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Bioinspired approaches for the formation of metallic nanomaterials have been extensively employed for a diverse range of applications including

diagnostics and catalysis. These materials can often be used under sustainable conditions; however, it is challenging to control the material size,

morphology, and composition simultaneously. Here we have employed the R5 peptide, which forms a 3D scaffold to direct the size and linear shape of

bimetallic PdAu nanomaterials for catalysis. The materials were prepared at varying Pd:Au ratios to probe optimal compositions to achieve maximal

catalytic efficiency. These materials were extensively characterized at the atomic level using transmission electron microscopy, extended X-ray absorption

fine structure spectroscopy, and atomic pair distribution function analysis derived from high-energy X-ray diffraction patterns to provide highly resolved

structural information. The results confirmed PdAu alloy formation, but also demonstrated that significant surface structural disorder was present.

The catalytic activity of the materials was studied for olefin hydrogenation, which demonstrated enhanced reactivity from the bimetallic structures.

These results present a pathway to the bioinspired production of multimetallic materials with enhanced properties, which can be assessed via a suite of

characterization methods to fully ascertain structure/function relationships.
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etallic nanomaterials have great

potential to advance catalytic

applications, where the next grand
challenge arises from the ability to control
their composition and surface structure at
the atomic level. Research has shown that
the catalytic activity of nanomaterials is
directly dependent upon the particle size,
composition, shape, and arrangement of
atoms at the nanoparticle surface.'* To
optimize their catalytic activity, enhanced
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structural control at the atomic level is
necessary, thus requiring new synthetic
methods. One avenue toward addressing
these structural effects is through the fabri-
cation of bimetallic catalysts that possess
enhanced reactivity as compared to their
monometallic counterparts from two different
effects: changes in the material electronic
structure and/or the geometric arrange-
ment of the two metal components to gen-
erate active sites. In the former, alteration of
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the electronic properties of the catalytically active
metal is achieved that leads to enhanced reactivity.
For example, the inclusion of small amounts of Au to
catalytic Pd materials leads to increased turnover,
where the more electronegative Au pulls electron
density from the Pd to increase reactivity.>® The same
is true when a small amount of Pd or Pt is added to
Au nanocatalysts.”® For the geometric arrangement
effect, the two metals are combined in such a way to
form new active sites.>® While bimetallic nanoparticles
are clearly of increasing scientific interest for the
development of sustainable catalysts, new synthesis
techniques are required for their direct fabrication.
Furthermore, fundamental structural studies at the
atomic level are greatly needed to fully correlate com-
position and metallic structure to the catalytic proper-
ties. Without such information, the generation of new
catalytic materials with enhanced reactivity will be
limited.

While numerous routes are known for the fabrica-
tion of nanoscale materials, biomimetic approaches for
nanoparticle synthesis have become increasingly pop-
ular due to the structural diversity that can be achieved
through the noncovalent interaction of biomolecules
at inorganic interfaces.'®"" In this regard, a variety of
biological capping agents including proteins,'*'?
peptides,''> and DNA'® have been explored for the
fabrication of inorganic materials. Peptides are of
particular interest due to the potential for materials
property manipulation through rational sequence
design. This modularity of peptides is attractive, as
sequence design strategies can be implemented to
optimize catalytic properties through the manipulation
of the biotic/abiotic interface.'®'”~'? In this regard, the
peptide sequence has recently been demonstrated to
possess the ability to create active sites at the atomic
scale on nanoparticle surfaces.'®

Beyond the binding of biomolecules directly to
nanoparticle interfaces, the diverse functionality found
in nature can invoke the formation of larger, self-
assembled scaffolds to template nanomaterials.2°~%°
Such effects have been observed for cage proteins
such as ferritin® =28 or clathrin;?°?°=3' however, self-
assembling peptides are also able to facilitate biotempla-
tion. One such peptide is R5 (SSKKSGSYSGSKGSKRRIL),
a fragment of the silifin-1 protein responsible for SiO,
precipitation in the diatom Cylindrothica fusiformis3*33
Due to the —RRIL motif, the peptide is able to aggre-
gate in solution in an inverse micelle-like struc-
ture.'*#3243% To this end, the hydrophobic residues
arrange at the core of the structure, thus exposing the
polar amino acids to solution. This biotemplate can
facilitate the formation of monometallic nanomaterials
as shown previously for Pd, Pt, and Au.>**3* The size
and morphology of the materials can be controlled by
varying the inorganic composition and metal:R5 ratio,
leading to the formation of spherical nanoparticles,
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nanoribbons, or nanoparticle networks (NPNs).232%434

For Pd-based structures, at low Pd:R5 ratios, spherical
nanoparticles are formed inside the bioscaffold where
the particles are highly dispersed; however, as the
Pd:R5 ratio increases, a greater particle density is
achieved. This positions the materials closer together,
eventually leading to linear aggregation to form nano-
ribbons at a Pd:R5 ratio of 90 and fused NPNs at a ratio
of 120."*?* Interestingly, the morphology of Au nano-
materials fabricated with the R5 scaffold was quite
different, where only NPNs were noted regardless of
the metal:R5 ratio, indicating that the inorganic com-
position played an important role in controlling the
material morphology.?*3*

