cleate from precursor material, they form at an equilib-
rium concentration simply because there is sufficient atom
mobility for them to do so (57). Potential mechanisms
for substantial atom mobility in this temperature range
include the formation of relatively volatile, and therefore
more mobile, Cl complexes or oxides (58).

None of the catalysts prepared for this investigation
had particle composition distributions which contradict
the Pt—Rh equilibrium phase diagram. The 60/40, 60/40A,
95/5, and 17/83 catalysts were all prepared similarly. For
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each catalyst, Pt was impregnated, air-dried, and oxidized
at 500°C. Following oxidation the Rh was impregnated
and reduced at 300°C. Because these catalysts were pre-
pared in a like manner, it may not be surprising that
they follow the same path of microstructure development.
However, the 72/28 coimpregnated catalysts which were
either oxidized or reduced after drying might be expected
to behave in a different manner, but they also appear to
obey the phase diagram during alloy particle formation.
The 75/25 Rh, —Pt,4 catalyst is the only material that
possesses a particle composition distribution which, upon
first inspection, appears to contradict the phase diagram.
The conflict arises in the lack of Rh-rich particles, and in
the general absence of Rh in the 75/25 Rh,—Pt.y AEM
data. This catalyst was similar in relative composition
to the coimpregnated catalysts which had a substantial
number of Rh-rich particles in their composition distribu-
tions. The apparent absence of Rh is likely due to the
formation of Rh,0, particles and coarsening caused by
the oxidation step in the preparation procedure following
Rh impregnation. This conjecture is supported by XPS
results which indicate the presence of Rh mixed oxidation
states (Fig. 4b), and by the AEM observation of large
(100-300 nm) particles that were Rh-rich. Apparently, the
oxidation step substantially lowers the Rh dispersion, and
effectively reduces the availability of Rh for alloy particle
formation. This phenomenon was not observed when the
metal precursors were coimpregnated and oxidized to-
gether for the same time and temperature (the 72/28 coim-
pregnated-oxidized catalyst).

XPS has often been applied to catalyst characterization
because of the inherent surface sensitivity of the tech-
nique and the importance of surface composition to the
catalyst investigator. Detailed XPS analyses were per-
formed on the 60/40 and 60/40A catalysts, but before
these analyses may be interpreted as the average surface
composition of individual particles, the origin of the ana-
lytical information must be considered. The depth distri-
bution of measured photoelectrons is described by the
inelastic mean free path (IMFP), which is the characteris-
tic path length an electron would travel if its intensity
decay is described by the expression (59)

I = 1, exp(—x/A), [4]

where x is the distance an electron has traveled, A is the
IMFP for photoelectrons, and /; and / are the original and
final electron intensities. From this relationship, 95% of
the signal intensity originates within 3A of the surface of
the specimen. For this investigation, the inelastic mean
free paths are Ap, = 0.5 nm and Ay, = 1.0 nm (59). Thus,
on average, the measured Pt and Rh photoelectrons do
not originate from the same depth distribution. For this
discussion, it will be assumed that 95% of the signal inten-
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sity originates within 3 nm of the metal particle surface.
If this is true, an average composition of the entire particle
is obtained if the particle radius is less than 3 nm (3\).
Dispersion measurements, AEM, and HREM indicate
that most of the metal particles in the catalysts prepared
here were smaller than 6 nm in diameter, and it may
therefore be concluded that the XPS data is significantly
weighted by the average composition of all the particles
less than 6 nm in diameter. Therefore, the XPS signal
cannot be considered surface-sensitive for the majority
of particles in this study, and must be considered a convo-
lution of small particle overall composition and large parti-
cle surface composition.

