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P
rogress in recent years has seen
important advances made in nano-
science toward the development of

useful new forms of nanotechnology.1�8

One recurring theme found in research is

controlling structures with nanometer
precision.9�12 The difficulty with synthesiz-

ing ever-smaller structures is that the out-
come of a reaction is dictated by a complex

interplay of thermodynamics and kinetics.
Kinetically favored productsmay ormay not
be the same as those preferred thermody-

namically. Under different conditions the
most stable structure of a material may in

fact also be size-dependent and change
from a single-crystalline habit to one that

exhibits twinning or is amorphous.13,14

Because of this, and the broader utility of

crafting structures at the atomic scale, it is
imperative to understand both kinetic and
thermodynamic contributions to materials
synthesis.
It is now well understood that catalytic

properties of nanoscale metal clusters de-
pend markedly on the structure of their
exposed surfaces.15�18 Vertex and edge
atom sites are known to bind more strongly
to molecules and reactive intermediates,
doing so in ways that broadly impact reac-
tion rates.19�21 A notable study by Bratlie
et al.15 demonstrated that different nano-
crystal morphologies can wholly dictate
the outcome of a prototypical catalytic re-
action. Cubic Pt crystals defined by {100}
planes, for example, are selective for the
hydrogenation of benzene to cyclohexane,
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ABSTRACT This study examines structural variations found in

the atomic ordering of different transition metal nanoparticles

synthesized via a common, kinetically controlled protocol: reduction

of an aqueous solution of metal precursor salt(s) with NaBH4 at 273

K in the presence of a capping polymer ligand. These noble metal

nanoparticles were characterized at the atomic scale using spherical aberration-corrected scanning transmission electron microscopy (Cs-STEM). It was

found for monometallic samples that the third row, face-centered-cubic (fcc), transition metal [(3M);Ir, Pt, and Au] particles exhibited more coherently

ordered geometries than their second row, fcc, transition metal [(2M);Rh, Pd, and Ag] analogues. The former exhibit growth habits favoring crystalline

phases with specific facet structures while the latter samples are dominated by more disordered atomic arrangements that include complex systems of

facets and twinning. Atomic pair distribution function (PDF) measurements further confirmed these observations, establishing that the 3M clusters exhibit

longer ranged ordering than their 2M counterparts. The assembly of intracolumn bimetallic nanoparticles (Au�Ag, Pt�Pd, and Ir�Rh) using the same

experimental conditions showed a strong tendency for the 3M atoms to template long-ranged, crystalline growth of 2M metal atoms extending up to over

8 nm beyond the 3M core.

KEYWORDS: nanoparticle . atomic structure . noble metals . bimetallic . core�shell . pair distribution function .
aberration corrected electron microscopy
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while cuboctahedral structures (defined by {100} and
{111} planes) yield a mixture of cyclohexene and
cyclohexane under similar conditions.15 Such data
motivate this work to better understand the factors
that control nanocrystal growth.
Research has shown that different avenues exist

by which materials growth chemistry can generate
desired nanostructures.22 The stabilities of structures
produced using chemically controlled procedures can
vary in complex ways depending on size and the
presence of other species.18,22�27 Theoretical calcula-
tions, predict that fcc, single-crystalline nanoparticles
will assume a truncated octahedron confined by the
{111} and {100} families of planes as their equilibrium
thermodynamic shape.24 The formation of such
a shape, however, embeds costly energetic motifs
due to the presence of undercoordinated atoms.28

Conversely, particles not composed of a single crystal
domain (and therefore containing multiple twins)
adopt an icosahedral or decahedral crystal morphol-
ogy, where the faceting is exclusively defined by
low energy {111} terminating facets.28 Ultimately, it
is these planes that assist in the formation of a low
energy structure, albeit at the cost of increased inter-
nal strain.13,23,28 In these scenarios the mediating
effects of surface energy dictate the nanoparticle's
stable geometry. Theoretical calculations predict that
a crystal bound by high index crystal planes will
ultimately minimize the surface energy by reconstruct-
ing and assuming more favorable, lower index facet-
ing, namely, the {111}, {100}, and {110} families of
planes.22,23

The energetic driving force for the reconstruction
to lower index planes arises from the instability
associated with undercoordinated atoms.29,30 With
nanoparticles this behavior is complicated by the
curvature adopted to minimize the exposed surface
area. Creating a rounded structure from a collection of
facets inevitably applies increased strain to atoms
residing at the edges and vertices of adjoining crystal
planes.19,31�33 Because these atoms have fewer neigh-
bors than those situated on a flat surface, the coordina-
tion environment ismore extreme.19,31 As a result, they
have more unsatisfied bonds and are less stable.31�33

In discriminating the different surface truncation en-
ergies, it is easy to see why a high atomic density (111)
surface is intrinsically more stable than a lower atomic
density (100) surface.34

Despite the significant role thermodynamics plays
in directing the attributes of nanostructures, kinetics
cannot be neglected as a complex and often compet-
ing contributor. It is frequently found that adjusting
experimental parameters (i.e., capping agent, reducing
agent, temperature, etc.) can yield productswith specific
morphological features,2,3,22,35,36 crystal sizes,3,22,37�39

and catalytic activity.25�27,40�43 In such cases the geo-
metry of a nanocrystal is not solely determined by the

minimization of its surface energy (thermodynamic
minimum). Instead one must consider the possible
formation ofmetastable structures possessing a conver-
sion potential well too deep to overcome.13,24 In such
cases, the reactions result in the formation of thermo-
dynamically unfavorable features.23 Therefore a balance
exists in that the metastable structure formed may
reside far away from the global energetic minimum.
We report the results of an investigation of the

synthesis of polyvinylpyrrolidone (PVP) capped nano-
particles grown in solution from six noble metal pre-
cursors (Rh, Pd, Ag, Ir, Pt, Au) using NaBH4 as a reducing
agent. Because of the high reduction potential of
NaBH4, this growth is very rapid, proceeding from a
burst of nucleation events and is known to produce a
large number of very small nanoparticles (∼1 nm).44

Generally speaking, the synthetic approach illustrates
growth occurring under conditions of kinetic control.
Our results show clear structural differences between
the 2 and 3M nanostructures investigated that cannot
be explained merely by thermodynamic arguments
and indicates that there is a distinct, electronic struc-
tural sensitivity. Using Cs-STEM we characterize the
atomistic details that differentiate the 2 and 3M nano-
particle structures formed and define size-dependent
patterns related to their stability. Conclusions sup-
ported by the Cs-STEM data agree fully with measure-
ments made using high-energy X-ray diffraction (XRD).
The latter XRD data confirm that a dilation of the lattice
constant occurs for the 2M nanoparticles whereas the
3M series presents more bulk-like values. We further
compare the PDF measurements to assess the levels
of coherence/crystallinity present in these materials.
Most revealing are features observed for the intracol-
umn bimetallic (Au�Ag, Pt�Pd, and Ir�Rh) structures,
where the 3Mmetal atoms of a growth-nucleating core
impart their bonding structure onto 2M atoms in
core�shell habits to very large cluster diameters;
essentially directing the overall growth of the 2M
atoms;whereas without their presence disordered
crystal morphologies dominate.