In this contribution, the R5 bioscaffold was used to
template highly catalytic bimetallic PdAu nanostruc-
tures. While holding the metal loading within the
template constant, the Pd:Au ratio was varied from
100% Pd to 100% Au, leading to significant morpho-
logical changes in the final zerovalent structures; Pd
nanoparticles were observed that gradually changed
into NPNs as the amount of Au in the material increased.
All of the materials were extensively characterized using
energy-dispersive X-ray spectroscopy (EDS) mapping,
extended X-ray absorption fine-structure spectros-
copy (EXAFS), and atomic pair distribution function
(PDF) analysis of high-energy X-ray diffraction (HE-
XRD) patterns. Modeling of the PDF and EXAFS data
provided atomic-scale material configurations where
the degree of bimetallic miscibility was fully resolved.
The results indicated that the R5-templated PdAu
nanocatalysts were largely alloyed with minor phase
separation noted at certain Pd:Au ratios. The catalytic
activity of these alloyed structures was assessed
using olefin hydrogenation as a model reaction, where
the reactivity demonstrated enhanced turnover fre-
quency (TOF) values for the nanostructures generated
at a Pd:Au ratio of 2:1. From the combination of
high-resolution characterization techniques, this study
provides key atomic structural evidence for the under-
standing of bimetallic nanocatalysis. Furthermore,
the effects of material composition on biotemplation
is demonstrated, indicating that the interactions
between the metal and peptide framework play a
critical role in controlling material morphology and
reactivity.

RESULTS AND DISCUSSION

The general approach for the fabrication of R5-
templated bimetallic materials is shown in Scheme 1.
Due to the-RRIL motif, the peptide self-assembles into a
large bioscaffold in water (~960 nm),** where the polar
residues are available to template nanomaterials,
as shown previously for monometallic Pd, Au, and
pt.23243435 To create bimetallic nanocatalysts of
two noble metals (i.e., PdAu) within the R5 template,
Pd®" and Au*" ions were commixed and allowed to

VOL.9 = NO.12 = 11968-11979 = 2015 “@L@Mi{\)

WWwWW.acsnano.org

11969



complex with the bioscaffold. After complexation, the
metal ions were reduced with excess NaBH,. In this
approach, both the Pd*" and Au®" species in the
template are simultaneously reduced, which typi-
cally results in the generation of alloyed bimetallic
materials.3®~*? Synthesis of core—shell-type structures
(ie., monometallic Au materials surrounded by a
Pd shell) was attempted via a sequential fabrication
strategy; however, the materials precipitated after the
reduction of the second material, limiting the analysis
to those structures generated via co-reduction. For the
present study, all samples were synthesized with 60
total metal ions per peptide where the Pd:Au ratios
varied from 100% Pd to 100% Au. To distinguish
between the different samples, the following nomen-
clature will be used: Pd,Au, where xand y represent the
ratio of Pd to Au atoms out of 100 total atoms
employed during material fabrication, which effec-
tively represents the percent composition. For mono-
metallic materials, they are specifically referred to as
Pd10 Or Auygo. Inductively coupled plasma mass spec-
trometry (ICP-MS) was performed on all samples before
and after dialysis, which demonstrated that their
expected stoichiometries were maintained (Support-
ing Information, Table S1).

1. Pd?*/Au?*
2. NaBH,
100 % 100 %
Pd Au

. Hydrophobic Core
e Hydrophilic Arginine

N\, R5 Peptide

Scheme 1. Mechanism for the formation of PdAu bimetallic
materials employing the R5 template.

Figure 1 presents the UV—vis analysis of the R5-
templated bimetallic materials before and after reduc-
tion with NaBH,. Prior to reduction for the Pd; o0 sample
(Figure 1a), a ligand-to-metal charge transfer (LMCT)
band was observed at 235 nm corresponding to the
interactions between Pd®" and the R5 template, con-
sistent with previous studies.' As Au®" is introduced
to the biotemplate, such as in the PdgsAu,; sample, the
Pd>* LMCT band decreases concomitantly with the
formation of peaks at 220 and 291 nm for the Au®"
within the bioscaffold.>* As the amount of Au>" in-
creases, the 235 nm peak continues to decrease with
anincrease in the 220 and 291 nm peaks, as anticipated
based upon the material composition. After reduction
(Figure 1b), the LMCT bands disappear, suggestive of
metal ion reduction, where the spectra observed are
nearly featureless for all of the samples. An increase in
absorbance toward lower wavelengths consistent with
nanomaterial production, however, is noted for each
material.*3 Interestingly, for the Au;o0 sample, a broad
plasmon band is noted at wavelengths > 500 nm, as
observed previously,>* but no similar observation is
noted for any of the other samples, even those with a
high Au composition.

To confirm the production of metallic nanomaterials
employing the R5 scaffold, TEM imaging was used.
Figure 2 presents the images of the different materials,
where additional TEM images at higher magnifications
and material size histograms are shown in the Support-
ing Information, Figures S1 and S2. From this study,
the size and morphology of the nanocatalysts can be
ascertained, where clear structural shifts were ob-
served as a function of the metallic composition. Small
nearly spherical nanoparticles of 3.0 & 0.7 nm were
observed for the Pd, oo materials (Figure 2a), consistent
with previously reported values.*** Upon introduc-
tion of Au in the PdgsAu;; materials, no significant
change in particle shape or size (3.0 £ 0.6 nm) was
observed (Figure 2b). Further increases in the relative
Au loading in the sample demonstrated an interesting
shift in morphology for the metallic materials. In this
regard, small nanoribbons were formed where the
average ribbon width increased as the amount of Au
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Figure 1. UV—vis analysis of the R5-templated PdAu structures (a) before and (b) after reduction.