Compositions determined by XPS for 60/40 and 60/40A
were 8 wt% Pt and 54 wt% Pt, respectively. The average
particle composition expected from the bulk composition
of this catalyst is 60 wt% Pt. Typically, a significantly
lower XPS Pt composition from a bulk alloy specimen
would be interpreted as surface segregation of Rh. For
this investigation, however, when the catalysts are known
to possess a complex composition-size distribution with
a substantial particle population less than 6 nm in diame-
ter, no reasonable interpretation of surface segregation
behavior is possible without additional information. This
information must include accurate statistics on the num-
ber density of particles in the different regions of the
particle composition-size distribution. For this study the
shape of the composition distribution has been qualita-
tively determined, and there are an insufficient number
of analyses to infer a number density of particles in any
composition or size range. The matter is further compli-
cated in this case because of the large range of observed
particle compositions, the nonuniform nature of the distri-
bution, and the possibility of surface segregation. These
factors in combination make futile any attempt to unequiv-
ocally determine surface compositions of the dispersed
particles by XPS alone. The data indicate that the 60/40
catalyst contains substantially more Rh by XPS, because
either Rh-rich particles are present at higher dispersion
than Pt-rich particles, or the surfaces of all particles are
enriched with Rh.

Since the 60/40 and the 60/40A catalysts were physi-
cally identical before the final reduction, it may be possi-
ble to relate the data from both catalysts and form a self-
consistent model of particle microstructure and micro-
structure development. One potential scenario is that for
the 60/40 catalyst which was reduced at 300°C, a portion of
the Rh was present at very high dispersion. This scenario
would explain the large Rh concentration observed by
XPS for this catalyst. In the 60/40A case, when the precur-
sors were reduced at 700°C, the XPS analysis approached
the composition anticipated from the bulk metal concen-
trations. This indicates that Pt and Rh were present in
nearly bulk proportions for all particles less than about 6
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nm in diameter (this includes most of the particles for this
catalyst since it was 44% dispersed). The presence of
highly dispersed Rh does not directly contradict the AEM
results; it only suggests that AEM was unable to detect
highly dispersed Rh particles which may have been pres-
ent at a particle size less than the imaging and analytical
resolution of the instrument (<1 nm). In the case of the
60/40A catalyst which was reduced at 700°C, if Rh were
present at high dispersion, this treatment may have pro-
vided sufficient opportunity for sintering and alloying of
the Rh species with Pt. This could result in the broad
composition distribution observed by AEM and predicted
by the alloy phase diagram for a composition and tempera-
ture near the top of the miscibility gap.

CONCLUSIONS

1. The composition-size distributions measured during
this investigation are consistent with a proposed miscibil-
ity gap in the Pt—Rh equilibrium phase diagram. In the
past, individual Pt—Rh alloy particles were often assumed
to form in relation to the bulk composition. The results
of this investigation prove that this assumption can no
longer be made. The particle composition distributions
that were observed throughout this investigation support
the concept that the binary equilibrium phase diagram is
useful in predicting the microstructure of dispersed Pt—Rh
alloy catalysts. This study also represents the first experi-
mental evidence of a miscibility gap in the Pt—Rh equilib-
rium phase diagram.

2. HREM found that there are two discrete particle
morphologies present in the 60/40 catalyst materials. Par-
ticles larger than 7 nm were observed to be faceted along
low index crystallographic planes, and are often internally
faulted or twinned. Particles smaller than 7 nm displayed
no internal faults and appear to be homogeneous, and
roughly circular in cross-section.

3. Due to the complexity of the particle composition-
size distributions and the high dispersion of the catalysts
under investigation, XPS was unable to conclusively de-
termine the surface composition of the catalyst particles.
The Pt and Rh photoelectrons measured during quantita-
tive XPS analysis were shown to originate from depths
of up to 3 nm in an alloy particle. This implies that the
XPS signal represents the bulk composition of all alloy
particles less than about 6 nm in diameter. In highly dis-
persed catalysts this would include most of the particles.
Quantitative analysis by XPS does provide a measure
of relative metal dispersion in particles less than 6 nm
in diameter.
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