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Alumina-supported Pt and Pt–Pd catalysts for NO oxidation were fabricated from two different precur-
sors, acetylacetonate and nitrate. A variety of electron microscopy techniques, notably aberration-
corrected scanning transmission electron microscopy, were used to investigate both sets of catalysts in
the fresh state (air calcined at 300 �C, then reduced in 1% H2 at 300 or 500 �C) and after oxygen-rich
hydrothermal aging at 500 �C and 900 �C. Aberration-corrected microscopy and spectroscopic analysis
revealed a significant difference in particle size and composition between the two fresh bimetallic cata-
lysts, with the catalyst made from nitrate precursors containing relatively large (3–10 nm) Pd-rich par-
ticles in addition to smaller (1–2 nm) Pt-rich particles that were typical of the acetylacetonate
precursors. Regardless of initial state, however, bimetallic particles underwent similar degrees of growth
and homogenization (alloying) with aging. In particular, particle growth in the bimetallic catalysts from
both precursors was limited relative to that in the pure Pt catalysts, where anomalously large (�500 nm)
particles formed at 900 �C, and the bimetallic catalysts from both precursors thus showed similar
improvements in thermal stability, with little effect on measured NO reaction rates.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Lean-burn gasoline and diesel engines increase fuel economy
over conventional gasoline engines for transportation applications,
but the catalytic after-treatment of exhaust, notably NOx and soot,
presents unique additional challenges. Accordingly, after-treat-
ment technology has been extended beyond the familiar three-
way catalyst to include NOx storage and release catalysts, selective
catalytic reduction catalysts, and diesel particulate filters. Im-
proved durability and lower precious metal loading remain impor-
tant goals for further development, however.

NO oxidation is a critical step in both of the NOx reduction pro-
cesses and soot oxidation, and Pt remains the preferred NO oxida-
tion catalyst. Previous studies have shown that excessive Pt
particle coarsening, an important deactivation mechanism for sup-
ported Pt catalysts, occurs readily under lean conditions [1].
Although the mechanisms are not understood, alloying Pt with
other metals is known to inhibit such particle growth. Several
years ago, for example, Chen and Schmidt found that alloying Pt
with Pd suppressed particle growth (and/or volatile loss of Pt) on
ll rights reserved.
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a planar SiO2 support that was heated in air [2]. More recently,
some of us demonstrated that substitution of Pd for up to 50 at.%
of the Pt in alumina-supported catalysts reduced particle growth
during lean aging with little or no impact on the NO oxidation
turn-over frequency [3]. Although these catalysts were made using
Pt- and Pd-acetylacetonate precursors in an attempt to promote
alloying in the earliest phases of particle formation [4,5], we were
not able to directly confirm that individual metal particles in the
fresh or even slightly aged bimetallic catalysts contained both
metals.

The present work thus focuses on an extension of our previous
study of alumina-supported Pt and Pt–Pd catalysts, making use of
advanced electron microscopy techniques that allow investigation
of both particle size and composition in the fresh state as well as
the changes induced by lean aging. In particular, we report results
obtained using emerging electron microscopy techniques such as
aberration-corrected scanning transmission electron microscopy
(STEM) in high-angle annular dark-field (HA-ADF) imaging mode,
along with more established techniques such as energy dispersive
spectroscopy (EDS) and conventional TEM imaging.

In addition, we contrast these results from catalysts made with
acetylacetonate precursors with those obtained from a new set of
Pt and Pt–Pd catalysts prepared from nitrate precursors and
produced via incipient wetness, a widely used, commercially
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advantageous method for large scale production of heterogeneous
catalysts [6].
2. Experimental details

2.1. Catalyst preparation and aging

Two catalyst compositions, both having a nominal precious me-
tal loading equivalent (in molar terms) to approximately 1 wt.% Pt,
were used for this study: the first contained only Pt (labeled
Pt100–Pd0), and the second was a 50 mol% combination of Pt
and Pd (labeled Pt50–Pd50). Catalysts of both compositions were
synthesized using two different methods. The first set, (labeled
AcAc) was prepared previously [3] by adsorption from mixtures
of solutions of platinum(II) and palladium(II) bis-acetylacetonates
in toluene at 70 �C onto a high-surface-area alumina (W.R. Grace,
MI-307). After drying at 70 �C under vacuum, these catalysts were
calcined at 300 �C in 5% O2 in N2 and reduced in 1% H2 in N2 at
300 �C.

The second set of catalysts (labeled Nitrate) was prepared by
impregnating the same high-surface-area alumina with mixtures
of aqueous Pt- and Pd-nitrate solutions to incipient wetness. After
impregnation, the support/solution mixtures were homogenized,
dried, and calcined at 300 �C in air for 1 h. The actual metal load-
ings for both sets of catalysts used in this study are summarized
in Table 1.

Aliquots of each fresh catalyst were aged in a quartz-tube fur-
nace under a flowing (5 l/min) gas mixture of 5% O2 and 10% H2O
in N2 at both 500 �C and 900 �C for 3 h (heating and cooling oc-
curred under pure N2). Before examination, all samples were re-
duced for 1 h at 500 �C under flowing 1% H2 in N2.

2.2. Microscopy characterization

Particle size, morphology, and composition were characterized
using TEM. Samples were prepared for TEM examination by ultr-
asonicating a small amount of powder in ethanol and dispersing
it on a 300 mesh carbon-coated copper grid. Because of the re-
ported difficulty in direct imaging of small (diameter <2 nm) metal
particles using conventional electron microscopy [3], an aberra-
tion-corrected STEM/TEM instrument was used to obtain struc-
tural information for catalysts in the fresh state. This instrument,
a JEOL 2200FS fitted with a hexapole aberration corrector (CEOS
GmbH) for the probe-forming optics, is capable of sub-100 pm spa-
tial resolution in STEM mode. Further details of this instrument, lo-
cated in the Advanced Microscopy Laboratory (AML) at Oak Ridge
National Laboratory (where it is available through the High Tem-
perature Materials Laboratory’s National User program), can be
found in earlier reports [7,8].