MERRILL ET AL.

VOL.9 = NO.12 = 11968-11979 = 2015 mujN_VﬂiJ/

WWwWW.acsnano.org

11970



3.0%0.7

3.3%0.7

Figure 2. TEM images of the (a) Pd;qq, (b) PdgsAu;;, (c) Pds;Auzs, (d) PdspAuse, (€) PdszAuey, (f) PdysAuys, and (g) Auqgo

samples. Scale bar = 50 nm.

in the sample increased (3.3 £ 0.7, 34 £ 0.7, and
3.8 + 0.7 nm for the Pdg;Auss, PdsoAusg, and PdssAug;
samples, respectively, Figure 2c—e). For the samples
with the two highest amounts of Au, Pd,sAu,s, and
Au, g0, only NPNs were formed with an average width
of 40 + 0.7 and 6.8 £+ 1.4 nm, respectively (Figure 2f
and g). This trend indicates that as the amount of Au in
the sample increases, the tendency to form linearized
nanostructures also increases. In general, the materials
go from small mostly spherical structures for the
monometallic Pd;qp sample to nanoribbons at inter-
mediate PdspAusy materials to full NPNs in the Au;gg
samples. Such structural results are consistent with
previous studies of monometallic Pd and Au systems
using the R5 framework, indicating that the metal
composition is important in controlling the morphol-
ogy of the inorganic structure.'*3*

While UV—vis and TEM confirmed the formation of
nanomaterials via the co-reduction approach, the me-
tallic composition and atomic arrangement of the Pd
and Au atoms within the structures must be assessed
using different methods. Such information is critically
important, especially at the atomic level with nano-
scale spatial resolution, in order to accurately correlate
the structure/function/reactivity relationship of nano-
materials. As such, a suite of complementary methods
was explored to fully examine the atomic-scale metallic
structures of the PdAu materials. Initially EDS mapping
was conducted, as shown in Figure 3, to visualize the
degree of atomic mixing within the materials. Figure 3a
specifically presents a STEM image of the Pde;Auss
materials. High-resolution imaging of the structure,
shown in the Supporting Information, Figure S3, was
used to measure the lattice spacing, which was found
tobe2.3A, corresponding to the fcc (111) mixed crystal
lattice of a PdAu alloy.** Figure 3b and c present the
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Figure 3. EDS mapping analysis of the Pdg;Auzs sample.
(a) STEM image of the structure that was mapped. (b and c)
Pd and Au elemental mapping, respectively. (d) Overlay of
the Pd and Au maps displaying the mixing of the two metals
in the structure.

elemental mapping of Pd and Au, respectively, while
Figure 3d shows an overlay of the two elemental maps.
The EDS mapping indicates an overlap in the Pd and Au
signal, suggesting that the Pd and Au are distributed
throughout the structure, reminiscent of an alloyed
material. As both Pd®* and Au®" were introduced to
the R5 template prior to reduction, such a result was
expected, as Pd and Au are known to alloy.*>*> While
such a technique suggests alloy formation, it is unable
to fully resolve the atomic level interactions between
the Pd and Au atoms of the structure; thus higher
resolution spectroscopic and diffraction studies are
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Figure 4. XAFS analysis of the R5-templated PdAu bimetallic materials: XANES data at the (a) Pd K-edge and (b) Au Ls-edge; EXAFS

r-space data at the (c) Pd K-edge and (d) Au Ls-edge.

required to probe the metal arrangement of the
materials at the atomic level.

To understand the role of the R5 template in con-
trolling the resultant morphology and atomic-scale
structure of the PdAu materials, rigorous X-ray-based
studies were performed. To this end, X-ray absorption
fine-structure (XAFS) spectroscopy was used to pro-
vide local chemical and structural information on an
element-specific basis. X-ray energies were scanned
from ~200 eV below to ~900 eV above each element's
absorption edge, as shown in the Supporting Informa-
tion, Figure S4. The X-ray absorption near-edge struc-
ture (XANES) spectra around the Pd K-edge (24.35 keV)
indicate that the Pd is largely metallic, as compared to
bulk Pd, with a slight shift to lower energies with
increasing Au content (Figure 4a). Comparison of the
PdAu materials to PdCl, as a reference for Pd** further
indicates that nearly all the Pd*" is reduced to Pd®. The
XANES data taken around the Au Ls-edge (11.92 keV)
show a similar trend, wherein the catalysts are largely
metallic with shifts in absorption features to higher
energy with increasing Pd content (Figure 4b). A slight
Au-nonmetal feature at 11,920 eV is present in the
Auj0o sample (as compared to Au,0; as a Au*™"
reference), which may be due to the presence of
unreduced Au*™.

After background subtraction and edge-step nor-
malization, the EXAFS data were converted to k-space
and k*-weighted (Supporting Information, Figure S5),
then Fourier transformed to r-space (Figure 4c and d).
For the Pd foil standard, a main peak position is
245 A, which corresponds to the Pd—Pd first nearest
neighboring bond (Figure 4c). Note that due to photo-
electron phase shift, uncorrected for in the Fourier
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transform, this position is lower than the Pd—Pd bulk
distance of 2.74 A. For the Pdg;Au,; nanomaterials,
this peak generally maintained its position, while the
samples produced with increasing amounts of Au
tended to shift this peak toward larger distances.
Qualitatively, this indicates that the Pd environment
is becoming more Au-rich, because the interatomic
distance in pure bulk Au (2.87 A) is larger than in pure
bulk Pd.