RESULTS AND DISCUSSION

Structural and Crystallographic Analysis of Single-Element
Nanocrystals. Figure 1 shows representative Cs-STEM
micrographs of metals in the 3M series of nanocrystals
(Au, Pt, and Ir). The Au samples (Figure 1a�c), for the
synthetic protocols used here, presented with a rela-
tively wide distribution of particle sizes (2.2 ( 1.7 nm;
Supporting Information (S.I.) Figure 1) with some ap-
pearing single crystalline and others being symmetri-
cally twinned (S.I. Figure 2). Although only single
crystals are depicted in Figure 1, it was generally
observed that both the single and polycrystalline
particles revealed an atomic structure in which Au
atoms could be identified up to the terminating edges.
Fast Fourier transforms (FFTs) of the micrographs
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(i.e., the power spectra) are given as insets in the lower
right of Figure 1a�c. The spatial frequencies associated
with the periodic placement of atoms in the crystal
make it possible to identify the zone axis of the cluster
and index their bounding facet structure. This analysis
was easier to carry out for larger crystals within the size
distribution since they were more frequently found to
be crystalline. In addition to identifying an approxi-
mate zone axis, the FFT also made it possible to
determine an apparent lattice constant for the Au
particles (4.05 ( 0.12 Å, in close agreement with the
literature value of 4.08 Å for bulk Au).45 The values
obtained using the FFT tend to lack high precision
because nanocrystals are rarely perfectly oriented
along a zone axis and for this reason many of these
projection-limited values must be averaged. Table 1
shows that with adequate sampling the lattice con-
stants so deduced can still be accurate;in the present

work the values so obtained for all metals investigated
were found to compare very favorably with bulk
reference values. As expected, low-index planes define
a common feature of the crystals' facet structures.16

Figure 1d�f shows representative images of Pt
nanocrystals taken from a sample with a size distribu-
tion of 1.5( 0.6 nm (S.I. Figure 1). The atomic ordering
evident within the images allowed lattice parameters
and facet structures for these nanocrystals to be
assigned. An estimated lattice parameter of 3.90 (
0.09 Å closely matches the literature value of 3.92 Å for
bulk Pt (Table 1).45 Unlike Au, which exhibited frequent
twinning, the Pt samples were predominantly single-
crystalline.

The Ir specimens (Figure 1g�i) resemble the Pt
samples with the exception of being highly susceptible
to aggregation (not sintering). Although the mean
particle size (1.6 ( 0.8 nm, S.I. Figure 1) was on the

Figure 1. Representative Cs-STEM micrographs of the 3M nanocrystals, Au (a�c), Pt (d�f), Ir (g�i). Facets and crystal
orientation corresponding to the inset FFT are annotated directly on the micrographs.
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order of Pt and Au, Ir particles were seldomly found in
isolation. As with the other 3M metals, the Ir nano-
crystals bounding edges were often assignable using
the spectral data from the FFT of the image. Surpris-
ingly, unlike the other 3M structures, Ir crystals experi-
enced an increase in twinning defects at larger sizes
(S.I. Figure 3). As shown in Table 1, our analysis indicates
an average lattice parameter of 3.84( 0.09 nm for the Ir
clusters, in agreement with that of bulk fcc Ir (3.84 Å).45

Figure 2 shows a collection of Cs-STEMmicrographs
for the 2M (Ag, Pd, and Rh) nanoparticles. Dimensional
analysis of the Ag nanoparticles revealed a mean
particle diameter of 3.4 ( 2.8 nm (S.I. Figure 1), thus
allowing a broad distribution of cluster sizes to be
structurally characterized. With few exceptions, the Ag
particles observed appeared highly disordered, lacking
both well-defined boundaries and long-ranged atomic
periodicity (Figure 2a�c). In contrast to the 3M speci-
mens, Cs-STEM imaging of the Ag samples revealed no
apparent correlation between size and the emergence
of a more ordered habit over the particle sizes present.
The absence of spatial frequencies in the power spec-
tra (inset in the Ag nanocrystal micrographs) supports
this finding, where the presence of a bright ring is
generally found in place of distinct spatial frequencies.
As in diffraction, a sharp ring structure would indicate a
polycrystalline material (here all contributing crystals
are within a single image) and an increasing diffuse
component in the ring(s) indicates a move toward an
amorphous structure. Given the disorder present in
this sample, only a limited number of clusters provided
the structural information given in Table 1.

Imaging of the Pd specimens (Figure 2d�f; 1.6 (
0.8 nm, S.I. Figure 1) also revealed the presence of a
generalized trend toward structures that looked more
disordered. Unlike the case for Ag, Pd nanoclusters
strongly evidenced size-dependent behavior. Increas-
ing cluster sizes led to a propensity for adoption of an
ordered habit. The ordering seen, however, was not
generally found to be associated with single crystals
until reaching relatively large sizes (as illustrated by
representative examples shown in Figure 2d�f). Most
strikingly, we found no examples in which Pd particles

smaller than ∼3 nm exhibited crystallographic data
amenable to the assignment of a single lattice,
although this does not rule out their existence. None-
theless, the trends observed via electron microscopy
and the absence of crystalline Pd particles below 3 nm
in a multitude of images surveyed indicate that they
must be rare. Interestingly, the observation of signifi-
cant twinning within these structures agrees with
results from our previous work46 even though the
synthesis methods differ.

Structural properties similar to Pd were observed
for the Rh nanocrystals (1.5 ( 0.5 nm, S.I. Figure 1).
Smaller Rh crystals (<2.6 nm) were not found to adopt
geometries with an organized packing structure. They
appeared as collapsed clusters of atoms showing no
evidence of the spatial frequencies expected for an fcc
crystal (Figure 2g,h). Particles exceeding this apparent
threshold limit began to display evidence of crystal-
linity, as revealed in the FFT data. Multigrained nano-
particles were often found in which multiple crystal
domains could be observed. It is clear that, for both the
2 and 3M clusters, there exist size-dependent variances
in metal atom bonding that affect the final level of
disorder.

Lattice constants calculated for the 2M samples, as
determined by microscopy, are listed in Table 1 for the
Ag, Pd and Rh nanoclusters. A comparison with litera-
ture values (Table 1) reveals a trend toward dilation of
the lattice constants for these three samples with
respect to their values in bulk. The fact that tensile
(noncompressive) strains are present is very surprising,
and contrasts with the common notion of surface
atom relaxation in the atomic structures of metal
nanoparticles.29,30 In this regard the 2 and 3M series
of metals are very different. For the case of Au, Pt, and
Ir, the atomically resolved micrographs show bonding
comparable to the bulk. Both the Pt and Au nano-
crystals, as might be expected, seem to show slight
relaxations of their lattice parameters based on the
microscopy.