HA-ADF imaging was also performed on a Hitachi HF-3300,
operated at 300 kV with STEM resolution 0.2 nm. The HF-3300,
which is also located at the AML, was equipped with an integrated
Thermo-Noran EDX analyzer for compositional analysis. The Cliff–
Lorimer integration method (without absorption) was used to
quantify the compositional results [9].
Table 1
Catalyst designations and compositions.

Catalyst name Composition (wt.%) Atom fraction Equivalent
Pt (wt.%)

(Pt) (Pd) (Pt) (Pd)

Pt100–Pd0 AcAc 0.87 0 100 0 0.87
Pt50–Pd50 AcAc 0.58 0.28 53 47 1.09
Pt100–Pd0 Nitrate 0.87 0 100 0 0.87
Pt50–Pd50 Nitrate 0.58 0.28 53 47 1.09
Quantitative particle size analysis for aged catalysts was per-
formed with a JEOL 3011, with a point-to-point resolution of
0.17 nm, which is located in the Electron Microbeam Analysis Lab-
oratory (EMAL) at The University of Michigan.

Histograms characterizing the size distribution of three-dimen-
sional (3-D) particles (as distinguished from single atoms and rafts
in Sections 3.1.1 and 3.2.1) were created for each catalyst sample
from TEM observation of approximately 100 particles. A surface-
weighted mean diameter, ds, was subsequently obtained from
these distributions using Eq. (1), where n refers to the number of
particles with diameter d.

ds ¼
P

nd3

P
nd2 ð1Þ

Previously reported electron microscopy results and Monte-
Carlo simulations indicate that such particles typically have a
cubo-octohedral shape. Assuming a spherical or cubo-octohedral
particle shape, dispersion, D, can be calculated from the surface-
weighted mean diameter using the following expression:

D ¼ 6
M

NAqads
ð2Þ

where ds, surface-weighted mean diameter; M, atomic mass; NA,
Avogadro’s number; q, mass density of the particle; a, area occupied
by an atom on the particle surface.

Following the procedure of Morfin and others, equal propor-
tions of the (1 1 1), (1 0 0), and (1 1 0) planes on the particle surface
were assumed [4], and thus the surface area occupied by an atom
on the particle surface is 0.0807 nm2 for Pt [5] and 0.079 nm2 for
Pd [10]. For bimetallic catalysts, this parameter was derived from
the atomic proportions of the constituent metal atoms.

2.3. X-ray diffraction characterization

X-ray diffraction (XRD) data from the Nitrate catalysts were col-
lected in a Scintag X2 diffractometer equipped with a Si(Li) solid
state detector using Cu Ka radiation and configured in Bragg–Bret-
ano focusing geometry. Diffraction data were obtained over the
range 10–90� (2h) in steps of 0.03�. XRD samples were prepared
by packing powder into a shallow cavity etched into a glass plate.
Peaks in the background-subtracted scan were profile-fit using a
Pearson 7 function [11] to characterize the breadth and position
of the precious-metal peaks. Crystallite sizes were estimated from
the corrected XRD peak breadths using a Scherrer analysis of the
(3 1 1) peak of the fcc lattice (located near 81.2� for Pt), assuming
spherical particles.

Because both platinum and palladium crystallize in a face-cen-
tered cubic (fcc) lattice and are isostructural, the effects of alloying
on the XRD peaks are manifested only by changes in the observed
lattice parameter and the relative peak intensities. For the aged
catalyst samples, the lattice parameter for the fcc phase was esti-
mated from the positions of the (1 1 1), (2 0 0) and (3 1 1) peaks.
In the case of the Pt50–Pd50 catalyst, poor peak intensities only al-
lowed fitting of the (3 1 1) peak.

2.4. Catalytic testing

NO oxidation measurements were performed on the Nitrate
catalysts using a 10-channel flow reactor manufactured by Alta-
mira Instruments that has been described previously [12a]. Exper-
imental conditions were matched to those previously described for
the AcAc catalysts [3]. Briefly, reactor tubes were loaded with
50 mg of catalyst sample and fixed between quartz wool plugs.
Steady-state measurements were performed at a series of temper-
atures from 75 to 325 �C, following a standard 90 min equilibration
at each temperature (shown in all cases to produce stable reactor
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outlet concentrations). The feed gas composition was a mixture of
500 ppm NO and 8% O2 in N2 at a flow rate of 60 sccm in each chan-
nel (space velocity = 20,000 h�1).

For selected catalysts and aging conditions, NO conversion vs.
temperature profiles were analyzed using a power-law kinetic
model of Mulla et al. [12b] developed for Pt/Al2O3 catalysts. We ap-
plied the Mulla model to our catalysts assuming first-order depen-
dence in O2 and NO partial pressures and negative first-order
dependence in NO2 partial pressure – orders close to those mea-
sured experimentally both by Mulla et al. [12b] and by Weiss
and Iglesia [12c]. This allowed calculation of turnover rate, TOR
(mol NO reacted)(mol surface Pt)�1 s�1), and apparent activation
energy (kJ/mol) for comparison to other studies. The Mulla model
also includes an approach-to-equilibrium term, b that was used
to extract the forward reaction rate from the conversion (at a spe-
cific temperature) via an analytical solution of the plug-flow reac-
tor equation assuming constant O2 pressure. We limited our
consideration of turnover rate to reaction conditions for which
b 6 0.006, focusing on rate comparisons at 150 �C.

