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ABSTRACT Accurate understanding of the structure of active sites is fundamentally important in predicting catalytic properties of
heterogeneous nanocatalysts. We present an accurate determination of both experimental and theoretical atomic structures of surface
monatomic steps on industrial platinum nanoparticles. This comparison reveals that the edges of nanoparticles can significantly alter
the atomic positions of monatomic steps in their proximity, which can lead to substantial deviations in the catalytic properties compared
with the extended surfaces.
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I

t is now 85 years since Taylor1 first introduced the
concept of “active sites” for heterogeneous catalysis;
low-coordinated surface atomic sites that are largely
responsible for catalytic reactions. Since then, our understanding of the catalytic properties of extended metal surfaces has been well-established. For example, the atomic
structures and roles of defects on extended metal surfaces
have been characterized experimentally using techniques
such as low energy electron diffraction and scanning tunneling microscopy.2-4 From a theoretical perspective, density functional theory has been used to show that the
catalytic activity of surface steps is caused by changes in the
local electronic structure.5,6 While our knowledge of surface
defects on extended metal surfaces (model catalysts) has
been well established, the actual heterogeneous catalysts
that are used in practice are metallic nanoparticles. As the
surface-to-bulk ratios of nanoparticles are substantially higher
than those of extended surfaces, the electronic structures of
their surface defects, and hence their catalytic properties,
are expected to be different from their bulk counterparts.
However, the characterization of surface defects on nanoparticles is extremely challenging. To date, very little has
been deduced about their surface atomic structures. This
lack of understanding has been highlighted by a recent
theoretical study of the rate of ammonia synthesis when
catalyzed by ruthenium nanoparticles.7 Moreover as experimental and theoretical studies are rarely conducted in
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be

addressed,

tandem (on the same type of structure), one must question
whether the predictive studies are directly applicable to real
catalysts.
Here we present a detailed analysis of the atomic structure of surface defects on Pt nanoparticles using a combination of aberration-corrected transmission electron microscopy (TEM) and density functional theory (DFT). We have
used the advanced TEM technique of exit wave restoration
to reveal the types of surface defects, including surface steps,
on 6 nm carbon-supported Pt nanoparticles. Using this
technique, we have measured, for the first time, the quantitative atomic displacements at surface defect sites and
performed a detailed comparison with the predictions of ab
initio calculations. This comparison has enabled us to gain
quantitative insight into the atomic relaxations which take
place at the surface defects on nanoparticles, and clearly
demonstrates where the two methods correspond and
where they do not.
For this type of study, the use of precise techniques (both
experimentally and theoretically) is imperative. High-resolution transmission electron microscopy (HRTEM) has the
ability to probe the positions of individual atomic sites to the
precision of few picometers.8-10 In order to directly interpret
surface defects, we have utilized the exit wave restoration
technique.11,12 The advantage of this technique is that,
unlike conventional HRTEM imaging, it does not suffer from
potentially problematic issues with interpretation. The restored phase of the specimen exit wave function has direct
relationship with the projected structure of a thin object. A
second advantage of this technique is the enhanced signalto-noise ratio which allows us to directly image sites that are
composed of only a few atoms. We have demonstrated
previously that the exit wave restoration technique can be
successfully applied to image monatomic steps on the
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FIGURE 2. Atomic displacements of three representative surface
defects on the Pt nanoparticle: (a) monatomic step Pt(S)-2(100) ×
(111), marked as region 1 in Figure 1a; (b) monatomic step Pt(S)5(111) × (100), marked as region 2; and (c) (110)-(1 × 1) surface
reconstruction, marked as region 3. The red arrows indicate the
displacement vectors, which have been magnified 16 times in (a)
and (b) and 24 times in (c), for the convenience of visual inspection.

