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ABSTRACT: Active sites and catalytic activity of heterogeneous catalysts is determined by their surface
atomic structures. However, probing surface structure at atomic resolution is difficult especially for
solution ensembles of catalytic nanocrystals which consist of heterogeneous particles with irregular

shapes and surfaces. Here, we constructed 3D maps of coordination number (CN) and generalized CN

(ﬁ) for individual surface atoms of sub-3 nm Pt nanocrystals. Our results reveal that the synthesized Pt
nanocrystals are enclosed by islands of atoms with non-uniform shapes that lead to complex surface

structures, including a high ratio of low-coordination surface atoms, reduced domain size of low-index

facets, and various types of exposed high-index facets. 3D maps of CN are directly correlated to catalytic
activities assigned to individual surface atoms with distinct local coordination structures, which explains
the origin of high catalytic performance of small Pt nanocrystals in important reactions such as oxygen

reduction reaction and CO electro-oxidation.
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Introduction: The chemical activity of heterogeneous catalysts is predominantly determined by their
surface structures, which is explained by the fact that chemical reactions and adsorption properties of
molecular species are regulated by atomic surface geometries'"'*. Heterogeneous catalysts composed of a
single or a few kinds of facets are commonly synthesized in order to efficiently exploit such surface
sensitivity in catalytic reactions. Metal nanocrystals with cubic, octahedral, and cuboctahedral shapes
selectively enclosed by {111} and {100}-facets are good examples that show superior activity or
selectivity for many important catalytic reactions'>2*. These nanocrystals have well-defined surface
structures that allow mechanistic understanding of surface reactions based on bulk surface chemistry and
theoretical calculations. However, heterogeneous catalysts with controlled facets are of limited practical
use due to the difficulties in creating homogeneous synthetic thermodynamics and surface structure
geometries in batch-scale synthesis?*2°,

Conventional heterogeneous catalysts with broader industrial applications, such as small (<3 nm in
diameter) Pt nanocrystals, are generally heterogeneous in size, shape, and surface atomic structures®’-?%,
It is desirable to reduce the size of the nanocrystal catalysts as a route to maximize the surface area and
reduce material costs. Small nanocrystals have a more complicated surface structure with a large fraction
of edge and corner atoms?®*. Thus, it becomes difficult to interpret the complex surface structures to
identify active sites and understand their contributions to the catalytic activity. Methods have been
developed to interrogate the surface atomic structures of individual heterogeneous catalysts. Combining
two-dimensional (2D) imaging with Cs-corrected high-resolution transmission electron microscopy (HR-
TEM) and exit wave restoration showed that the low-index facets of Pt nanocrystals on a carbon support
are not flat’*3>. However, these results only show a projected 2D view of the three-dimensional (3D)
surface. More recently, scanning-TEM (STEM) tomography, where the 3D atomic structure is
reconstructed from a tilt series of 2D STEM projections, was applied to catalytic nanocrystals in
vacuum’>°, This method has successfully resolved 3D atomic structures of catalysts with sizes above 7

nm36'39.



Recently, a new method, “one-particle 3D reconstruction”, for determining the 3D atomic structures of
nanocrystals in solution has been developed®’. Using 3D atomic structures of sub-3 nm sized Pt
nanocrystals derived from this method*’, we here introduce a quantitative method that connects the surface

structures to the catalytic activities of heterogeneous catalysts in an atom-by-atom manner. Coordination

number (CN) and generalized CN (@) for all constituent atoms are measured and displayed in the 3D
structures of individual Pt nanocrystals. The obtained distribution of surface atoms reveals that sub-3 nm
sized Pt nanocrystals are enclosed by islands of atoms with irregular shapes at the solid/liquid interface.
This leads to non-uniform surface structures that are directly linked to the catalytic activity of the
nanocrystals. Obtained 3D maps are correlated to overpotential for the important fuel cell catalytic
reactions, oxygen reduction reaction (ORR) and CO electro-oxidation, assigned for individual surface
atoms. Our results provide the structural origin of the high performance for small Pt nanocrystals for

various catalytic reactions.