Unfortunately, electron microscopy only provides a
localized description of the features observed for the
overall specimen. To verify that the trends observed

TABLE 1. Comparison of LatticeParametersDeterminedbyCs-STEMandHigh-Energy XRDTabulatedwith LiteratureValues

lattice constants

element microscopy �experimental value (Å) X-ray diffraction � experimental value (Å) literature value (Å)

Ag 4.16 ( 0.05a 4.12 ( 0.06 4.09
Au 4.05 ( 0.12 4.05 ( 0.02 4.08
Pt 3.90 ( 0.09 3.92 ( 0.05 3.92
Pd 4.00 ( 0.15 3.95 ( 0.04 3.89
Ir 3.84 ( 0.09 3.84 ( 0.13 3.84
Rh 3.90 ( 0.19 3.89 ( 0.16b 3.80

a The apparent disorder exhibited by the majority of Ag particles limited the amount of sampling for analysis by microscopy. b The Rh XRD data only presented two discernible
Bragg peaks with which to calculate the lattice constant (the (200) and the (333)) peaks.
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are not caused by selective sampling, a bulk analytical
technique was used to provide independent analysis
and support the structural interpretations reached
above. Data from high-energy XRD measurements
were collected to provide a comprehensive structural
assessment of the samples. Lattice parameters were
determined from the Bragg peak reflections in the
diffraction profiles and are presented in Table 1. A
comparison of the lattice constants from the XRD
measurements with those obtained from Cs-STEM
shows close agreement. Significantly, the trend in
which small 2M clusters exhibit a dilation of their lattice
parameters compared to those bulk materials was
reaffirmed. On the basis of the XRD data, the Ag, Pd,
and Rh nanoparticles all have average lattice constants
showing slight tensile strains in agreement with the
values deduced via microscopy. Similar findings have
been reported in other studies of Ag,47 Pd,48�51 and

Rh51 nanoparticles. These studies attributed the ob-
served strains to changes in structure that result
variously because of the surrounding medium,47 the
presence of low-coordination number surface atoms,51

and the disorder of surface atoms.48 The Cs-STEM data
support a comprehensive structural feature embracing
such attributes, but with a more complex underpin-
ning. More specifically, the inability to terminate
the 2M nanocrystal surfaces with well-defined facets
may induce a tensile strain in the core atoms as they
attempt to accommodate the disorder present at the
surface.48

At this point it is important to definewhat structural
features are encompassed by the term “disorder” in the
context of this study. Although it was mentioned that
some of the particles undergo twinning (e.g., Au, Ir, Rh,
etc.) this does not preclude the possibility of forming
definable planes (S.I. Figure 2 and 3). In the same

Figure 2. Representative Cs-STEM micrographs of the 2M nanocrystals, Ag (a�c), Pd (d�f), Rh (g�i). Facets and crystal
orientation are annotated only in instances where the nanocrystal and inset FFT indicated a faceting structure.
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respect, a particle may exhibit crystallinity at the core
even if the periodic nature of the atom packing does
not extend to its surface. By “disordered” nanoparticles
we refer to an organization of the atoms such that an
extended, periodic packing structure is not present in
the cluster. These are, in effect, amorphous states that
embed large strains. The power spectra of such dis-
ordered clusters will not exhibit the spatial frequencies
expected for an ordered habit and yield an amorphous
pattern due to the disorder present. Nevertheless,
interpretation of such “disorder” should be undertaken
cautiously since even crystalline clusters along non-
zone axes may exhibit projections that satisfy the
above criterion.

To better understand if themicroscopy results were
truly indicating disorder we examined a large number
of clusters for each sample. If no preferred orientation
exists, all the samples should present equivalent rates
of crystalline/disordered structures. Figure 3 presents
the frequency of exposed surfaces (e.g., the (111),
(200), etc.) occurring for each sample as well as the

abundance of disordered particles (lacking any obser-
vable lattice structure) quantified and binned with
respect to size (e.g., 0�1, 1�2, 2�3 nm, etc.). One notes
that the occurrence of definable planes is strongly
related to particle size for the 3M specimens. Below
particle sizes of∼1 nm therewere no clusters for which
such assignments could be made. In the 1�2 nm
regime, however, the onset of crystallinity is noted by
the emergence of well-defined truncating planes. With
increasing size of the 3M nanocrystals, the presence of
the {111}, {100}, {110}, and {311} family of planes
becomes more numerous and ultimately dominates
the observed crystal geometries. The behaviors for the
2M structures are more complex and show an ex-
tended range in which disordered morphologies pre-
vail. The Ag nanoclusters showed no size-dependent
crystallinity as noted by the abundant distribution of
disordered particles throughout the binned data. The
Pd and Rh clusters exhibited a more conventional
behavior with disordered structures becoming less
common for larger particles. The onset of ordering in

Figure 3. Binned histograms defining the size-dependent nature of crystallinity for the 3M (Au, Pt, Ir) and 2M (Ag, Pd, Rh)
metals. The red bars represent “disordered” clusters such that atomically resolved images showed no extended structure
across the particle. The hatched bars tally the frequency of crystal planes defined by FFT. Note: The frequencies of the binned
data do not reflect the size distributions of the samples.

A
RTIC

LE



SANCHEZ ET AL . VOL. 7 ’ NO. 2 ’ 1542–1557 ’ 2013

www.acsnano.org

1548

the 2M samples appears to occur most prominently in
the size range between 2 and 4 nm. Even so, disor-
dered particle habits persist to very large sizes (e.g., Rh
(4�5 nm), Pd (6�7 nm), and Ag (7�8 nm)), values
much larger than is seen for their 3M counterparts (e.g.,
Ir (3�4 nm), Pt (2�3 nm), and Au (2�3 nm)).

Atomic PDF Analysis of Single-Element Nanocrystals. To
ensure that the nature of the observed structural
features in the 2 and 3M series can be interpreted in
terms of crystallinity, we employed a total X-ray scat-
tering based PDF technique.52�54 Since the PDF in-
cludes both Bragg peaks and the diffuse components
of the diffraction pattern, its Fourier transform reflects
both the local and average atomic structure. It is
particularly sensitive to the atomic short-ranged order-
ing since the scattered intensities are weighted by the
magnitude of their wave vectors. This makes the PDF
method suitable for characterizing materials in cases
where deviations from the average structure are pre-
sent, such as aperiodic distortions in bulk crystal
structures, nanoporous materials, and, most impor-
tantly here, finite-size, nanomaterial systems.52,53

Figures 4�6 show the atomic PDF results for the six
monometallic samples examined in our study. Com-
paring the PDFs of the 2 and 3M nanoparticles it is
immediately evident that there exists a difference
in the long-range order of the atom pair distances.
Figure 4 directly compares the measured PDFs for the
specific case of Au and Ag. The Au PDF displays multi-
ple peaks at specific atom-pair distances extending
beyond 20 Å, a value consistent with the mean particle
size of the Au clusters (2.2 nm). Conversely, the PDF for
Ag (dashed black line) lacks any features with signifi-
cant intensity denoting recurrent atom pair distances
being present in the sample. This observation is some-
what surprising considering the average particle size of
the Ag specimen (3.4 nm) would lead one to expect
more bulk-like structural features in clusters of this
size (i.e., long-ranged order, well-defined, intense pair-
distance peaks, etc.). The lack of well-defined atom-
pair contributions for the Ag samples precluded PDF
modeling. The Au PDF data, however, allowed full
modeling, as shown by the red curve overlying the
experimental data (solid black line) in Figure 4. The
structural model used in this fit was that of bulk Au,
conforming to Fm3m space group constraints. Assum-
ing a spherical particle, a spherical shape-function
envelope was used to account for the effects of the

Figure 4. Atomic PDFs comparing Au (solid black line) and
Ag (dotted line), with the Ag profile vertically displaced
by þ0.5 Å�2 for clarity. The red curve is the fit modeling
the experimental PDF data to a spherically shaped fcc
Au crystal. The difference profile (green curve) between
the experimental data and fit is vertically displaced by
�0.25 Å�2.