Given the packed bed reactor configuration, external phase
mass transfer limitations are not expected, nor are intra-particle
diffusional limitations expected given the small particle size
(<0.044 mm). Furthermore, Damkohler number calculations
yielded values well below 1 for all but the highest temperature
conditions approaching equilibrium conversions. Thus the rate of
axial gas convection through the reactor was much greater than
the reaction rate, and the measured reaction rates under consider-
ation were not controlled by residence time.
3. Results

3.1. Microscopy results – AcAc catalysts

3.1.1. ACEM imaging of fresh AcAc catalysts
Aberration-corrected electron microscopy (ACEM) was used to

determine the particle size and morphology of fresh AcAc catalysts.
Typical HA-ADF images of the Pt50–Pd50 sample are shown in
Fig. 1. In HA-ADF imaging, image contrast results primarily from
differences in the atomic mass, and thus in these images, the
brightest particles are the precious metals, the less bright regions
are the c-Al2O3 support, and the darkest areas are carbon-coated
copper grids or vacuum.
Fig. 1. Representative ACEM HA-ADF image of the fresh Pt50–Pd50 AcAc catalyst
sample. Insert (a) is the highlighted area showing a 2 nm metallic cluster
surrounded by atomically-dispersed metal.
Typical HA-ADF and bright field (BF) STEM images for the
Pt100–Pd0 and the Pt50–Pd50 samples are shown in Fig. 2. In
the Pt100–Pd0 HA-ADF image (Fig. 2a), one large (d � 4 nm) parti-
cle and several smaller Pt clusters are visible. In the corresponding
BF image (Fig. 2b), only the large Pt particle is clearly evident. For
the Pt50–Pd50 sample, small clusters of metal are visible in HA-
ADF images (Fig. 2c) but not in BF imaging (Fig. 2d).

A notable feature of the Pt50–Pd50 samples is the appearance of
regions where the precious metal is very highly dispersed, either as
single atoms or clusters of atoms. The visibility of these sub-nano-
meter features, shown in Figs. 1a and 2c, demonstrates the impor-
tance of aberration-corrected HA-ADF imaging, as these features
cannot be resolved in conventional HRTEM. Previous studies of
supported precious-metal catalysts using the JEOL 2200FS ACEM
have identified single atoms [13], as well as atomic ‘‘rafts’’ – 2-D
clusters that do not display coherent crystallinity. That these smal-
ler clusters do not appear in BF imaging provides further evidence
of their lack of crystalline nature. (Note that in BF imaging, contrast
comes primarily from diffraction; non-crystalline clusters thus lack
the long-range order needed to diffract.) Intensity profile plots ac-
quired across bright features in these clusters signify the presence
of single atoms. In the HA-ADF STEM image shown in Fig. 3, for
example, the dimensions of the features, as defined by the FWHM’s
of the intensity profiles measured across them, are comparable to
reference values of single atomic diameters [14]. This supports
the conclusion that these features are single precious metal atoms
on the Al2O3 support. It should be noted that atomically dispersed
Pt atoms are not prevalent in the Pt100–Pd0 sample, although 2-D
‘‘rafts’’ were visible in HA-ADF STEM imaging (Fig. 2a).

HA-ADF STEM imaging may also provide an indication of the
chemical composition of these atomically dispersed species, which
generally exhibit one of two relative intensity levels when compa-
rably disposed (i.e., the species are not widely separated). For the
feature indicated as ‘‘A’’ in Fig. 3, for example, the difference in
intensity between the feature and the alumina support is approx-
imately 50 � 104, while for the other feature (indicated as ‘‘B’’), this
difference is approximately 30 � 104. Assuming that ‘‘A’’ is Pt and
‘‘B’’ is Pd and that these numbers follow the expected trend, i.e.,
that contrast varies with Z1.5–2 in HA-ADF imaging [15,16], the ra-
tio of intensities should fall within the range 2.2–2.9. The discrep-
ancy in this instance could be due to a difference in the amount of
catalyst material, primarily alumina, between each of these parti-
cles and the electron source (more in the case of ‘‘A’’). Intensity ra-
tios of somewhat more than 2 were observed for other examples.

ACEM imaging was used to produce 3-D particle (i.e., excluding
single atoms or 2-D rafts) size distributions, as shown in Fig. 4. The
shapes of the distributions are quite similar, but the Pt100–Pd0 ex-
tends to larger particle size. (Note that the largest of these particles
are larger than what we previously reported [3]. We ascribe this
difference to the better discrimination that is possible with STEM.)
The mean metal particle size for the Pt100–Pd0 and the Pt50–Pd50
catalysts are 1.27 and 1.03 nm, respectively. Although this differ-
ence is small, statistical analysis (a simple t-test) indicates that
the observed difference in the means of the two samples is signif-
icant (P value = 0.00856). Particle size distribution statistics are
listed in Table 2.

3.1.2. Imaging of Aged AcAc catalysts
Particle size distributions for the aged AcAc catalysts were orig-

inally collected using a JEOL 3011 HRTEM and presented in the pre-
vious study [3]. A summary of these results is reviewed later in
Section 3.2.2.

3.1.3. Compositional analysis of AcAc catalysts
STEM imaging along with EDS analysis was performed on indi-

vidual 3-D particles from Pt50–Pd50 samples in the fresh condition



Fig. 2. (a) HA-ADF and (b) BF STEM images of typical particles in the fresh Pt100–Pd0 AcAc catalyst. (c) HA-ADF and (d) BF STEM images of typical particles in the fresh Pt50–
Pd50 AcAc catalyst.
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and after both aging treatments. For the fresh catalysts, instability
under electron beam exposure prevented us from obtaining quan-
titative EDS on any but the largest six particles, which were clearly
Pt-rich (averaging 86% Pt). However, quantitative EDS over a large
area gave a composition close to the nominal value.

The compositions of individual particles for the two aging con-
ditions are compared in Fig. 5. Catalyst particles tend to be Pt-rich
after 500 �C aging (unfilled triangles in Fig. 5c), but after aging at
900 �C (unfilled squares in Fig. 5c), the composition of the catalyst
particles converge to the nominal composition. From this plot, we
conclude that both particle growth and alloying occur simulta-
neously during aging.

3.2. Microscopy results – Nitrate catalysts

3.2.1. ACEM imaging of fresh Nitrate catalysts
Typical ACEM BF and HA-ADF STEM images of fresh Pt100–Pd0

and Pt50–Pd50 catalysts made from nitrate precursors are shown
in Fig. 6. Several small Pt clusters are clearly visible in the HA-
ADF image of the Pt100–Pd0 catalyst (Fig. 6a), but they are only
faintly visible in the corresponding BF image (Fig. 6b). For the
Pt50–Pd50 sample, one large (d � 8.5 nm) metallic particle with
clear lattice fringes is visible in both HA-ADF (Fig. 6c) and BF
(Fig. 6d) imaging. This particle is surrounded by smaller clusters
that are quite visible in HA-ADF (Fig. 6c), though not in BF imaging.
The fast Fourier transform (FFT) of the BF image from the large par-
ticle (inset of Fig. 6d), indicates a plane spacing of 0.225 nm, in
agreement with the expected spacing of the Pd (1 1 1) planes
[17]. The atomically-dispersed metal seen in the Pt50–Pd50 AcAc
sample (Fig. 1) is conspicuously absent in samples made from ni-
trate precursors. Although this could simply be a consequence of
differences in the interaction chemistry of the two precursors with
the alumina support, it should also be noted that the Nitrate cata-
lysts were calcined in 20% O2 vs. 5% O2 for the AcAc catalysts. Pt
particle sintering is known to increase with higher O2 concentra-
tions [1].