Results and Discussion: The understanding of the electronic structures and the establishment of
structure-function relationships for Pt nanocrystals have been based primarily on the assumed face-
centered cubic (fcc) atomic arrangement of the bulk material. In such an ideal monatomic fcc structure,
atoms with a full coordination of nearest neighbors have a CN=12. The CN of surface atoms reduces from
12 depending on the geometry of surface facet exposed (Fig. 1, top row). The atomic surface geometries
in terms of CN are related to chemical bond formation and catalytic activity confined to the surface*!**.
We here analyzed the surface structures and CNs of the atoms of sub-3 nm synthesized Pt nanocrystals
based on our previously published 3D density maps reconstructed with 3D SINGLE (Structure
Identification of Nanoparticles by Graphene Liquid cell Electron microscopy)*’. The reconstructed 3D
density maps have a resolution better than 1 A, which allows assignment of the positions (X-Y-Z) of the

constituent atoms with precision of £19 pm. The obtained 3D atomic coordinates show that the core of

the synthesized nanocrystals is generally crystalline with face-centered cubic structure, but there are



marginal deviations from the expected bulk structure near the surface, resulting in highly non-uniform
surface structures that have not been previously characterized in detail.

We present the CN of all constituent atoms of six synthesized Pt nanocrystals in Fig. 1. Each Pt
nanocrystal, named consecutively from NC1 to NC6, has a diameter of 2.25, 2.41, 2.42, 2.52, 2.66, and
2.92 nm, respectively (Fig. 1a, Fig. S1, and see Methods in Supporting Information). The surface atoms
are visualized in 3D colored according to CN (Fig. 1a), on a 2D plane in spherical coordinates with radial
normalization according to their angular position at the surface (Fig. 1b), and in 2D sliced planes of the
fce crystal axes (Fig. S2). Compared to the ideal fcc model structure (Fig 1 top row), CNs for surface
atoms in the NCs are diverse and their positions in the angular distribution maps are less regular. The
distribution of CNs for all constituent atoms in the fcc model and the six Pt nanocrystals are shown as
histograms (Fig. 1c). Notably, the experimentally derived Pt nanocrystal structures have a significant
portion of atoms with CN=10-11 whereas these are absent in the fcc model structures (Fig. 1¢ and Fig.
S3). The atoms with CN=10-11 are missing one or two coordinating atoms and are therefore positioned
below vacant sites on terraces or along edges of the surface (Fig. S4). The vacancies on the terrace are
thermodynamically less stable than those on the edge. This implies that atoms with CN=10-11 are more
likely to be below edges along monoatomic step structures (Fig. S4). Removing the surface atoms on
edges, atoms with CN=10-11 appear and the portion of edge and corner increases while the portion of
terrace decreases (Fig. S5).

Nanocrystals with fcc structures are expected to form morphologies mainly truncated by {111} and
{100}-facets according to traditional Wolff constructions and surface energies. These are
thermodynamically stable because they have high atomic coordination numbers. The surfaces of the sub-
3 nm Pt nanocrystal structures analyzed here can be understood based on surface truncation by highly-
coordinated terraces of {111} and {100} and less-coordinated arrangements such as an edge, corner, kink,
and step. Atoms located in different local structures have specific CN on different low-index facets
allowing us to determine the type of atom from its CN. On {111}-facets, a CN=9, 8, and <7 correspond

to a terrace, a kink, and an edge or corner atom (Fig. 2a), respectively. On {100}-facets, a CN=8 and <7



indicate a terrace and an edge or corner atom (Fig. 2b), respectively. We calculated the ratio of low-
coordination surface atoms (CN<9 and CN<8 for {111} and {100}-facets, respectively) to the entire
exposed surface atoms (CN<9 and CN<8 for {111} and {100}-facets, respectively). We compared the
ratios obtained from our experimentally derived structures with various sized fcc model structures, such
as cuboctahedron, truncated octahedron, octahedron, and cube (Figs. 2c¢, d, Figs. S6-11, and see Methods
in Supporting Information). The ratios for fcc model structures consistently decrease as size increases.
Among the four different types of morphologies investigated, the ratios for cuboctahedral and truncated
octahedral models are generally higher than ones from other morphologies. Interestingly, the ratios of the
synthesized Pt nanocrystals are greater than the ratios of all fcc model structures. In addition, the fractions
of atoms at edge, corner, and kink sites are more dominant than terrace atoms (Figs. 2e, f, and Fig. S12).
These findings indicate that our synthesized Pt nanocrystals contain a relatively smaller portion of terrace
atoms, which is consistent with the observed increase in atoms with CN=10-11 (Fig. S5). Therefore, the
surface atomic structures of small Pt nanocrystals are composed of reduced terrace atoms along with a
significant presence of steps.