FIGURE 1. Surface defects on a carbon-supported Pt nanoparticle.
(a) Experimental phase image of [110]-oriented Pt nanoparticle13
exhibiting monatomic surface steps (solid arrows), (111)/(100) edges
(dashed arrows), and surface reconstructions on (111)/(111) edges
(curly braces). (b) Atomic model of the nanoparticle generated by
matching the simulated and the experimental phases. (c) Perspective
view of atomic model. (d) Monatomic step notation (S)-n(hkl) ×
(h′k′l′) where (hkl) denotes the terrace plane, (h′k′l′) the step plane,
and n is the number of atoms on the lower terrace counted from
the nanoparticle edge. (e) Model of 1 × 1 surface reconstruction.

reconstructed into a (110)-(1 × 1) structure. It should be
noted that although a (110)-(1 × 2) surface reconstruction
is the most common structure for extended Pt (110) surfaces,21 we have not observed such reconstructions in the
nanoparticles examined here.
We now consider in detail the displacements of atoms
occurring at the two representative monatomic steps, Pt(S)2(100) × (111) and Pt(S)-5(111) × (100), and the (110)(1 × 1) surface reconstruction, marked as regions 1, 2, and
3 in Figure 1a, corresponding to panels a, b, and c of Figure
2, respectively. The atomic displacement vectors were
measured with respect to the averaged lattice vectors of the
nanoparticle. Several trends in atomic displacements can be
drawn from Figure 2. First, the surface atomic sites on (111)
and (100) facets generally shift outward with largely varying
magnitudes. In particular, the largest atomic displacement
is observed on the (111)/(100) edge (the left edge atom in
Figure 2a). Second, significant lateral displacements are
present at the surfaces of the nanoparticle. The observation
of such lateral displacements in the outermost surface layer
is in stark contrast to the situation of extended clean Pt
surfaces.2
In order to explain the origins of the observed surface
atom displacements, we have compared the measured
displacements with theoretical calculations of their corresponding, but continuous (edgeless), defects. The calculations were performed from first principles using DFT22-26

surfaces of industrial Pt nanoparticles13 and there have been
other reports using this technique to resolve interplanar
spacing relaxation on nanoparticles.14,15
The carbon-supported Pt nanoparticles examined in this
work were synthesized using the established method described in refs 16 and 17. Figure 1a shows the phase image
of a 6 nm Pt nanoparticle, restored from a focal series of 20
high-resolution TEM images (see details in Supporting Information). The phase image shows the Pt nanoparticle in 〈110〉
orientation with its surface steps and edges clearly visible.
The supporting carbon black is also clearly seen (although
the atom positions in the carbon black are less obvious due
to the disordered structure).
Several important features regarding the surface steps,
edges, and surface reconstructions are noteworthy. First,
there are three types of monatomic steps present on the
particle, namely, n(111) × (100), n(111) × (111), and n(100)
× (111) (following the microfacet notation, n(hkl) × (h′k′l′),18
illustrated in Figure 1d). The steps on (111) surfaces with
(100) and (111) microfacet risers are termed as A- and
B-type. Although theoretical calculations of step energies
indicate that B-type steps are energetically more stable,19,20
our results show that both types are present on the particles.
Second, the particle has two types of edges: (111)/(100)
edges and (111)/(111) edges. Figure 1a shows that the (111)/
(100) edges are sharp, whereas the (111)/(111) edges have
© 2010 American Chemical Society
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TABLE 1. List of Experimental and Theoretical Distances and
Angles of the Position Vectors of the Atomic Sites Labeled as on
Figure 3a
experimental value
site

FIGURE 3. Continuous (edgeless) representations of the three surface
defects on the Pt nanoparticle calculated using DFT: (a) the monatomic step Pt(S)-2(100) × (111), (b) the monatomic step Pt(S)-5(111)
× (100), and (c) the reconstruction of (110)-(1 × 1). Each structure
has periodicity extending out of the page, and in the in-page
directions perpendicular to the free surface.

(details available in the Supporting Information). The results
of the DFT calculations are shown in Figure 3, with the slab
oriented at the same viewing angle as the facets of the
nanoparticle shown in Figure 2.
To facilitate a simple quantitative comparison, Table 1
lists the experimental and theoretical position vectors in
terms of their distances and angles with respect to a given
reference site. In each case, atoms participating in the defect
have been labeled, as shown in Figure 3. In the case of
monatomic step Pt(S)-5(111) × (100), there are a number
of qualitative similarities between experiment and theory:
An extension of the interplanar spacings in the outermost
layer is observed; the displacements of the sites in the
second atomic layer are negligible (site G). On a quantitative
examination, we find very good agreement between experimental and theoretical atomic positions, with the DFT
predicting slightly larger outward displacements for the
atoms on the outermost (111) surface. In the case of monatomic step Pt(S)-2(100) × (111), the trends between the
experimental and theoretical distances are different: DFT
predicts shorter distances for all atoms on the (100) surfaces,
giving a contraction of the outermost atomic layer (with a
significant contraction of the top step atoms (sites A and D)),
whereas experimental analysis shows an expansion in the
outermost atomic layer. Likewise in the case of the (110)(1 × 1) surface reconstruction, the DFT predicts shorter
atomic distances which amount to slight contraction of the
top atoms (sites A, C, and D), whereas experimental analysis
shows a slight expansion.
Among the three defects compared above, there is a very
good agreement for Pt(S)-5(111) × (100) and less for both
© 2010 American Chemical Society