As was the case for samples of AcAc catalysts, aberration-cor-
rected microscopy was used to obtain the distribution of 3-D par-
ticle sizes. Histograms comparing the particle size distributions for
both compositions are shown in Fig. 7 (gray bars). The distributions
obtained from AcAc catalysts (white bars) are overlaid for compar-
ison. The most significant difference among all the samples is that
the Pt50–Pd50 Nitrate catalyst has a notably larger mean particle
size (Table 2), due to the presence of a significant number of much
larger particles.

3.2.2. Imaging of aged Nitrate catalysts
Results from TEM particle size measurements of the aged Ni-

trate catalysts are summarized in Fig. 8, along with previous re-
sults from aged AcAc catalysts, for comparison. Regardless of the
aging temperature, the Pt100–Pd0 AcAc catalysts have a somewhat
larger mean particle size than the corresponding Nitrate catalysts
(Table 2), possibly arising from the small difference in particle size
distributions of the fresh catalysts (Figs. 4a vs. 7a and Table 2). In
the case of the Pt50–Pd50 composition, the presence of a signifi-
cant number of large particles in the fresh Nitrate catalyst is most
likely responsible for the larger (relative to the AcAc catalyst) mean
particle sizes after aging, especially at 500 �C. After aging at 900 �C,



Fig. 3. (a) High resolution ACEM HA-ADF image of a cluster of atomically dispersed
atoms in the fresh Pt50–Pd50 AcAc catalyst. The breadths of the intensity line scan
in (b) suggest that these particles are single atoms of (A) platinum and (B)
palladium.

Fig. 4. 3-D particle size distributions of fresh (a) Pt100–Pd0 and (b) Pt50–Pd50
AcAc catalysts collected from ACEM HA-ADF imaging.
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the Pt50–Pd50 catalysts had a smaller mean particle size than the
Pt100–Pd0 catalysts for both precursors, primarily due to the ab-
sence of anomalously large particles (ALPs) of Pt (particles with
d > 100 nm, as typified by the large separation between mean
and maximum values in Fig. 8 and Table 2). Examples of such ALPs,
typically highly faceted, some of which were clearly not spherical,
are shown in Fig. 9a and b. Regardless of precursor used, the addi-
tion of Pd appeared to suppress the growth of these particles, as
illustrated by the image shown in Fig. 9c, obtained from the
900 �C aged Nitrate catalyst.

Surface-weighted mean diameters and dispersions (expressed
in %) were calculated according to Eqs. (1) and (2) above and are
presented in Table 2 along with other statistics obtained from
the TEM measurements. As expected, the dispersion generally fol-
lows an inverse relationship to mean particle size. For all samples,
dispersion decreased with aging due to particle growth, though
bimetallic catalyst particles grew less than pure Pt catalyst parti-
cles, resulting in a somewhat less severe decrease in dispersion.
The unexpected relative dispersions of the Pt100–Pd0 and Pt50–
Pd50 Nitrate catalysts after 500 �C aging are likely a consequence
of the unusually wide particle size distribution measured for the
fresh Pt50–Pd50 catalyst (Fig. 7b), the nature of which is described
in Section 3.2.3.

3.2.3. Compositional analysis of Nitrate catalysts
STEM imaging with EDS analysis was also performed on indi-

vidual particles in catalysts made from the nitrate precursor. For
the fresh Pt50–Pd50 sample, the average 3-D particle composition
was 42% Pd. However, the Pd was distributed bi-modally (Fig. 10),
with small (d < 3 nm) particles biased to Pt-rich and larger particles
(in the 3–11 nm size range) biased to Pd-rich.

The compositions of individual particles in Pt50–Pd50 Nitrate
catalysts after aging are compared in Fig. 11. While aging at
500 �C (Fig. 11c, filled triangles) induced particle growth, the distri-
bution retained most of the bimodal nature evident in the fresh
state. After aging at 900 �C (filled squares), the compositions of
the particles were much more tightly distributed around the nom-
inal alloy composition. The effect of the difference in initial state
between the Pt50–Pd50 Nitrate and AcAc catalysts on subsequent
changes in particle size and composition induced by aging is clear-
est in the 500 �C case. Thus, while particle growth and alloying
again appear to occur simultaneously in the Pt50–Pd50 Nitrate cat-
alyst, the apparent influence of Pd on particle growth (inhibition)
at 500 �C is less than in the corresponding AcAc catalyst.
3.3. XRD results

XRD data for the Nitrate catalysts were collected to further
investigate crystallite size and lattice parameter. A comparison of
the crystallite sizes for each aged Nitrate catalyst is shown in Table
3. Clearly, the Pt100–Pd0 catalyst experiences much more metal
particle growth at 900 �C than the Pt50–Pd50 catalyst. Addition-
ally, the Pt100–Pd0 crystallites appear to be significantly larger
than the Pt50–Pd50 crystallites after aging at only 500 �C, a result
that is not consistent with the TEM finding (Table 2).

A comparison of the lattice parameters obtained by fitting the
peak positions was also performed, and as expected, the aged
Pt100–Pd0 catalysts have lattice parameters that closely corre-
spond to the value expected for bulk Pt (aPt = 3.92 Å [18]) while



Table 2
Summary of TEM-derived 3-D particle size statistics. Fresh catalysts were measured using HA-ADF STEM imaging in the JEOL 2200FS while aged catalysts were measured using BF
TEM imaging on the JEOL 3011 microscope. Dispersion, derived using Eqs. (1) and (2) but expressed in%, may be roughly compared with the CO/M value (ratio of the number of
chemisorbed CO to number of metal atoms in the sample), taken from Ref. [3], by assuming an adsorption stoichiometry of about 1 and multiplying the CO/M value by 100.