Figure 5. Atomic PDFs comparing Pt (solid black line) and
Pd (dotted line), with the Pd profile vertically displaced by
þ0.5 Å�2 for clarity. The red curve is the fit modeling the
experimental PDF data to a spherically shaped fcc Pt crystal.
The difference profile (green curve) between the experi-
mental data and fit is vertically displaced by �0.25 Å�2.

Figure 6. (a) Atomic PDFs comparing Ir (solid black line) and Rh (dotted line), with the Ir profile vertically displaced by
þ0.5 Å�2 for clarity. (b) Un-normalized raw XRD data showing the presence of Bragg reflections in the Ir data and
correspondingly absent in the Rh data.
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nanoparticle's finite dimensions on the PDF profile. The
model structure indicated an fcc Au particle measuring
2.8 ( 0.1 nm in diameter, a value consistent with the
microscopy data for this sample (2.3 ( 1.7 nm, S.I.
Figure 1). The lattice parameter deduced from the fit
was 4.06( 0.01 Å, also in excellent agreement with the
microscopy and XRD findings (Table 1).

The data in Figure 5 compare the PDFs collected for
the Pt and Pd samples. The Pt crystals produced multi-
ple peaks at specific atom-pair distances extending to
∼14 Å. The resolvable peak intensities for the Pt data
(solid black line) allowedmodeling of the PDF (solid red
line). Similar to the case of the Au nanocrystals, a best
fit was obtained for the Pt nanocrystals by refining a
structure based on that of bulk Pt. A spherically shaped
particle morphology was again assumed, and a sphe-
rical shape-function envelope used while considering
the constraints imposed by the Fm3m space group
symmetry. The particle diameter of 1.8 ( 0.1 nm
calculated from the model closely matches the results
obtained by microscopy (1.5 ( 0.6 nm). The lattice
parameter obtained was 3.93 ( 0.01 Å, again in close
agreement with the data in Table 1. The PDF of the Pd
nanocrystals extends to 1.6 nm and shows lower
intensity peaks (dashed black line) and less coherence
with increasing r. As with the Ag data, the weaker Pd
signal precludes analysis beyond assignments provid-
ing qualitative agreement with the trends observed by
microscopy. It is also worth mentioning that past
studies assessing the atomic structure of Pd nano-
particles using atomic PDFs also show that significant
levels of disorder are present in clusters of this size.55

The Ir and Rh data produced more complex PDF
patterns than were observed for any of the other
samples (Figure 6a). Although not obvious in the PDFs,
the raw XRD data (Figure 6b) unambiguously shows

that the Ir nanocrystals yield more intense Bragg reflec-
tions than is seen for the Rh clusters. Even so, the data in
each case precluded analysis by fitting the PDF func-
tion. On the basis of the microscopy data alone, we
conclude that Ir nanoclusters are the least crystalline of
the 3M metals (notably because of the significance of
twinning), yet have a more coherent atomic bonding
structure than its similarly sized 2M analogue.

Kinetic Analysis of the Nanocrystal Synthesis. We next
considered the importance of metastable states that
result from themethods of synthesis used. To do so we
synthesized samples using twodifferentmethods, with
one proceeding at elevated temperatures. The only
similarities between the methods used were the me-
tals investigated and the use of PVP as the capping
agent. Our first procedure is based on the protocol of
Tsunoyama et al.56 and uses rapid reduction to pro-
duce nanomaterials with reasonably well controlled
dimensions at 273 K (see Experimental Methods, Pre-
paration of Nanocrystals). The second method used a
softer reduction, where an ethylene glycol solution
containing a metal salt and PVP was heated to over
415 K (S.I. Experimental Details). This should result in
more thermodynamically controlled structures since
the reduction proceeds more slowly and the higher
temperatures allow the clusters to sample a larger
structural phase space.57 Despite these differences,
no significant impacts on the structural trends were
observed for the samples investigated (monometallic
samples only, S.I. Figures 4 and 5). The results con-
firmed the structural behavior of Pt and Pddescribed in
a previous study using Cs-STEM and XRD.46

Chemical and Crystallographic Analysis of Binary Nanocryst-
als. We conducted a simultaneous reduction of neigh-
boring metal atoms (Au�Ag, Pt�Pd, and Ir�Rh) to
form intracolumn, bimetallic particles. Figure 7a shows

Figure 7. Cs-STEM micrographs of the bimetallic (a) Au�Ag and (b) Pt�Pd nanocrystals showing the organized atomic
structure of the 2Mmetals (Ag and Pd) in the presence of their 3M counterparts (Au and Pt). Lower magnification images are
inset in the lower right and a schematic illustration is inset on the top right. The dashed lines in the insets illustrate the extent
to which the 2M metal atoms grow from the high-Z scattering 3M cluster.
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that the combination of Au and Ag forms a phase-
segregated structure. Energy dispersive X-ray spectros-
copy (EDX) measurements indicated the presence
of both Au and Ag in the individual nanoparticles
(S.I. Figure 6a). In addition, the Z-contrast (achieved
as a function of Rutherford scattering58) allows discri-
mination of the Au and Ag enriched regions. The high
intensity regions of the micrograph are due to a
predominance of Au (ZAu = 79) atoms while the less
intense regions are due principally to Ag (ZAg = 47)
atoms. Similar qualitative analytical schemes have
been observed and applied in other systems.46,59,60

The bimetallic Pt�Pd nanocrystals (Figure 7b) show
similar intensity patterns in the micrograph, where the
high scattering element (Pt) was concentrated at the
core and surrounded by lower scattering Pd atoms.
EDX measurements further confirmed the presence of
both species (S.I. Figure 6b).

Although these phase-segregated structures were
frequently observed in the Au�Ag system, alloyed
clusters were also found to be present (S.I. Figure 7).
Interestingly, FFT analysis of the sample indicated two
sets of lattice values despite the apparent coherency in
the packing of the atoms. Evaluation of data from the
high contrast region containing the Au core yielded a
lattice parameter of 4.07 ( 0.05 Å, consistent with the
quantities obtained for the monometallic Au nano-
crystals (Table 1). The power spectra acquired in the
low contrast regions yielded an average value of 4.14(
0.01 Å, closely matching the expanded lattice value
determined bymicroscopy for monometallic Ag. Using
the same FFT analysis on the homogeneously mixed
Au�Ag alloys (S.I. Figure 7) amean lattice parameter of
4.05 ( 0.03 Å was found. This latter measurement
further supports the assertion that the Ag atoms adopt
the bonding habits of Au atoms when the metals are
combined.