theoretical value

distance

angle

distance

angle

A
B
C
D
E
F
G

7.07 ( 0.08
5.36 ( 0.04
4.44 ( 0.06
4.66 ( 0.06
5.92 ( 0.04
8.03 ( 0.08
2.6 ( 0.06

Pt(S)-5(111) × (100)
70.1 ( 0.1
56 ( 0.1
79.5 ( 0.1
110.2 ( 0.1
130.6 ( 0.1
55.5 ( 0.1
54.3 ( 0.1

7.07
5.35
4.74
4.85
5.91
8.29
2.69

68.9
54.9
81.4
110.1
131.8
54.3
55.0

A
B
C
D
E
F

5.75 ( 0.06
3.71 ( 0.06
8.92 ( 0.06
6.74 ( 0.06
4.55 ( 0.04
6.54 ( 0.04

Pt(S)-2(100) × (111)
103.1 ( 0.1
89.5 ( 0.1
153.8 ( 0.1
124.9 ( 0.1
123.7 ( 0.1
145.7 ( 0.1

5.36
3.62
8.6
6.47
4.64
6.34

103.3
87.9
155.8
126.3
125.6
145.2

A
B
C
D
E
F
G
H

5.26 ( 0.08
2.69 ( 0.06
6.53 ( 0.06
6.61 ( 0.08
4.65 ( 0.06
4.63 ( 0.06
4.32 ( 0.06
4.39 ( 0.06

(110)-(1 × 1)
88.8 ( 0.1
89.4 ( 0.1
124.5 ( 0.1
54.3 ( 0.1
144.2 ( 0.1
34.3 ( 0.1
114.3 ( 0.1
64 ( 0.1

5.17
2.62
6.32
6.32
4.47
4.47
4.41
4.41

90
90
125
55
144.1
35.9
114.3
65.7

a
All distances (in Å) are measured from the reference sites,
indicated as “X” on Figure 3. All angles (in degrees) are measured
from the axis parallel to the planes of the corresponding surface
defect across “X”. The uncertainties in the theoretical distances are
consistently (3 pm, and in the angles (0.05°, based on a statistical
average of like sites following the structural relaxation.

(110)-(1 × 1) reconstruction and Pt(S)-2(100) × (111).
Examining the possible discrepancies between the theoretical and experimental atomic models, we find a correlation
between the agreement obtained and the proximity of the
step to atomic edges. In the case of Pt(S)-5(111) × (100),
where good agreement is achieved, the top step atom is five
and seven atoms away from the nearest edges. In contrast,
the top step atom of Pt(S)-2(100) × (111) is only one and
three atoms away from the nearest edges. Similarly, the
(110)-(1 × 1) has only two repeating units, with the two top
atoms also acting as (111)/(110) edge atoms. Since an edge
itself is also a highly strained defect,27 it is not surprising that
the presence of edges can have significant influence to the
surface steps in the vicinity. The interaction between steps
and edges may cause significant electronic structure changes
to the surface steps, as demonstrated through the atomic
positions of the surface steps in this work, leading to a
important consequence in the catalytic property of surface
steps on nanoparticles. Since our current understanding of
surface steps has been largely based on the experimental
and theoretical findings in continuous (periodic) systems
restricted by the need for translational symmetry, the results
of this work highlight the importance of understanding
surface defects in real (nonperiodic) catalyst materials presented by nanoparticles. Unless edges are included in elec3075
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(6)

tronic structure simulations (as well as surface steps) the
predictions of catalytic activity arising from some expertly
conducted DFT studies may still be misleading, especially
when one introduces surface adsorption of atomic or molecular species from a surrounding gaseous or liquid environment. These considerations will form a path of future
research.
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