Sample Counts Mean (nm) Std. dev (nm) Min (nm) Max (nm) ds (nm) Dispersion D (%) CO/M from [3]

Pt100–Pd0 fresh (AcAc) 87 1.27 0.89 0.18 5.68 2.95 38.0 0.668
Pt50–Pd50 fresh (AcAc) 133 1.03 0.38 0.08 2.03 1.27 88.5 0.456
Pt100–Pd0 500 �C (AcAc) 109 9.04 3.01 2.80 19.4 10.9 10.3 0.184
Pt50–Pd50 500 �C (AcAc) 101 4.90 1.26 2.61 8.57 5.55 20.3 0.182
Pt100–Pd0 900 �C (AcAc) 100 60.5 70.4 5.06 501 277 0.41 0.007
Pt50–Pd50 900 �C (AcAc) 103 22.1 14.5 2.48 63.8 38.2 2.95 0.014

Pt100–Pd0 fresh (Nitrate) 125 1.38 0.50 0.12 2.78 1.74 64.6 –
Pt50–Pd50 fresh (Nitrate) 127 2.79 2.62 0.08 14.9 7.87 14.3 –
Pt100–Pd0 500 �C (Nitrate) 215 6.15 1.58 2.39 10.1 7.52 14.9 –
Pt50–Pd50 500 �C (Nitrate) 159 7.58 2.32 2.05 15.3 8.86 12.7 –
Pt100–Pd0 900 �C (Nitrate) 227 43.4 48.6 7.84 527 146 0.77 –
Pt50–Pd50 900 �C (Nitrate) 108 28.2 11.5 5.38 71.7 37.0 3.04 –

Fig. 5. The compositional distributions of Pt50–Pd50 AcAc catalysts aged at 500 �C
(a) and 900 �C (b), together with their particle compositions plotted as a function of
3-D particle size (c). The error bars represent the Pd compositional measurement
uncertainty from the EDS integration.
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the aged Pt50–Pd50 catalysts both yield lattice parameters very
close to the average value for a 50:50 alloy of Pt and Pd. In the case
of the catalyst aged at 900 �C, this is expected because Pt–Pd alloys
deviate only slightly from Vegard’s Law [19]. In the case of the cat-
alyst aged at 500 �C, however, it could reflect an averaging over
particles of varying composition, ranging from Pt-rich to Pd-rich,
as revealed in the EDS compositional analysis (Fig. 11c). The incon-
sistency in crystallite size noted above could thus be a conse-
quence of inhomogeneous broadening.
3.4. Catalytic performance

NO oxidation activity data were collected for both Nitrate (this
study) and AcAc (previous study [3]) catalysts in our multichannel
flow reactor. The NO conversion profiles are shown as a function of
temperature for the Pt100–Pd0 and Pt50–Pd50 catalysts in Fig. 12a
and b, respectively. The general shape of these oxidation activity
plots is dictated by the kinetics of the NO oxidation reaction at
low temperatures and the thermodynamic equilibrium between
NO and NO2 at high temperatures. For both precursors and metal
compositions, we see that 500 �C aged catalysts are more active
than those aged at 900 �C, which themselves are more active than
the fresh catalysts.

NO Activity : 500 �C Aged > 900 �C Aged > Fresh

This ordering of activities is consistent with the known struc-
ture sensitivity of the NO oxidation reaction, where very small Pt
particles have intrinsically low activities, and harshly aged cata-
lysts suffer from low overall Pt surface area [20a,12b,12c]. For
the purpose of comparing the activities of the catalysts, the conver-
sion at 150 �C is plotted as a function of dispersion derived from
the TEM-measured particle size (Table 2) in Fig. 13. The NO oxida-
tion data are also reported in Table 4 on both a rate per g-cat basis
at 150 �C using a kinetic analysis reported previously [3] and as a
turnover rate (TOR) calculated using the rate expression of Mulla
et al. [12b] as described in the experimental section. Most notable
in both the conversion and rate data is the much lower activity of
the fresh AcAc than Nitrate catalyst for both Pt100–Pd0 and Pt50–
Pd50. Differences in the fresh AcAc vs. Nitrate NO oxidation activ-
ities notwithstanding, the activity data after aging at 500 and
900 �C are relatively close for the two precursors, based on both
measured rate and calculated TOR.

Catalyst composition also had a relatively minor effect on the
mass-based rates for each precursor at each level of aging, except
for the fresh Nitrate catalysts where the rate over the Pt100–Pd0
catalyst was twice that of the Pt50–Pd50 catalyst (Table 4). Turn-
over rates (also given in Table 4) showed the opposite trend (i.e.,
TOR of the Pt50–Pd50 catalyst was 1.5 times that of the Pt100–
Pd0 catalyst). The NO oxidation reaction on Pt catalysts is structure
sensitive with larger particle having higher TOR [12b]. Thus, on a
TOR basis, the Pt50–Pd50 catalyst (D = 14.3%) would be expected
to have a much higher TOR than the Pt100–Pd0 catalyst (D =
64.6%). In fact, aging the Pt50–Pd50 catalyst at 500 �C retained
nearly identical dispersion (12.7% vs. 14.3%) but increased the
TOR 3.6 times. These results can only be understood from the com-
positional analysis afforded by STEM with EDS. Both the low mass-
based rate and unexpectedly low TOR of the fresh Pt50–Pd50 Ni-
trate catalyst are consistent with Fig. 10, where it is clear that a sig-
nificant amount of the Pt in the Pt50–Pd50 catalyst is associated
with large Pd-rich particles that likely have low NO oxidation
activity. In comparison, the fresh Pt100–Pd0 Nitrate catalyst has
a lower TOR because of its very small particle size, but it has much
more Pt surface area, thereby explaining its higher mass-based
rate. From Fig. 11 it is also clear that the average particle size of
the Pt50–Pd50 catalyst does not grow significantly upon aging at
500 �C, but the particle composition distribution becomes less



Fig. 6. (a) HA-ADF and (b) BF STEM images from the fresh Pt100–Pd0 Nitrate catalyst. (c) HA-ADF and (d) BF STEM images from the fresh Pt50–Pd50 Nitrate catalyst.
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bimodal, with a shift of the Pt-rich particles to larger size and
greater Pd content at the expense of the larger Pd-rich particles
in the fresh catalyst.