We defined the surface occupancy as the number of occupied sites in the outermost surface layer divided
by the number of available atomic sites, given by the atomic arrangement of the below layer (Fig. S13).
A surface occupancy of one means that atoms with a CN=10-11 are absent on crystal surfaces. With a
surface occupancy lower than one, atoms with CN=10-11 appear (Fig. S13). We calculated surface
occupancies of the synthesized Pt nanocrystal structures for eight {111} and six {100} individual facets
(Figs. S14-19) and averaged for {l111} and {100} (Figs. 2g, h), respectively. Averaged surface
occupancies for {111} and {100}-facets in all synthesized Pt nanocrystal structures are about 0.5 as shown
in Figs. 2g and h. This indicates that most surface structures of Pt nanocrystals are enclosed by islands of
atoms with a considerable amount of steps present (Fig. S13). Moreover, uneven surface occupancies
observed in individual facets imply that the islands have non-uniform structures (Fig. S20). The ratio of
low-coordination surface atoms and the surface occupancies of low-index facets suggest that the surfaces

of these NCs are predominantly surrounded by irregularly shaped islands with abundant steps.



The complex and heterogeneous surface structures can be visualized as shown in Fig. 3. On individual
low-index facets, the outermost surface atoms and the lower layer are colored in yellow and blue,
respectively (Fig. 3a). Islands on different exposed surfaces have distinct shapes and sizes with reduced
number of terrace atoms (Fig. 3a). In addition, the irregular structures of the islands expose various high-
index facets (Figs. 3a, b). Four representative types of high-index facets based on {111} and {100}-facets,
(S)-[2(100)x(111)], (S)-[2(100)*x(110)], (S)-[2(111)x(111)], and (S)-[2(111)%(100)], are depicted in Fig.
3b and there are more of exposed high-index facets such as (S)-[3(hikil¢)x(hsksls)] and (S)-[4(hdkle)* (hsksls)]
(Fig. S21)".

The lower CN of surface atoms is directly related to a tendency to form bonds with external species,
explaining their catalytic reactivity*'***. However, it is not straightforward to predict catalytic performance
based on CN, since surface atoms with the same CN are often surrounded by different surface geometries

and show dissimilar adsorption properties*>**. A more appropriate descriptor for adsorption properties
and catalytic activities is the generalized coordination number (ﬁ )—an extension of CN that considers

CNs of the first nearest neighbor atoms enclosing a surface atom of interest?’#>4, CN of an atom i

surrounded by the first nearest neighbor atoms of j is defined by

— L CN(k)
CN =Y =2 1
Zl CNmax ( )

, where CN__ and CN(k) denote the maximum CN of the first nearest neighbor atoms and CN of each
first nearest neighbor atom, respectively. According to equation (1), CN varies depending on the CNs of
first nearest neighbor atoms. It is found that surface atoms of the Pt nanocrystals with the same CN show
different ﬁs, as shown in comparison of 3D maps of CN and CN in Fig. 4a. For example, surface

atoms with the same CN (CN=9) indicated by dashed yellow circles in Fig. 4a have CNsina range from
6.92 to 7.50 and from 6.83 to 7.33 for NC1 and NC4, respectively (Fig. S22). This implies that they are

surrounded by different geometries, and this tendency is consistently observed in all surface atoms.

Histograms of the CN s for surface atoms with a given CN are shown in Fig. 4b. Histograms are colored



by red to blue which corresponds to CNs of 5 to 11. The distribution of values in the histograms for the

synthesized Pt nanocrystals is generally delocalized in a wide range in contrast to the expected narrow

distribution of CN s for fcc model structures with regular surface geometry (Fig. 4b, bottom row),

confirming that the surface structures of synthesized Pt nanocrystals incorporate diverse local geometries.