Probing these materials around the Au Ls-edge
provides complementary information (Figure 4d). The
split peak (the splitting originates from the well-known
Townsend—Ramsauer resonance) from the Au foil
standard represents the nearest neighbor Au—Au
bond length. As the amount of Pd is increased in these
materials, this peak moves to shorter distances. Taken
together, this peak shifting observation qualitatively
suggests that the Pd and Au are miscible in these
materials, thus forming an alloyed structure. It is worth
noting that the distances of the monometallic systems
(Pdqpo and Au;qo) exhibit slight r-space shifts away
from their respective reference foils. The Pd—Pd bond
length becomes slightly longer in Pd;qo, while the
Au—Au bond length in Au;qo becomes more con-
stricted. Nearest neighbor distances in nanomaterials
are known to frequently differ from the bulk, as shown
previously.*6 48

The EXAFS data were next modeled with the Artemis
program*® (Supporting Information Figures $6 and 57)
using only metal—metal contributions to provide
element-specific coordination numbers (CNs), which are
reported in Table 1 and Figure 5. For Pd; oo, a Pd—Pd CN
of 7.48 + 0.54 was obtained, which is lower than
the expected theoretical value of 9.63 for a spherical
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TABLE 1. Structure Metrics from EXAFS Modeling and RMC Simulations of PDFs

Au—Au (N Pd:Au stoichiometric ratio Pd:Au surface ratio from RMC
0

220 +1.28 50 5.0

6.84 343 2.0 2.70

6.58 4+ 2.15 1.0 1.28

7.77 £ 0.87 0.50 0.68

7.74 £ 0.79 0.33 0.30

9314078

catalyst Pd—Pd (N Pd—Au (N Au—Pd (N
Pd;g9 748 £ 0.54 0 0
PdgsAuq; 6.58 + 0.53 2.10 £ 0.48 7.25 +1.03
Pdg;Aus3 4.09 + 0.48 5.00 & 0.64 532+ 091
PdsoAusy 447 4+ 098 498 £ 0.96 3.60 £ 0.78
Pds3Aug; 242 4049 712 £ 0.67 229 +£0.29
Pd,sAuzs 255+ 1.77 8.68 + 1.36 1.68 £ 039
Auqgq 0 0 0
1 2 . T T T T T T N
| ® Pd-Pd
® Pd-Au
10+ A AuPd
4 I v Au-Au
'y é :
X v Y
> 6| : 11 :
4t " ]
2} X v -
L L
o 1 1 1

0 20 40 60 80 100
mol% Pd

Figure 5. CN values obtained from EXAFS modeling for
Pd—Pd (black squares), Pd—Au (red circles), Au—Pd (blue
triangles), and Au—Au (pink triangles). Hollow stars repre-
sent CNs resulting from RMC modeling of the PDF data
(same color code as EXAFS-generated CNs).

crystalline nanoparticle of this size.®® The fact that
coordination numbers appear to be smaller than those
predicted from average particle sizes can originate
from either or both of the following effects. The first
effect is the broad size distribution that includes small
metal species and/or unreduced ions that are not
detectable by STEM. In that case the average particle
size inferred from the coordination number analysis
will be smaller than that obtained by STEM.>' The
second effect is due to the asymmetric bond length
disorder that can mimic the reduction in coordination
numbers as obtained by conventional EXAFS analysis
of nanoparticles.®? In this case, due to the monodis-
perse particle size distribution (Figure 2), the apparent
reduction of the coordination number from what is
expected from the STEM-obtained average size is likely
due to a certain degree of structural disorder, which we
recently discovered in another set of peptide-capped
Pd nanoparticles,’® and is also shown for the R5-
templated materials with reverse Monte Carlo (RMC)
modeling of PDF data (see below). For random nano-
alloys, an increase in the Au concentration results
in bimetallic CNs that change linearly with atomic
percentage,” as shown in Figure 5. In this regard, as
the amount of Au in the sample increases, the Pd—Pd
CN values linearly decrease and the Au—Au CNs
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increase due to the greater amount of Au in the
materials. For the Au,qo sample, a Au—Au CN of
9.31 &+ 0.78 was obtained. Approximating the NPNs
to spheres of comparable diameters, this CN is within
error of expected values for materials of this size. When
considering the Pd—Au and Au—Pd CN values, the
trends are consistent with the values anticipated for
random alloys as a function of metal concentration. In
this regard, the Pd—Au CN values (a central Pd atom
with a Au nearest neighbor) increased with greater
amounts of Au in the sample, while the Au—Pd CNs
(@ central Au atom with a Pd nearest neighbor) de-
creased. These trends support the formation of a PdAu
alloy, where deviations from linearity are anticipated
for nonalloyed structures (i.e., phase segregated or
core—shell materials),*® as well as the artifacts of the
EXAFS analysis that are described above. Interestingly,
all calculated CNs for Pdg;Auss tend to fall slightly off
this linear trend (Figure 5), suggesting either a possi-
bility of a higher degree of phase separation in these
materials or the effects due to the analysis artifacts
(vide supra); however, the associated error bars from
this data set indicate that complete miscibility may still
be a possibility