The other notable difference between the Pt50–Pd50 and
Pt100–Pd0 counterpart catalysts, for both Nitrate and AcAc precur-
sors, are the much greater TORs for the 900 �C aged Pt100–Pd0
catalysts, despite relatively similar mass-based rates. This is due
to the ALPs in the Pt100–Pd0 catalysts. The Pt50–Pd50 catalysts
have more surface sites (i.e., lower TORs) but the Pt100–Pd0 cata-
lysts have larger particles on average (see Fig. 8) which translates
to higher rates per particle because of the structure sensitive nat-
ure of the reaction. Hence, the mass-based rates are nearly
identical.
4. Discussion

Analytical electron microscopy, involving STEM coupled with
EDS and HA-ADF imaging, has been widely used to investigate
structure and composition of bimetallic catalysts since the pio-
neering work of Lyman and co-workers on the Pt–Rh system more
than a decade ago [20b]. In the present work, our further applica-
tion of advanced electron microscopy techniques, especially ACEM
for imaging very small features and HA-ADF imaging coupled with
EDS for compositional analysis of small particles, has provided new
and useful information about the Pt and Pt–Pd catalysts prepared
for our previous study of the effects of alloying on dispersion sta-
bility and performance of NO oxidation catalysts [3]. Our new
observations reveal subtle, but significant differences in the initial
metal distributions that can reasonably be related to catalyst syn-
thesis. Previous work has suggested a tendency for platinum(II)
and palladium(II) bis-acetylacetonates dissolved in acetone to be-
come associated into bimetallic complexes in solution [4,21], lead-
ing to a high degree of Pt–Pd association in a freshly-prepared
bimetallic catalyst. In our earlier study, we found a substantial dif-
ference in the efficiency of adsorption of the single-metal acetyl-
acetonate precursors from solution onto the alumina support, Pt
adsorption being much more limited than Pd. Assuming that the
higher efficiency of Pd adsorption could be imparted, to some
degree, to the bimetallic complex in solution, it would not be sur-
prising to find a somewhat higher dispersion in the case of the
Pt50–Pd50 than the Pt100–Pd0 catalyst. The presence of larger par-
ticles in the fresh Pt100–Pd0 catalyst (Fig. 4) is consistent with this
expectation, but an even more significant piece of supporting evi-
dence is the qualitative observation that more atomically-
dispersed features (e.g., Figs. 2c and 3) appear in the Pt50–Pd50
than the Pt100–Pd0 catalyst. The relatively high CO/M value (ratio
of the number of chemisorbed CO to the number of metal atoms in
the sample) for the fresh AcAc Pt100–Pd0 catalyst (0.668) in con-
trast to the TEM-based dispersion of 38% may also be consistent
with the observation of raft-like structures in the fresh AcAc sam-
ple – not included in the 3-D particle statistics of Table 2, but likely
contributing to the CO/M measurement. ACEM observations made
on fresh Pt0–Pd100 (i.e., pure Pd) AcAc catalyst samples [22] also
revealed the presence of more atomically-dispersed metal features
than in the corresponding Pt100–Pd0 catalyst, though contrast was
relatively poor in this case.

Spectroscopic (via EDS) determination of the amount of Pt and
Pd in all of the individual metal particles in the fresh Pt50–Pd50
catalyst was still beyond our reach, though area-averaged results



Fig. 7. 3-D particle size distributions collected from STEM imaging of fresh (a)
Pt100–Pd0 and (b) Pt50–Pd50 catalysts. White bars represent AcAc catalysts, gray
bars represent Nitrate catalysts.
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suggest that much of the Pd in the fresh catalyst may be more
highly dispersed than Pt and thus that the two metals are generally
not in close association with each other. Indeed, the compositional
measurement of metal particles after aging at 500 �C reveals that
they are Pt-rich (Fig. 5). The missing Pd is likely still highly dis-
persed, reflecting a relatively immobile oxidized (while aging)
Fig. 8. Box-plot summarizing descriptive statistics of the aged Nitrate and AcAc
catalysts. Boxes represent the inter-quartile range, whiskers represent 5th and 95th
percentile, . represents the maximum values, N represents the minimum values, –
represents the median values, and h represents the arithmetic means.

Fig. 9. (a) TEM image of a Pt needle found in the Pt100–Pd0 Nitrate catalyst aged at
900 �C. (b) Highly faceted Pt particle from the same catalyst sample shown in (a)
(Structures like these were noticeable features of the Pt100–Pd0 samples aged at
900 �C from both catalyst precursors.) (c) TEM image of metallic particles in the
Pt50–Pd50 Nitrate catalyst aged at 900 �C.
form [3]. Eventually, though, all of the Pd becomes incorporated
into the initially Pt-rich particles after aging at 900 �C. As we dem-
onstrated previously, the degree to which addition of Pd inhibits
particle growth increases with Pd concentration, but since the ac-
tual amount of Pd in the bimetallic particles at intermediate stages
of aging appears to be varying with exposure to lean conditions,
experiments aimed at probing the correlation between particle
composition and size as a function of time at fixed aging tempera-
tures are needed in order to sort out the precise dependence. The
mechanism (or mechanisms) by which particle growth inhibition
occurs is (are) still unknown, but our HA-ADF imaging with EDS
is not consistent with the suggestion that a thick (>2 nm) surface
layer of PdO (or Pd) simply protects Pt from direct exposure to
O2. (Previous experimental [23,24] and theoretical [25,26a] reports
have suggested that a core–shell segregation of Pt and Pd can occur
under certain conditions.) Further illumination of this issue may be
possible with the recent development of specialized EDS detectors
that have been optimized for aberration-corrected microscopes.