Summarizing findings based on 3D maps of CN and CN, the synthesized Pt nanocrystals have complex
surface structures, enclosed by islands of atoms with non-uniform structures, which have distinct
characteristics such as a high ratio of low-coordination surface atoms, reduced domain size of low-index
facets, and various types of exposed high-index facets.

Our efforts to quantitatively characterize the surface structures of the Pt nanocrystals in terms of CN

and CN of all exposed surface atoms can aid in predicting the catalytic activities of heterogeneous
catalysts. Small Pt nanocrystals are commonly used as fuel cell catalysts*=2, specifically in the ORR and

CO electro-oxidation. We estimated the catalytic activities of the synthesized Pt nanocrystals in acid

media by using previously reported scaling relations between CN and catalytic properties (Fig. 5 and see

Methods in Supporting Information)*>*. Theoretically calculated volcano plots between overpotential (1))

and CN were adopted from the previous report and shown in Fig. 5a*%. Overpotential is necessary to

overcome kinetic barrier of the electrochemical reaction. Reduced overpotential means low kinetic barrier,
which results in enhanced reaction rate*>47. Estimated optimal CN with the least overpotential for ORR

and CO electro-oxidation are 8.3 and 5.4, respectively*#® (Fig. 5a). As the CN moves away from the
optimal value, the corresponding overpotential increases, which indicates lowered catalytic activity. 3D
atom coordinates and surface contours are shown by a color gradient from orange to blue, corresponding
to low to high overpotential (Fig. 5b). For the synthesized Pt nanocrystals, their distinctive structural
characteristics influence the distribution of local catalytic activities. In the ORR map, surface atoms with
orange color are mainly located in {I111} terraces and bottom of steps, while a high ratio of low-
coordination surface atoms leads to areas of high overpotential (blue color) at edges and corners.

Meanwhile, for CO electro-oxidation, surface atoms with orange color are mainly located at edges and



{100} terraces, while surface atoms with blue color appear in bottom of steps and several protruded
corners. These geometric features are consistent with the previous experimental results, demonstrating
that different morphologies of catalysts lead to different catalytic activities**2. Compared to fcc model

structures, the reduced size of {111} and {100}-facets of the synthesized Pt nanocrystals results in a

lowering of CN . The reduced CN causes the catalytic activity of terrace atoms to decrease and increase

for ORR and CO electro-oxidation, respectively (Figs. S23, 24). At the same time, the reduction of

terraces causes exposure of surface atoms located at the bottom of steps (CN=10-11) with high CN,
showing high and low catalytic activities indicated by orange and blue color in ORR and CO electro-

oxidation map, respectively. Consequently, the complex surface structures of the synthesized Pt

nanocrystals give rise to a wide range of CN accompanied with exposure of diverse local surface
geometries which have intrinsic catalytic activities toward different reactions. This explains why sub-3

nm Pt nanocrystals are effective in many different catalytic reactions.

The analysis for atomic CN and CN for sub-3 nm Pt nanocrystals is based on atomic resolution 3D
reconstruction of individual nanocrystals dispersed in solution*’. The surface chemistry we understand
based on this model system may have disparity with Pt heterogeneous catalysts used in diverse catalytic
systems. Nevertheless, an attempt to correlate local structures with catalytic activities of the entire surface-
exposed constituent atoms suggests a new quantitative method that delivers unprecedented physical
perspective underlying the activities of heterogeneous catalysis. Extending the use of “one-particle

reconstruction” to various catalytic systems, such as large Pt nanocrystals and nanocrystals with different

composition, along with its combination with a quantitative analysis for atomic CN and CN would
advance itself to an efficient platform for studying heterogeneous catalysis. Furthermore, the
characteristic surface structures of the synthesized Pt nanocrystals, enclosed by islands of atoms with
irregular structures, reveal a structural arrangement that can explain general behaviors of heterogeneous
Pt catalysts with similar size. There are already several reports verifying that supported heterogeneous Pt

nanocrystals are not truncated by perfectly flat surfaces***>3->7. We also characterized commercial Pt/C



with aberration-corrected HR-TEM (Fig. S25 and see Methods in Supporting Information), and confirmed
that surface structures of sub-3 nm sized Pt nanocrystals on carbon support are indeed enclosed by

irregularly shaped islands of atoms.