While EXAFS analysis can provide atomic-scale details
of the first coordination sphere for bimetallic systems,
detailed structural information at length scales ap-
proaching the dimensions of the nanomaterial are
not obtainable. Such information is important to eluci-
date total nanoscale structural knowledge in order to
fully assess structure/function relationships. To obtain
atomic-scale structural information over larger length
scales, PDF analysis of HE-XRD patterns was performed
(Figure 6). PDF analysis can provide sub-angstrom
structural information over much larger length scales
and is well suited for materials lacking long-range
periodic order, such as nanoparticles.>* HE-XRD analysis
of the bimetallic materials was studied from lyophilized
samples (Supporting Information, Figure S8), con-
verted into total structure functions (Supporting Infor-
mation, Figure S9), and Fourier transformed into
atomic PDFs. The PDFs, G(r) = 4mr[p(r) — pol, exhibit
peaks when the local atomic density is higher than the
average atomic density and oscillate to zero once the
average and local atomic densities are equal, signifying
the distance at which any long-range order is present.
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Figure 6. PDFs for R5-templated PdAu bimetallic structures
up to (a) 6 A and (b) 20 A to illustrate structural differences at
various length scales.

Figure 6 shows the PDFs for all of the R5-templated
bimetallic nanocatalysts up to 6 and 20 A to show struc-
tural differences at various length scales. Figure S10 of
the Supporting Information presents the PDFs up to
35 A for a full comparison. For Pd;oo and PdgsAus5,
the peak representing the first coordination sphere is
measured at 2.74 A (Figure 6), signifying that the
minority Au atoms sit within a Pd fcc-type structure
in the PdgzAu,7 nanoparticles. The first peak in the PDF
for Pdgs;Aus; and PdsoAus, shifts to 2.80 A, while
Pds3Auss; and PdysAuys shift even further to 2.82 A.
This indicates that as the amount of Au increases in
the catalyst, the structure becomes more Au-like in
nature and is fully consistent with the EXAFS data.
Au0o has a first peak 2.86 A, which is the distance for
the first coordination sphere for a Au fcc-structured
material. The shifts in peak positions become larger
from Pd-heavy to Au-heavy nanocatalysts at longer
pair distances due to the spacing difference be-
tween a Pd fcc-like structure and Au fcc-like structure.
Additionally, changes to the peak shape exhibited
at various length scales in the catalysts are present,
suggesting structural variations may be influenced by
the R5 template.

While PDF analysis can provide long-range structural
details of the bimetallic nanocatalysts, there is no direct
route for obtaining CNs that described the local atomic
environment from the PDFs. This presents a challenge in
obtaining accurate nanostructural models from atomic
PDFs, as qualitative insights may bias the structure
modeling. In this instance, however, the CNs obtained
from the EXAFS analysis can be used in the PDF
modeling in a direct, systematic fashion. To accom-
plish this, RMC simulations were employed. RMC is an
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established technique for modeling nanostructures at
the atomic scale,'®*>*® wherein atoms in a model
system are moved at random and a new theoretical
PDF is calculated. If the new theoretical PDF begins to
converge to the experimental PDF, then the move is
accepted; otherwise it is rejected within a certain
probability to prevent the simulation from becoming
stuck in a local minimum. This algorithm is repeated
until the PDF calculated from RMC converges to the
experimental PDF. Here, we use the CNs obtained from
EXAFS modeling as a constraint to drive RMC simula-
tions that reasonably fit the PDF data (Supporting
Information, Figure S11) while satisfying the CNs from
EXAFS experiments (Table 1). By combining structural
data at various length scale, more realistic structural
models can be obtained that could otherwise not be
with either method alone.

RMC models of each bimetallic nanocatalyst, ap-
proximated to a sphere for simplicity, are shown in
Figure 7 (additional models are shown in the Support-
ing Information, Figure S12, and monometallic materi-
als are also shown in the Supporting Information,
Figure S13), while the reported CNs from RMC are
shown as stars in Figure 5. All material configurations
exhibit a fair amount of surface structural disorder,
particularly for the smaller, more Pd-rich samples.
Quartered models illustrate a more ordered core of
metal atoms than those at the surface. Visually, these
models verify a more or less miscible Pd—Au alloy at
all compositions. Note that CNs calculated from the
RMC-generated models are very close to those calcu-
lated from EXAFS modeling (Figure 5). In particular,
Pds;Auss exhibits a mostly alloyed structure, with CNs
calculated from RMC modeling falling within the linear
CN trend of metallic composition; these RMC-gener-
ated CNs fall within the error of the EXAFS-calculated
CNs. Calculation of the stoichiometric ratio at the sur-
face of the materials was determined where there is a
slight bias of Pd segregation to the surface (Table 1),
with Pdg;Auss demonstrating the furthest deviation
from the material synthesis stoichiometry (2 Pd:1 Au)
with a Pd:Au surface atom ratio of 2.70. In the context
of previous studies, theoretical predictions suggest Pd
is likely to phase separate on the basis of comparative
cohesive energy and atomic radii,>® which can explain
the varying degrees of minor surface segregation.
The local chemical environment (stabilizing moiety,
solvent, substrate molecules, etc.) can also affect the
surface structure by more strongly interacting with a
particular element in the bimetallic structure, inducing
phase separation.’® To our knowledge, the biotem-
plated PdAu nanomaterials are unique, and thus a
direct comparison to previous literature of other bio-
templated bimetallic materials is not possible; how-
ever, nonbiological organic stabilizers and templates
have also demonstrated slight Pd surface segre-
gation.*®*2 Taken together, the combination of EXAFS