Fig. 10. (a) Compositional distribution of fresh Pt50–Pd50 Nitrate catalyst, and (b)
the particle composition plotted as a function of 3-D particle size. The error bars
represent the Pd compositional measurement uncertainty from the EDS integration.

Fig. 11. The compositional distributions of Pt50–Pd50 Nitrate catalysts aged at
500 �C (a) and 900 �C (b), together with their particle compositions plotted as a
function of 3-D particle size (c). The error bars represent the Pd compositional
measurement uncertainty from the EDS integration.

Table 3
XRD crystallite sizes obtained by a Scherrer analysis of (3 1 1) profiles for catalysts
prepared from nitrate solutions.

Aging temperature (�C) Crystallite size (nm)

Pt100–Pd0 Pt50–Pd50

500 23 8
900 62 20

Fig. 12. NO conversion curves for (a) Pt100–Pd0 catalysts and (b) Pt50–Pd50
catalysts.
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These tools have been used to provide atomic scale compositional
information about the nanoparticles in a variety of multi-metallic
catalysts including Au–Pd and Au–Ag [26b] and Pd–Fe–Pt [26c].

The newly-prepared set of Pt and Pt–Pd catalysts, made with ni-
trate precursors, provide a number of interesting points of contrast
with the AcAc catalysts. Starting with the fresh catalysts, a large
reversal in the relative dispersions of the two catalyst composi-
tions was observed (Table 2), due to the formation of fairly large
(3–10 nm) Pd-rich particles (the compositions of which could be
measured by EDS) in the Pt50–Pd50 catalyst. This circumstance,
which itself is not believed to be of fundamental significance, cre-
ates a situation in which the change in both particle size and com-
position can be determined upon aging at 500 �C, as shown in
Fig. 11. As might be expected, both the Pd-rich and Pt-rich particles
grow, and the composition range shrinks. A substantial number of
large, Pd-rich particles, not found in the corresponding AcAc cata-
lyst, are present after aging at 500 �C. Never-the-less, after aging at
900 �C, a fairly narrow range of particle compositions, centered at
the nominal value, was observed, just as in the case of the Pt50–
Pd50 AcAc catalyst.

Evolution of the Pt100–Pd0 Nitrate catalyst was quite similar
to that of the corresponding AcAc catalyst, as expected in view



Fig. 13. NO conversion at 150 �C plotted as a function of particle size for AcAc
catalysts (a) and Nitrate catalysts (b). Pure Pt catalysts are shown with solid
squares, and bimetallic catalysts with open squares. The gray symbol in (b)
represents the dispersion calculated without including large Pd-rich particles,
which presumably do not contribute significantly in NO conversion.

Table 4
NO oxidation rate data.

Catalyst description Rate at 150 �C (lmol/gcat s) [TOR (�10�2) (s�1)]a

Nitrate AcAc

Pt50–Pd50 fresh 2.2 [0.26] 0.84 [0.015]
Pt50–Pd50 500 �C 6.0 [0.87] 6.0 [0.51]
Pt50–Pd50 900 �C 5.1 [2.73] 3.9 [2.1]

Pt100–Pd0 fresh 4.7 [0.16] 0.71 [0.028]
Pt100–Pd0 500 �C 7.6 [0.94] 7.8 [1.32]
Pt100–Pd0 900 �C 6.6 [14] 3.8 [14.9]

NB – The surface Pd atoms are not included in the calculated TOR for Pt50–Pd50.
a (mol NO reacted)(mol surface Pt)�1 s�1, calculated as explained in the text.

134 O.K. Ezekoye et al. / Journal of Catalysis 280 (2011) 125–136
of the similarity of their initial states. In neither case was there
evidence for large particles in the fresh catalyst that could have
seeded the growth of the ALPs. This suggests that the presence
of ALPs in the aged catalysts is more a consequence of the
growth mode than the initial particle size distribution. The pres-
ence of these particles is consistent with earlier studies that
identified bi-pyramids, multiply-twinned particles, rods, and
plate-like particles in alumina-supported Pt catalysts after both
laboratory and vehicle aging conditions [27,28].

Much effort has been devoted to using particle size distribu-
tions to identify particle growth mechanisms in the past [29]. In
this study, particle size distributions after aging at 900 �C closely
fit the log normal distribution function, which suggests that the
dominant sintering mechanism is particle migration and coales-
cence [29,30a]. However, the presence of the highly faceted ALPs
is not consistent with a migration and coalescence growth model.
In an early report on the sintering of alumina-supported Pt, Harris
et al. [28] found migration and coalescence was the dominant
growth mode for short sintering times, while growth of ALPs at
longer sintering times was mediated by inter-particle transport.
Relative to the current study, the role of Pd in inhibiting Pt particle
growth, primarily through the suppression of ALP formation, may
thus be linked to its effect on inter-particle transport of Pt.

The NO oxidation performance of both sets of catalysts
(Fig. 12) are generally comparable and in reasonable agreement
with the structure sensitive nature of the NO oxidation reaction
on Pt/Al2O3 catalysts. Although a detailed kinetic study was not
the focus of our work, analysis of turnover rates based on the ki-
netic model of Mulla et al. [12b] showed a progressive increase
in TOR for all catalysts with extent of aging, despite the eventual
downturn in the mass-based rates for the 900 �C catalysts due to
loss of surface Pt sites dominating over the continued increase in
site-specific NO oxidation rate with increasing particle size (Ta-
ble 4 and Fig. 13). The increase in conversion with 500 �C aging
is especially dramatic in the case of the Pt50–Pd50 nitrate cata-
lyst, in spite of the fact that its apparent dispersion was rela-
tively low in the fresh state (14.3%) and didn’t change much
(to 12.7%) upon aging, as shown in Table 2. Considering the Pd
concentration as a function of particle size (Fig. 10), however,
it is evident that there is a critical size (�2.5 nm) below which
the particles are Pt-rich and above which the particles are Pd-
rich. If one does not consider the Pd-rich particles, which are ex-
pected to have low intrinsic activity, the initial dispersion is
about 64%, and the trends in Fig. 13b are more consistent with
those of the pure Pt catalyst (as shown by the dashed line and
solid square symbol). We note that the apparent activation ener-
gies we calculated for the Pt100–Pd0 Nitrate catalysts using the
low temperature (6150 �C) TORs obtained from the Mulla model
analysis are larger, and the values of TOR themselves are much
larger than those typically reported in the literature when
extrapolated to our conditions. For example, extrapolating the
Mulla et al. TOR of 1.5 � 10�2 s�1 for a sintered catalyst (7 nm
Pt particle size) at 300 �C, 10% O2, 300 ppm NO, 170 ppm NO2