The bimetallic Pt�Pd crystals formed a series of
phase-segregated structures analogous to those ob-
served for the Au�Ag specimens (Figure 7b and S.I.
Figure 8). The Pd atoms are arranged periodically

radiating away from the nucleating Pt center to dis-
tances that can exceed 8 nm (inset of Figure 7b). The
lattice constants, as determined from the micrograph,
were ∼3.92 ( 0.04 Å and an abnormally high 4.09 (
0.05 Å, corresponding to the high-Z and low-Z regions
of the micrograph, respectively. The lattice value for
the high-Z region was in line with expectations for Pt
(Table 1). For the surrounding Pd atoms, however, the
calculated lattice parameter far exceeded literature
values for bulk Pd as well as the experimental values
obtained here for the monometallic Pd nanoclusters
(Table 1).

Contrary to the phase-segregated structures ob-
served for Pt�Pd and Au�Ag, the Ir�Rh specimens
exhibited only homogeneouslymixed nanocrystals (S.I.
Figure 9). EDX measurements confirmed the presence
of both Ir and Rh within individual nanoparticles indis-
criminate of cluster size. Examination of multiple
images demonstrated that the qualitative features of
monometallic Ir nanocrystals are prominent despite
the presence of Rh atoms. Most notably, the tendency
of the bimetallic nanocrystals to form a defined crystal
structure at sizes below 2 nm is observed (S.I. Figure 9),
with twinning emerging as the particle sizes increased.
FFT analysis of the Ir�Rh crystals revealed a lattice
parameter of 3.84 ( 0.12 Å. Despite the high uncer-
tainty associated with the approximation, it does agree
favorably with the lattice constant of themonometallic
Ir nanocrystals (Table 1). Although the Ir�Rh system
does not generate the same phase-segregated nanos-
tructures as the Pt�Pd or Ag�Au systems, the data do
re-emphasize that the presence of 3M atoms strongly
affects the bonding structure exhibited by the binary
composition nanocrystal.

Atomic PDF Analysis of Binary Nanocrystals. Detailed PDF
modeling was carried out to shed further light on
the nature of atomic bonding present in select binary
compositions. Figure 8a shows the comparison in PDF
profiles between the monometallic Au and the Au�Ag
data (vertically shifted byþ3 Å�2). The arrows indicate
the emergence of resolvable peaks in the bimetallic

Figure 8. (a) Comparison of the atomic PDFs for the bimetallic Au�Ag (vertically displaced byþ3 Å�2) and themonometallic
Au samples. Arrows in the bimetallic PDF highlight the emergence of new atom-pair contributions to the Au�Ag profile.
(b) The experimental PDF data for the Au�Ag nanocrystals (in black) is modeled (in red) with a difference profile also shown
(in green, vertically displaced by �1.5 Å�2).
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sample. This indicates the attendant contributions
from separate atom-pair distances not found in the
elementally pure Au system, which in this case can be
ascribed to the presence of Au�Ag atom pairs.

Atomic PDF modeling is essential to elucidate the
role of Ag in the Au�Ag PDF profile. Although the
structure in Figure 7a suggests a phase-segregated
nanoparticle habit, alloy structures were also observed,
necessitating consideration of both motifs during the
PDF analysis. Of the two structures, PDF modeling
indicated a slight preference for the formation of a
biphasic system. From a more qualitative standpoint,
the data indicate that the amorphous-like packing
observed for themonometallic Ag is no longer present.
Instead, the analysis revealed a well-ordered material
analyzable using a two-phase refinement, where the
model considers the crystal structure and relative scale
while assuming a 1:1 ratio of eachmetal. The resultant fit
with a two-phase model system is shown in Figure 8b
accompanied by the difference profile.

The modeling results afforded measurements of
the lattice parameters for both metallic species. For
the Au phase a lattice constant of 4.04 ( 0.02 Å was
found, whereas the Ag phase is characterized by a
lattice spacing of 4.09 ( 0.02 Å. These values agree
favorably with those of bulk Ag and Au (Table 1, 4.09
and 4.08 Å, respectively). The experimental results for
the Au phase in this case suggest a compressive strain
is present. The fit results indicated a mean particle
diameter for the clusters of 5.3 ( 0.2 nm. This value is
surprising since microscopy suggests an average di-
ameter of 12.6( 4.8 nm if the low-Z element is included.
Interestingly, if only the diameter of the high-Z com-
ponent is considered, the mean particle diameter
shrinks to 5.6 ( 1.4 nm and more closely matches
the value deduced in the PDF modeling.

Comparison between the monometallic Pt and the
bimetallic Pt�Pd specimens revealed multiple pair
distances unassignable to bulk, fcc Pt, indicated by
the arrows in Figure 9a. As with the Au�Ag system,
these aberrant peaks are assigned to bimetallic, Pt�Pd,

bonding. As in the earlier case, using a two-phase
system for the PDF modeling (Figure 9b) produced
a quality fit. Lattice constants calculated from the fit
were 3.93( 0.02 Å and 3.95( 0.02 Å for the Pt and Pd
components, respectively. Table 1 shows that the Pt fit
value closely matches the bulk Pt lattice parameter.
Conversely, the Pd data show a 1.5% dilation of the
lattice parameter compared to the literature value of
3.89 Å. This tensile strain was also found in the Pd
microscopy and XRD derived lattice constants (Table 1)
though of varying magnitude. Like Ag in the Au�Ag
samples, Pd now adopts an extended, ordered habit
instead of an amorphous one. PDF fit results indicated
a mean particle diameter of 2.1 ( 0.2 nm. Inclusion of
the low-Z component when measuring the average
size with microscopy gives a size of 20.7 ( 8.2 nm for
the Pt�Pd nanostructures which is nearly an order of
magnitude larger. This value does however closely
approximate that of the high-Z Pt cluster core (3.5 (
1.4 nm, Figure 7b).

The discrepancies in the bimetallic cluster sizes
predicted for both Au�Ag and Pt�Pd when using
Cs-STEM and PDF modeling are unexpected. There
are two likely reasons why discrepancies of this sort
might arise. First, if part of the structure lacks order it
will present a broadened (and for this reason difficult to
distinguish) signal in the PDF analysis, even for large
nanocrystals. Given that the 2M metal shells appear
in the Cs-STEM data to have structures that are very
similar to the 3M cores, this prospective complication
can be safely discounted. The second reason that the
2M metal shell might not contribute to the cluster size
determined by the PDF analysis is if bonding present in
the shell contributes a much smaller fraction of bonds
at a given distance relative to those present in the
3M core. To investigate this possibility we carried out
additional quantitative analyses of the binary crystal
Cs-STEM micrographs.