VOL.9 = NO.12 = 11968-11979 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

11974



Figure 7. R5-templated PdAu bimetallic materials generated by RMC modeling of the PDF data for (a) PdgzAu;, (b) Pds;Auss,

(c) PdsoAusyg, (d) Pd33Augz, and (e) Pd;sAuys

and PDF data with RMC simulations provides nano-
material configurations that can help assess structure/
function relationships for the development of new
materials with improved catalytic properties.

To assess the catalytic activity of the R5-templated
PdAu nanomaterials, olefin hydrogenation was em-
ployed as a model catalytic reaction. Previously, we
reported on R5-templated monometallic Pd nano-
structures that exhibited modestly high TOFs for the
hydrogenation of allyl alcohol (~2900 mol product
(mol Pd x h)™").>* The inclusion of Au to a Pd catalyst
can significantly affect the electronics of the mate-
rials whereby the more electronegative Au can pull
electron density away from the Pd, thus making it
more catalytically reactive.>*” As shown in Figure 8,
the inclusion of Au into the Pd nanocatalysts results in
increased TOFs at certain Pd:Au ratios. Figure 8a
shows the TOF values for the hydrogenation of allyl
alcohol using the R5-templated bimetallic materials.
A TOF of 2936 4 72 mol product (mol Pd x h)~' was
determined for the monometallic Pd;qo nanoparti-
cles, consistent with previous results.>* Upon intro-
duction of a small amount of Au into the material
(Pdg3Au;y), no significant difference in the TOF was
observed; however, for the Pdg;Auss sample, a near
2-fold enhancement in reactivity was observed with a
TOF of 5535 + 142 mol product (mol Pd x h)~". As the
Au loading within the sample increased, a substantial
decrease in reactivity was noted with no catalytic
turnover observed for the Pd3sAue;, Pd,sAuys, and
Au,go materials. Such a lack of reactivity from the
materials with high Au loadings was not surprising, as
Au is not typically reactive for olefin hydrogenation
under these conditions.

MERRILL ET AL.

To confirm that the reactivity increase was related to
the alloyed bimetallic materials, the same reaction was
studied using physical mixtures of the R5-templated
monometallic Au and Pd materials. For this, the Pdqo
and Au, oo samples were prepared separately and then
mixed in the hydrogenation reaction at the same metal
loading and Pd:Au atomic ratios of the bimetallic
materials. From this physical mixture system, no reac-
tivity enhancements were noted where the TOF values
linearly decreased as the amount of Auincreased in the
reaction. This strongly supports the fact that the Pd and
Au components are alloyed together in the materials
to allow for the electronic changes leading to the
enhanced reactivity.

Our results using allyl alcohol as the substrate
demonstrate enhanced reactivity is observed when
~33% of the inorganic material is Au. These observa-
tions correspond well with trends presented by Scott
et al, who synthesized PdAu bimetallic alloys in den-
drimer templates.?” In their work, an increase in the
TOF for the conversion of allyl alcohol to 1-propanol
was observed for samples with less than 50% Au in the
nanoparticles.3” With this, the largest increase in TOF
was observed for the materials with ~63% Pd and 37%
Au, similar to the present results.?” In a separate study,
Toshima et al. prepared polyvinylpyrrolidone (PVP)-
capped PdAu nanoparticles and found an increase in
the turnover frequency (TOF) for Pd-rich nanoparticles
for the hydrogenation of 1,3-cyclooctadiene.®’ They
found that particles with a Pd:Au ratio of 80:20 showed
the largest increase in TOF of approximately 25% over
comparable monometallic Pd materials with a steady
decrease in reactivity as the Au mol % increased.®’ This
effect is quite reminiscent of the observations of the
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Figure 8. Catalytic analysis of the R5-templated PdAu mate-
rials for the olefin hydrogenation of (a) allyl alcohol, (b)
3-buten-2-ol, and (c) 2-methyl-3-buten-2-ol. The black plots
show the catalytic analysis of the bimetallic structures, while
the red plots present the reactivity of a physical mixture of
R5-templated Pd and Au monometallic structures at the
same metal concentration used for the bimetallic materials.

peptide-templated materials. In other work by Dash
et al., PVP-stabilized PdAu nanomaterials were synthe-
sized in 1-butyl-3-methylimidazolium hexafluoropho-
sphate ionic liquid and used for the hydrogenation
of olefinic alcohols.%? In this work, they observed the
largest increase (~50%) in catalytic activity for parti-
cles containing ~25% Au for each substrate tested.®?
This study demonstrates that the electronic enhance-
ment effects can be applied to a wide array of reaction
conditions. In general, our results for the peptide-
templated PdAu materials are quite similar to previous
studies, supporting an enhanced reactivity from the
bimetallic structures.