[12b], to our conditions (125 �C, 8% O2, 333 ppm NO, 167 ppm
NO2) for the 500 �C aged Nitrate catalyst (7.5 nm Pt particle size)
yielded a TOR of 7.5 � 10�6 s�1, compared with our calculated
TOR of 6.7 � 10�3 s�1. Part of this discrepancy could be the much
different conditions under which our experiments were run (i.e.,
lower temperatures, lower space velocities (to produce higher
conversions) and no NO2 addition to the feed) and associated
limitations of applying the Mulla kinetic model under conditions
so far removed from where it was established. However, another
reason for higher calculated TOR values in our study could be
the experimental procedure, which involved first reducing the
catalyst and then gradually increasing the temperature in the
reaction stream (no NO2 in the feed) and collecting data at fixed
temperatures. A number of studies have shown that exposure of
Pt catalysts to NO2 in particular decreases the NO oxidation
activity with respect to catalysts that have not been pre-exposed
to NO2 [12b,30b]. We speculate that the conditions of the Mulla
et al. experiments, which involved reaction at 300 �C with
170 ppm NO2 in the feed, may have produced a less active state
of their catalyst than in our experiments conducted mostly at
lower temperatures, with catalyst pre-reduction, and without
NO2 in the feed.

There still remains the apparent question of the mechanism
by which Pd alloying inhibits Pt particle growth without greatly
affecting NO oxidation activity, especially given the much lower
rates of NO oxidation reported on supported Pd/Al2O3 catalysts
vs. Pt/ Al2O3 catalysts over the optimal range of particle sizes ob-
served in our study [31]. However, recently reported [32] first
principles calculations of NO oxidation on meta-stable Pd surface
oxide films (observed experimentally by Lundgren et al. [33])
have shown NO oxidation rates comparable to those reported
for Pt, thus suggesting that surface PdO could have a similar
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characteristic in supported Pt–Pd particles typical of our study.
As mentioned earlier, no strong evidence of a thick (>2 nm) Pd
or PdO shell protecting a Pt rich core was observed in this study;
however, our characterization techniques would not have identi-
fied a monolayer type PdO surface film on the larger alloyed par-
ticles produced after 500 �C and 900 �C aging. Thus our present
results do not contradict the possibility of an ultrathin meta-sta-
ble surface PdO film theoretically characterized by high NO oxi-
dation activity.

The choice of precious metal precursor also did not have a
strong effect on NO oxidation rate except for the fresh catalysts.
As noted in Section 3.4, the roughly twofold larger rate observed
at 150 �C for the fresh Nitrate catalyst may have resulted from
the higher oxygen concentration utilized in calcining the nitrate
samples and a corresponding increase in particle coarsening for
those samples. Overall, the precious metal characterization data
combined with the NO oxidation data suggest that the fresh AcAc
catalysts contained more precious metal in the form of single
atoms or raft-like structures that would be expected to have lower
activity for the structure-sensitive NO oxidation reaction than coa-
lesced 3-D particles.

From a practical standpoint, automotive exhaust applications
requiring NO oxidation, such as diesel oxidation catalysts or cata-
lyzed diesel particulate filters, operate for the most part in a tem-
perature range closer to the mid-point temperature of 500 �C of
this study than the fresh or 900 �C aged conditions. This study
showed virtually no effect of precursor choice on NO oxidation rate
after aging at the 500 �C condition and only about a 25% higher rate
for the pure Pt catalysts vs. the Pt50–Pd50 catalysts despite the fac-
tor of two difference in Pt concentration. These observations fur-
ther suggest that a pretreatment procedure involving calcination
of Pt–Pd catalysts at 500 �C prior to use produces close to an opti-
mum particle size distribution for NO oxidation (5–10 nm). Addi-
tionally, it is clear from the compositional data for the Pt–Pd
catalysts in Figs. 5 (AcAc) and 11 (Nitrate) that 500 �C calcination
also generates a high concentration of Pt-rich particles in the opti-
mal size range. Similar benefits are reaped after the extreme tem-
perature aging at 900 �C. In that case, rates are again roughly
comparable for the pure Pt and Pt50–Pd50 catalysts, likely reflect-
ing a trade-off between lower intrinsic activity of the fully alloyed
bimetallic catalysts (compared to pure Pt at a given particle size)
and loss of Pt surface area to anomalously large particles (in the
case of the pure Pt catalysts).
5. Conclusions

Application of advanced electron microscopy techniques to the
characterization of alumina-supported Pt and Pt–Pd catalysts has
allowed us to refine our knowledge of the degree of alloying that
exists at various stages of aging under lean conditions and thus
better understand its relationship to particle coarsening. Although
some direct association between Pt and Pd may be attained at the
initial stage of bimetallic catalyst synthesis, there is clearly a strong
tendency for alloying to proceed in situ during the course of lean
aging, and this certainly has a positive influence on limiting the
growth of anomalously large particles typically found in pure Pt
catalysts that have been harshly aged under lean conditions.

We have also again demonstrated that replacement of moderate
amounts of Pt with Pd can be done with little or no loss of overall
NO oxidation activity. Further, standard catalyst precursors and
synthesis methods have been shown to suffice; moreover, catalyst
calcination at 500 �C has been shown to produce roughly optimal
particle size for promoting the structure-sensitive NO oxidation
reaction. These results provide fundamental understanding of the
advantages associated with the use of Pd to both increase catalyst
durability and decrease Pt loading in Pt-based catalysts for lean-
burn engine exhaust-gas treatment. As is often the case, experience
precedes detailed understanding; Pt–Pd bimetallic catalysts are al-
ready widely utilized in commercial diesel oxidation catalyst for-
mulations for robust, cost-effective emissions control.
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