Structural Analysis of Binary Nanocrystals. The atomic
strains evidenced in the structure of the 2M metal
components for the bimetallic samples of Au�Ag and

Figure 9. (a) Comparisonof the atomic PDFs for the bimetallic Pt�Pd (vertically displacedbyþ3Å�2) and themonometallic Pt
samples. Arrows in the bimetallic PDF highlight the emergence of atom-pair contributions unaccounted for in the
monometallic Pt profile. (b) The experimental PDF data for the Au�Ag nanocrystals (in black) is modeled (in red) with a
difference profile also shown (in green, vertically displace by �1.5 Å�2).
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Pt�Pd warrant further discussion. The atomic PDF
analysis of the Au�Ag system indicated a particle size
of 5.35 ( 0.2 nm. As mentioned above, this value
was only appropriate if the particle dimensions were
defined by the Au component of the nanostructure.
To determine why structures synthesized using a 1:1
ratio of Au to Ag;and presenting such an extended
structure;had such unusual behavior, an atom quan-
tification study was conducted on these samples.

The intensity (I) observed in Cs-STEMmicrographs is
produced from an atomic volume (V) by a number of
atoms (N) projected onto an image. This intensity
scales with atomic number (∼Z1.6) such that,61

NX � VX � Z1:6
X ¼ I

K

where X represents a particular atomic species and K is
a constant of proportionality. If we consider the high-
contrast region to isotropically fill three-dimensionswe
can correlate the diameter to an approximate number
of atoms. This was done by calculating the depen-
dence of the number of atoms with respect to the
diameter (S.I. Figure 10) of the monometallic Au nano-
crystals (Figure 1a�c) as outlined in a previous work.46

In doing so, we are able to correlate an atom count to
an expected particle diameter. With NAu, the volume of
a Au atom (VAu where VX = 4/3πr3 and r = 0.135 nm for
the radius of a Au (or Pt) atom), and the measured I in
place, NAg can be determined by equating

IAu
NAu � VAu � Z1:6

Au

¼ IAg
NAg � VAg � Z1:6

Ag

where the volume of a Ag atom (VAg; where
r= 0.160 nm (0.140 nm) for the Ag (Pd) atom) and atomic
number (Z; where ZAu = 79, ZPt = 78, ZAg = 47, and ZPd =
46) can be obtained using literature values. The value
for IAg can be determined by integrating the intensity
from a region containing the low-Z component as
seen in S.I. Figure 11a. Once calculated, NAg provides
a scaled numerical value representing the same total
volume encompassed by the integrated area. With
proper background subtraction this provides a com-
parative method of determining whether or not the
exhibited intensities are demonstrative of a similar
number of atoms. The comparison can then be ex-
panded so that aspects of structure can be inferred.

For the Au�Ag sample it was consistently found
that the volume of intensity for the high intensity
regions (presumably Au) encompassed a greater num-
ber of atoms than the low intensity regions (presumably
Ag). This may seem intuitive as the stronger scattering
Au atomswould have a greater likelihood of generating
a signal into the dark-field detector. However, this
highlights the significance of scaling the results by
the atomic number (Z1.6) to account for the difference
in scattering power of the two elements.61 We have
thus accounted for differences in the scattering

strength as the source in variation between NAu and
NAg and present our estimates in Table 2 (NPt andNPd in
Table 3). The considerable drop in atom count (going
from NAu to NAg) means that there are less Ag atoms
inhabiting the samevolumeas theAu core.On thebasis
of the data in Table 2 we infer that the Ag atoms must
adopt a low aspect ratio structure, projecting from a
facet of the pre-existing Au nanocrystal (top right inset,
Figure 7a). Incidentally, Figure 7a shows the presence of
a twin boundary on the Au nanocrystal from which the
Ag atom growth propagates. Although amore globular
morphology might be expected for a solution-based
synthesis, it should be noted that both Au and Ag have
been shown to form nanoplates under certain growth
conditions.22 In contrast, analysis of the Pt�Pd nano-
structures (S.I. Figure 11b) shows growth that appears
to be more globular; with the Pd sites nucleating more
heterogeneously on the Pt core cluster.

Analysis of Contributions to Nanoparticle Shape. When
considering the degree of crystallinity exhibited by
nanoparticles, various factors are frequently implicated
for the final structure observed. Some common rea-
sons given for an observed morphology are the reduc-
tion rate, the stacking fault energy of the metal,
the surface energy of the metal, and/or the presence
of adsorbates. In the first case, the reduction will
yield more amorphous/twinned particles or single

TABLE 2. Comparison of the Calculated Number of Ag

Atoms to Those Determined for Au for Measured

Nanoparticle. The Measured Particle Size Was Determined

from the High-Z Component of the Binary Structures

atom quantification for the binary Au�Ag system

measured particle size (nm) no. of Au atoms, NAu calcd no. of Ag atoms, NAg

2.68 1250 394
3.75 2200 1450
3.84 2700 888
4.7 5400 1511
5.2 8300 5245
5.45 8700 2336

TABLE 3. Comparison of the Calculated Number of Pd

Atoms to Those Determined for Pt for Measured

Nanoparticle. The Measured Particle Size Was Determined

from the High-Z Component of the Binary Structures

atom quantification for the binary Pt�Pd system

measured particle size (nm) no. of Pt atoms, NPt calcd no. of Pd atoms, NPd

2.2 680 2696
2.65 700 915
4.3 3000 2015
5.3 4600 3168
5.94 5000 3033
6.55 7000 4102
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crystalline particles depending on the degree of
kinetic control.22,23 The relative importance of kinetic
formation versus thermodynamic stability should be
reflected in how quickly the different metals are
reduced.23 Reduction potentials for the various metal
ion reactants are given in Table 4.45 A ranking of the
reduction potentials that result in a metallic state gives
the relative order: Au > Ag > Ir > Pt > Pd > Rh. From this
it can be seen that the 3M metal atoms tend to have a
higher reduction potential and are therefore expected
to nucleate more quickly than the 2M metal atoms.
Consequently, it would be expected that they would
also be the structures most impacted by kinetics and
form an array of structures. As the data above show,
this is not the case.

A second possible cause for the observed trends is
the stacking fault energies of the metals. Pt has a high
stacking fault energy (322 mJ/m2) and is 280 mJ/m2

higher than that of Au (42 mJ/m2);62 meaning that a
higher energetic cost would be required to induce a
dislocation/deformation process in a Pt crystal. This
can explain why Au is seen to produce symmetrically
twinned structures in particles as large as ∼6 nm
(S.I. Figure 2). Somewhat oddly, the stacking fault energy
of Ir (480 mJ/m2)62 is significantly higher than that of
Pt, making it more energetically costly to introduce
structural imperfections into the Ir lattice despite our
observation that twinning becomes more common at
larger sizes. Similarly, the qualitative features seen for
the Ag clusters can be explained by the relatively low
stacking fault energy of Ag (20mJ/m2, lowest among all
the metals examined here) when compared to Rh (750
mJ/m2) and Pd (180 mJ/m2).62 Not only does the stack-
ing fault energy of Rh exceed that of Pd, but it also does
so for all of the other metals investigated (S.I. Figure 13).
Yet Figure 2 shows that the 580mJdifference in stacking
fault energy (between Rh and Pd) does not lead to
markedly dissimilar nanostructures. While stacking fault
energies might underpin some of our observations,
there clearly remain other factors that can contribute
to the degree of disorder present within a nanocluster.