We have previously shown that the size and struc-
ture of the olefinic alcohol substrate significantly con-
tribute to the hydrogenation reactivity.>> Such effects
arise from isomerization events that are driven at the
catalytic surface, thus abating the intended hydro-
genation reaction. To observe if similar effects played
a role with the PdAu bimetallic structures, the hydro-
genation of 3-buten-2-ol and 2-methyl-3-buten-2-ol,
a secondary and tertiary alcohol, respectively, was

MERRILL ET AL.

studied. In general, a similar reactivity trend was
observed for the secondary and tertiary alcohol sub-
strates as compared to allyl alcohol, where the TOF
values increased with greater fractions of Pd in the
bimetallic structure. Furthermore, for both of these
substrates, enhanced reactivity was noted when
<50% of the metallic composition of the PdAu struc-
tures was Au. More specifically for 3-buten-2-ol
(Figure 8b), a TOF of 3182 =+ 727 mol product
(mol Pd x h)™" was observed for the Pd;q, materials,
consistent with previous studies.3® As the Au frac-
tion increased, greater TOF values of 5031 + 1536
and 5750 £ 28 mol product (mol Pd x h)~" were noted
for the Pdg3Au,; and Pdg,Auss samples, respectively.
As the Au composition of the bimetallic materials
increased to 50% and higher, the TOF rapidly decreased
to 323 £ 27 mol product (mol Pd x h)~' for the
Pd,sAu,s sample, with no reactivity for the monome-
tallic Au,go materials. When studying the tertiary alco-
hol, 2-methyl-3-buten-2-ol (Figure 8c), the Pd;qo
sample gave rise to significant catalytic reactivity with
a TOF of 4707 + 1206 mol product (mol Pd x h)~".
Maximal reactivity for this substrate was noted from
the Pdg3Au;; materials (TOF = 6737 4+ 1571 mol
product (mol Pd x h)~"), where the reactivity steadily
decreased for this substrate as the concentration of Au
in the materials increased. As with the other substrates,
no reaction was observed for the tertiary alcohol using
the monometallic Au;9o NPNs. For both the 3-buten-
2-ol and 2-methyl-3-buten-2-ol substrates, when physi-
cal mixture controls were studied, the reactivity rapidly
decreased as a function of the amount of monometallic
Au in the reaction, consistent with the allyl alcohol
studies, reconfirming the effects of the alloyed struc-
ture on the material reactivity.

As the substrate was changed from a primary to
tertiary alcohol, noticeable differences in the catalytic
reactivity were observed. In this regard, higher TOF
values were noted for the more substituted substrates.
This effect was due to the differences in the isomeriza-
tion of the reagents; however, this process did not
abate the enhanced reactivity effects of the bimetallic
structures. It has been previously shown that the
degree of substrate isomerization during the reaction
plays an important role in the resulting TOF. In this
regard, Pacardo et al. demonstrated that for the se-
lected substrates, the primary alcohol (allyl alcohol)
isomerizes to the anticipated aldehyde significantly
more than the secondary alcohol (3-buten-2-ol) under
these reaction conditions. Interestingly, the tertiary
alcohol substrate (2-methyl-3-buten-2-ol) is not ob-
served to isomerize.3® On this basis, a portion of the
catalytic surface area is consumed for isomerization
and unavailable for the actual hydrogenation process,
thus inhibiting reaction progression. As a result, the
TOF value is directly related to substrate isomeri-
zation whereby substrates with greater degrees of
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isomerization display lower TOF values. Such effects
were again observed herein with the PdAu structures.

CONCLUSION

In summary, PdAu bimetallic alloy nanocatalysts were
generated using biotemplating approaches. In this
regard, a peptide scaffold was used to coload both
Pd*" and Au*" ions, which, upon reduction, resulted in
nanomaterial generation. The morphology of the final
structures was strictly dependent upon the metallic
composition where nanoparticles are generated at
high Pd loadings that became NPNs at high Au load-
ings. The materials were extensively characterized at
the atomic level using both electron microscopy and
X-ray-based methods, which supported the formation
of alloyed bimetallic PdAu materials with minor Pd
surface enhancement. Interestingly, significant metal
atom structural disorder was noted at the material
surface, which is infrequently considered when study-
ing nanomaterials for catalysis. Catalytic application of

MATERIALS AND METHODS

Chemicals. K,PdCl;, HAuCl, allyl alcohol, 3-buten-2-ol,
2-methyl-3-buten-2-ol, and antifoam SE-15 were purchased
from Sigma-Aldrich. NaBH, was purchased from Acros Organ-
ics. Wang resins and FMOC-protected amino acids were pur-
chased from Advanced Chemtech. The solvents used in peptide
synthesis, including methanol, N,N-dimethylformamide (DMF),
and acetonitrile, were purchased from VWR. All materials were
used as received. MilliQ water (18 MQ cm) was used for all
experiments.

Peptide Synthesis. The R5 peptide was synthesized and
cleaved on a TETRAS synthesizer (Creosalus) using standard
FMOC protocols and purified using reversed-phase HPLC.®
Peptide molecular weights were confirmed using MALDI-TOF
mass spectrometry.