Conclusion: In summary, we constructed 3D maps of atomic CN, CN , and catalytic activity for sub-3
nm sized synthesized Pt nanocrystals, which can be extensively exploited to understand surface geometric
effects in catalytic activities of heterogeneous catalysts. Our results reveal that the surface structures are
enclosed by islands of atoms with non-uniform structures, accompanied by a high ratio of low-
coordination surface atoms, small domain size of low-index facets, and various types of exposed high-
index facets. These distinctive surface characteristics of the synthesized Pt nanocrystals explain their
unique activities observed in different catalytic reactions. In addition, our findings can be used to reduce
disparities between catalytic activity estimated in theoretical calculation based on structure models and

their measured experimental activity.
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Figure 1. 3D mapping CNs of constituent atoms in Pt nanocrystals. a, 3D atomic structures of
truncated octahedral fcc model and six synthesized Pt nanocrystals. All of the constituent atoms in the 3D
maps are colored by CNs. Scale bar, 1 nm. b, 2D color maps in spherical coordinate of surface atoms.
Cartesian coordinates of surface atoms are converted into 2D plane in spherical coordinates with radial
normalization. ¢, Histograms for the portion of CNs in all constituent atoms. In contrast to the fcc model

structure, synthesized Pt nanocrystals have surface atoms with CN=10-11.
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Figure 2. Quantitative analysis of surface atoms of synthesized Pt nanocrystals. a,c,e,g, Surface
structure analysis for {111}-facets. b,d,f,h, Surface structure analysis for {100}-facets. a,b, Visual aids
for types of surface atoms and corresponding CNs along (a) {111} and (b) {100}-facets. ¢,d, Ratio of
low-coordination surface atoms for six synthesized Pt nanocrystals and various sized fcc model structures
along (¢) {111} and (d) {100}-facets. Red diamonds indicate synthesized Pt nanocrystals. Gray circles,
gray reverse triangles, gray triangles and gray squares indicate cuboctahedral, truncated octahedral,
octahedral, and cubic fcc model structures, respectively. e,f, Structural composition of surface atoms on
six synthesized Pt nanocrystals along (e) {111} and (f) {100}-facets. Yellow, green, and blue bars mean
edge or corner, kink, and terrace atoms in {111}-facets, respectively. Orange and red bars indicate edge
or corner and terrace atoms in {100}-facets, respectively. g,h, Averaged surface occupancy for (g) {111}

and (f) {100}-facets for individual Pt nanocrystals.
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Figure 3. Complex and unique surface structures of the synthesized Pt nanocrystals enclosed by
irregularly shaped islands. a, Visualized surface structures of the synthesized Pt nanocrystals. Six
individual {100}-facets of NC1 and eight individual {111}-facets of NC4 are presented. The outermost
surface layers and the lower layers in each facet are visualized with yellow and blue colors, respectively.
b, A part of surface structures on six synthesized Pt nanocrystals for specific low-index facets and its front
view. Irregular structures of islands cause various types of high-index facets (blue : (S)-[2(100)x(111)],

orange : (S)-[2(100)x(110)], green : (S)-[2(111)x(111)], and pink : (S)-[2(111)%(100)]). Scale bars, 1 nm.
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Figure 4. Complex surface structures of synthesized Pt nanocrystals along with a wide range of CN.

a, 3D maps of CN (left) with color gradient from red to blue and CN (right) with color gradient from

green to dark gray for NC1 and NC4. Surface atoms with same CN=9, surrounded by different surface

geometries, show various CN values. Scale bar, 1 nm. b, Histograms for CN of surface atoms with color

gradient given by their corresponding CN.
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Figure 5. Prediction of local catalytic activities in ORR and CO electro-oxidation. a,
Theoretically estimated relationship between CN and overpotential for ORR and CO electro-

oxidation of Pt. Optimal CN for ORR and CO electro-oxidation is 8.3 and 5.4, respectively. b,
3D color maps of overpotential for ORR and CO electro-oxidation overlaid on atom position and

surface contour. A scale of overpotential (1) is represented by a color gradient from orange to blue.
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