That leads us to consider the role that surface
energies may play in dictating the final structure. Both
experimental34,63 and theoretical34 evidence confirm
that the intracolumn surface energies (where surface
energy is defined as the energy required to create a
surface)22 of the 2M metals are lower than those of
their intracolumn 3M counterparts (S.I. Figure 14). For
example, the experimentally determined surface en-
ergy for the (111) surface of Au is 1.506 J/m2, a value
greater than that of the 1.246 J/m2 found for (111) Ag.63

Related differences in physical properties have also
been documented in comparisons made between
Pt and Pd (2.489 and 2.003 J/m2, respectively)63 and
between Ir and Rh (3.048 and 2.659 J/m2, respectively).63

Theoretical studies have further extended these trends
to the (100) and (110) surfaces where it has been
convincingly established that the 3M specimens con-
sistently have higher surface energies than their 2M
counterparts.34 It is interesting to note that the metal
with the highest surface energies (Ir, e.g., 3.048 J/m2 for
the (111) plane) readily overcomes the energetic bar-
rier to the formation of facets, whereas the metal with
the lowest surface energies (Ag, e.g., 1.246 J/m2 for
the (111) plane) does not. Although the properties of
nanomaterials will undoubtedly differ from those in a
bulk state, we think it reasonable to presume that the
surface energy trends will maintain their relative order
even in the nanoregime. This is an important point as,
to some degree, it mitigates the argument that the
difference in lattice structure between the 2 and 3M
nanoparticles is entirely driven by surface energetics. If
this is the case, surface energetics alone cannot entirely
explain the variances in crystallinity observed.

Lastly, in view of the noted effects of heteroepitaxy,
the role of adsorbed species on the structures ob-
served herein must also be taken into consideration.18

For instance, it has been shown that the chemisorption
of O2 can result in the expansion of the lattice param-
eter for Ag.64 The introduction of an adsorbed spe-
cies would likely reduce the surface energy required
to distort/expand the relative atom pair distances.64

Adsorbed species could be used to explain the disorder
exhibited by some of the nanocrystals except that, in
the presence of a secondary metal, such disorder was
absent in several cases. As can be strongly inferred
from the data in Figure 7a and b, adsorbed species
cannot be responsible for the morphology of the
particles formed.

What then is the origin of themesoscopic structural
dichotomy between the 2 and 3M particles? We be-
lieve that the differences seen in the metal-atom
bonding reflect impacts on electronic structure due
to relativistic effects. Briefly recounted, the inner elec-
trons of heavy elements experience a large nuclear
charge such that they must reach levels approaching
the speed of light to sustain a balance with the
embedded, electrostatic potential. The acceleration

TABLE 4. Reduction Potentials for Ions from the Metal

Salts Used in This Studya

reaction reduction potential (eV)

BH4
� þ 8OH� T H2BO3

� þ 5H2O þ 8e 1.24
AuCl4

� þ 3e T Au þ 4Cl� 1.002
Agþ þ e T Ag 0.7996
IrCl6

2‑ þ e T IrCl6
3‑ 0.8665

IrCl6
3‑ þ 3e T Ir þ 4Cl� 0.77

PtCl6
2‑ þ 2e T PtCl4

2‑ þ 2Cl� 0.68
PtCl4

2‑ þ 2e T Pt þ 2Cl� 0.755
PdCl4

2‑ þ 2e T Pd þ 4Cl� 0.591
RhCl6

3‑ þ 3e T Rh þ 6Cl�b 0.431

a All data were obtained from: Lide, D. R. CRC Handbook of Chemistry and Physics,
87th ed.; CRC Press: Boca Raton, FL, 2006. b RhCl3 has multiple hydrated forms when
in aqueous solution. The form given is one of the most common.
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results in an increase in the electron's relativistic mass
and contraction of the 1s orbital.65 These effects
propagate such that they lead to a contraction of the
6s orbital, an expansion of the 5d orbitals and, conse-
quently, impacting the use of the 5d electrons for the
purposes of bonding.65 This difference in bonding
nature does not necessarily reflect a difference in bond
strength; rather, it serves to rationalize the tendency
for the 3M metal atoms to undergo directional bond-
ing. This would then establish a correlation with the
barrier heights associatedwithmetal atomplacements
occurring at locally high symmetry (i.e., directional)
or more disordered sites. The correlations suggested
here have in fact been used by others to account
for the ground-state energetics of both nano- and
surface-structural features. Regarding the former
cases, experimental4,66 observations and theoretical
calculations67 invoking relativistic effects explain why
atomic chains of the 3M metals can be formed while
ones comprising metals of the 2M series cannot.
Relativistic effects have also been used to explain the
complex dynamics evidenced in surface reconstruc-
tions. Most notable in this regard are the now well
established motifs seen in the reconstruction of the
(110) and (111) facets of 3M metal crystals;structural
behaviors not evidenced in crystals of the 2M
metals.65,68

When taken together, the current results suggest
that the presence of a 3M metal atom can be used to
impart its patterns of bonding to other metal atoms.
This strongly implicates that the critical barriers for
growth in ordered habits are strongly tied to the
electronic structure, and, hence, the surface and twin-
ning energies of the 3M atoms present. Referring back
to Figure 2a�c as an exemplary case, we note the
disordered structural behaviors seen in monometallic
Ag nanoclusters (where both atomic PDF measure-
ments and microscopy results both confirmed the lack
of a defined crystal structure for these clusters). Intro-
ducing Au into the reaction induced (locally) ordered
Ag�Ag bonding that propagates more than 5 nm
beyond the critical nucleus (inset of Figure 7a). A
similar pattern of order being imparted onto a growing
2M metal cluster by a 3M metal is also seen in the
Pt�Pd bimetallic sample (Figure 7b). Although the
bimetallic samples possess sizes larger than the range
of monometallic samples investigated, the epitaxial
growth exhibited here has also been observed for both
bulk-like Pt�Pd structures in work by Habas et al.1 and

in 2�4 nm Pt�Pd nanoparticles by Sanchez, et al.46

Indeed, the latter work also revealed instances of
nonuniform growth dependent upon the nucleation
center. In light of the present work, we can posit that
the structures seen in those works were driven by the
higher surface and stacking fault energies of Pt even in
the case where the shell layer was Pt. At the small sizes
that we have examined, this templating appears to be
true irrespective of whether the system is formed via

thermodynamic or kinetic control.

CONCLUSIONS

This study presents information regarding the dy-
namics of metal atom bond formation in nanoscale
materials growth. We note trends that distinguish the
nanostructures formed by second and third row, fcc,
transition metal series. Complex physicochemical ef-
fects underpin the formation of the distinct bonding
motifs seen. The present data strongly suggest that
the 3M metals function far more effectively in impart-
ing ordered bonding characteristics than their 2M
counterparts through relativistic effects that manifest
themselves as surface and stacking fault energies.
Specifically, the intrinsic electronic nature of Au, Pt,
and Ir atoms promotes a more uniform bonding net-
work that is sustained by additional growth species
even if their natural state is more disordered. What
remains unclear, at present, is the size of the critical
nucleus that might be involved in this regard: the
number of metal atoms that need be present in a
cluster and how the complex solution phase environ-
ment comprising the growth media might serve to
perturb/stabilize these structures. It remains an inter-
esting and particular challenge to develop experi-
mental means to explore the structural dynamics of
metal atom clusters of this size at atomic resolution
in the complex (and evolving) chemical environments
as are found in the nucleation processes mediating
growth.
Finally we note that the results reported here have

important implications beyond crystal growth. Most
notably, the complex nature of the bond strains seen in
metal clusters of varied form (and significant devia-
tions from bulk bonding habits) might lead to corre-
lated impacts on the energetics of reactions carried out
using materials of this form as catalysts. Such features
remain very poorly understood within the current
literature and form, we believe, an important forward
going opportunity for future progress in research.