Synthesis of R5-Templated Bimetallic PdAu Nanomaterials. The syn-
thesis approach for the PdAu bimetallic materials was adapted
from previously published methods.'**” All materials were
synthesized at a 60:1 total metal:R5 ratio, where the Pd:Au ratio
varied from 1:0 (Pd;o), 5:1 (PdgsAuys), 2:1 (PdgsAuss), 1:1
(PdsoAusg), 1:2 (Pd33Aug;), 1:3 (PdysAuys), and 0:1 (Auy o). Briefly,
4.93 uL of a 10 mg/mL R5 stock solution was added to 3.00 mL of
water. Next, 14.70, 12.25, 9.80, 7.35, 4.90, 3.68, or 0.00 uL of a
0.10 M stock solution of K,PdCl, in water was added to the
peptide solution, followed by 0.00, 2.45, 4.90, 7.35,9.80, 11.03, or
14.70 uL of a 0.10 M stock of aqueous HAuCl, for each respective
ratio. After stirring for 15.0 min at room temperature, 75.0 uL of
freshly prepared 0.10 M NaBH, was added to reduce the metal
ions. The PdAu materials were allowed to reduce at room
temperature for 1.0 h and then dialyzed overnight to remove
any excess reagents.

Catalytic Hydrogenation Experiments. Catalytic hydrogenation of
olefinic alcohols was conducted as previously described with
minor modifications.*** Briefly, 1.28 mL of the bimetallic
materials was added to 23.72 mL of water and 20.0 uL of
antifoam SE-15 in a 250 mL three-necked round-bottom flask.
H, gas was then bubbled through a glass gas dispersion tube at
a 50 kPa gauge pressure for 30 min to fully saturate the metal
surface with H atoms, followed by the addition of 25.0 mL of a
50.0 mM solution of allyl alcohol, 3-buten-2-ol, or 2-methyl-3-
buten-2-ol to start the reaction. In this setup, a 0.05 mol % metal
catalyst loading was employed for all reactions. An aliquot was
immediately extracted to represent a 0 min time point, followed
by aliquot removal at 1, 5, 10, 15, 20, 30, 40, 50, and 60 min.

MERRILL ET AL.

the PdAu biotemplated structures for olefin hydro-
genation demonstrated enhanced reactivity at Au
loadings of ~30%. This enhancement likely lies in
electronic changes to the Pd component driven via
electronegativity differences between Pd and Au, thus
making the Pd more reactive for hydrogenation. Taken
together, these studies demonstrate the effects of
biotemplatation on bimetallic nanomaterial produc-
tion, which indicated that such materials could be
readily produced with interesting properties. The
significant structural characterization provided unique
information on the materials at the atomic level, fully
confirming the structural morphology and the effects
of the biotemplate over the material structure, dis-
playing significant atomic surface structural disorder.
This suggests that such effects could be adapted to
other multimetallic systems for applications beyond
catalysis, including optics, biosensing, electronics, etc.,
which could be readily controlled by the material com-
position.

To assess the TOF of the reaction, the aliquots were analyzed by
a gas chromatograph (GC, Agilent 7820A), which was equipped
with a DB-ALC1 column and a flame ionization detector.
Characterization. UV—vis analysis was performed on an Agilent
8453 system using a 2.0 mm quartz cuvette. Before use, all
cuvettes were cleaned with aqua regia. ICP-MS experiments
were performed on all bimetallic nanomaterial samples before
and after dialysis. Nanomaterial solutions (50 uL) were digested
in 100 uL of freshly prepared concentrated aqua regia for 5 h.
The samples were then diluted with 1.0 mL of H,O for ICP-MS
experimentation. Experiments were performed at the University
of Colorado at Boulder's Laboratory for Environmental and
Geological Studies using a Perkin-EImer SCIEX instrument.
TEM images were obtained using a Phillips CM200 system
operating at 200 kV. Samples were prepared by drop casting
5 ulL of each nanomaterial solution onto a Cu TEM grid (200 mesh,
Ted Pella). An FEI Titan was used for high-resolution TEM
(HRTEM) imaging and elemental mapping using EDS, wherein
samples were prepared on amorphous silicon grids (SimPore
Inc.). EXAFS was performed at the 12-BM beamline, Advanced
Photon Source, Argonne National Laboratory. Lyophilized pow-
ders were spread across Scotch tape for analysis, and both the
Pd K-edge and Au Ls-edge were examined 200 eV before to
900 eV after each element adsorption edge. X-ray fluorescence
data were collected using a 13-channel Ge detector. The raw
data were processed using the Athena program and modeled
with FEFF6 theory using the Artemis program from the IFEFFIT
XAFS analysis software.*® Data of standard foils of Pd and Au
were first analyzed to obtain Sy2 values of 0.844 and 0.827 for Pd
and Au, respectively. HE-XRD experiments were performed at
the 11-ID-C beamline of the Advanced Photon Source, Argonne
National Laboratory. Lyophilized powders were loaded into
2 mm quartz capillaries to obtain diffraction patterns at very
high Q (~45 AN using 115 keV irradiation. The HE-XRD
patterns were converted into atomic pair distribution functions
using the program RAD.®® Briefly, HE-XRD patterns were back-
ground subtracted and converted into structure functions via

+/“’h(o) - Yl
[5cifi(Q)?

5@ =1 M

wherein /°°M(Q) is the coherent part of the HE-XRD pattern and
¢; and f(Q) are the atomic concentration and X-ray scattering
factors, respectively, for the atomic species i. The atomic pair
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distribution functions, G(r), were obtained from the Fourier
transform of Q[S(Q) — 1] via

Surface Structure for Biologically Tunable Nanocatalysts.
ACS Nano 2015, 9, 5082-5092.
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