EXPERIMENTAL METHODS

Preparation of Nanocrystals. HAuCl4 (FW = 339.79 g/mol), RhCl3
(FW = 209.26 g/mol), and H2PtCl6 3 6H2O (FW = 517.92 g/mol)

were purchased from Strem Chemicals. The H2IrCl6 3 6H2O

(FW = 406.93 g/mol), AgNO3 (FW = 169.8 g/mol), Na2PdCl4

(FW = 294.19 g/mol) precursors, polyvinylpyrrolidone (PVP;
FW = 40000 g/mol) and reagent grade NaBH4 (FW = 37.83 g/mol)
were purchased from Sigma-Aldrich.

The protocol used to produce the nanocrystals was adapted
from the work of Tsunoyama et al.56 To summarize, a typical
reaction began by chilling a 0.3mM solution of PVP in deionized
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water (∼50 mL) to 0 �C using an ice bath. To this solution was
added 0.05 mmol of the desired metal precursor. The subse-
quent solution was purged with N2 (g) for 30 min under
vigorous magnetic stirring. A separate 5 mL solution of 0.1M
NaBH4 (aq) was prepared and rapidly added to the existing PVP/
H2O/metal precursor solution. The system was then allowed to
react for 1 hwhile beingmaintained at 0 �CwithN2 (g) bubbling.
Following synthesis, the solvent was evaporated, the samples
dried, and then resuspended in ethanol and stored at ambient
conditions.

In the case of the bimetallic samples the synthetic approach
was unchanged with the exception that the two separate
metals were simultaneously introduced into the reaction vessel.
In place of the 0.05 mmol addition of one metal precursor, two
0.025 mmol equivalents of each of the different metal precur-
sors were added to the chilled 0.3 mM PVP/H2O solution.

Electron Microscopy. Cs-STEM samples were prepared by the
dropwise addition of the prepared nanoparticle suspensions
onto ultrathin holey carbon films supported on Cu-framed grids
(Ted Pella, Inc.). Cs-STEM imageswere collected on a JEOLmodel
2200FS electron microscope operated at 200 keV capable of
sub-angstrom resolution.69 To prevent localized buildup of
carbonaceous species (also known as “contamination”) the
beam was defocused by lowering the sample height as far as
possible and the sample was irradiated at lowmagnification for
∼30 min before acquiring images for each sample. The inner-
cutoff angle of the annular dark-field detector at a 60 cm camera
length was 100mrad, to ensure that no diffracted beams would
interfere with the measured images. A 20 or 30 μm aperture
was generally used during image acquisition to minimize the
damage due to excessive radiation exposure. These aperture
sizes limited the beam current to 13 and 30 pA, respectively.
Additionally, the fast Fourier transform (FFT) of low magnifica-
tion (∼1.0 � 106 times magnification, S.I. Figure 12a) images
were compared to the FFT of high magnification (15.0 � 106

times magnification, S.I. Figure 12b) images prior to image
capture as a precautionary step to prevent the possibility of
confusing beam-induced restructuring with the as-prepared
structure of the nanocrystals. The microscope was also supplied
with an Oxford INCA ATW detector (40 mm2) for chemically
sensitive energy dispersive X-ray spectroscopy measurements.

High-resolution STEM image evaluation, FFT, or power
spectrum analysis, approximation of lattice parameters, and
size distribution histograms were done using DigitalMicrograph
(Gatan Inc.) software. Zone axis assignments were determined
by measuring the ratio of the different spatial frequencies
attendant within a FFT of a micrograph and comparing them
to the diffraction patterns of an fcc crystal. After establishing
crystal orientation the spatial frequencies were subsequently
used to index and annotate the crystal planes on the corre-
sponding micrograph. Mean lattice parameters were calculated
by using the average distances measured from the central peak
to a particular spatial frequency and evaluated with respect
to the indexed crystal planes. Particles sizes were determined
by measuring the diameter cross-section of many individual
nanoparticles.

5.2.3. High-Energy X-ray Data Collection. For the monometallic
samples, X-ray total scattering measurements were carried out
at beamline 11-IDC at the Advanced Photon Source (APS),
Argonne National Laboratory (ANL), with high energy X-rays
(E0 = 114.82 keV, λ = 0.108 Å) using the rapid acquisition
mode.70 The setup utilized a 2-D image plate detector (Perkin-
Elmer) positioned perpendicular to the beam path 297.14 mm
away from the mounted samples. Ethanol suspensions of the
nanocrystals were sealed in cylindrical kapton capillary tubes
(Cole-Palmer) 1 mm in diameter. The data were collected at
300 K. The exposure time was set for 250 s for each sample.

The bimetallic samples were collected at beamline X-7B at
the National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (BNL), with high-energy X-ray (E0 = 38.94
keV, λ = 0.3184 Å), utilizing a 2-D image plate detector (Perkin-
Elmer). The detector was placed orthogonal to the beampath at
distance 116.18 mm away from the mounted samples. These
ethanol-suspended samples were loaded in kapton cylindrical
tubes measuring 1 mm in diameter. Owing to the lower flux of

the X-ray radiation at beamline X-7B, exposure time was set for
900 s to improve the statistics of the collected data.

In both sets of experiments blank tubes (kapton) and tubes
containing ethanol were simultaneously submitted for mea-
surement for purposes of background removal.

X-ray Diffraction Analysis. For XRD analysis, the normalized,
integrated data were examined without being sine Fourier
transformed. Peak positions were identified using the radiation
energy (λ = 0.108 Å), Bragg's law,

λ ¼ 2d sinθ

and the inverse relationship in an fcc solid between the lattice
constant, a, and interplanar distances, d

d ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

where h, k, and l are the Miller indices of the corresponding
Bragg planes. The h, k, and l values were determined by assign-
ment of the spatial frequencies in the acquired power spectra.

Atomic Pair Distribution Function Analysis. The raw 2D data were
integrated and converted to intensity versus 2θ using the soft-
ware Fit2D,71 with 2θ as the angle of diffraction. The integrated
data were corrected for experimental artifacts, normalized,
and sine Fourier transformed to the PDF,G(r), based on standard
methods54 using the program PDFgetX2.72 Modeling was
performed using the PDFgui program.73 The upper limit in the
Fourier transform, QMAX = 20.0 Å�1, was optimized to avoid
large termination effects and to reasonably minimize the
introduction of noise. This was critical since the signal-to-noise
ratio decreases with increasing Q.
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