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ABSTRACT: It can be difficult to simultaneously control the size, composition, %
and morphology of metal nanomaterials under benign aqueous conditions. For this, ‘
s Yl s Th b q Fovh lar d Ihatte sk . 1. Pd?/Pt? L, ¢ [
ioinspired approaches have become increasingly popular due to their ability to 2 NaBH, ‘
stabilize a wide array of metal catalysts under ambient conditions. In this regard, we 3. 40°C % D1

used the RS peptide as a three-dimensional template for formation of PdPt

bimetallic nanomaterials. Monometallic Pd and Pt nanomaterials have been shown Increase ‘
to be highly reactive toward a variety of catalytic processes, but by forming [P)
bimetallic species, increased catalytic activity may be realized. The optimal metal-

. . ] . ! @Pd @FPt O PO, ) >
to-metal ratio was determined by varying the Pd:Pt ratio to obtain the largest @,
increase in catalytic activity. To better understand the morphology and the local ‘ ‘
atomic structure of the materials, the bimetallic PdPt nanomaterials were
extensively studied by transmission electron microscopy, extended X-ray %
absorption fine structure spectroscopy, X-ray photoelectron spectroscopy, and
pair distribution function analysis. The resulting PdPt materials were determined to
form multicomponent nanostructures where the Pt component demonstrated varying degrees of oxidation based upon the Pd:Pt
ratio. To test the catalytic reactivity of the materials, olefin hydrogenation was conducted, which indicated a slight catalytic
enhancement for the multicomponent materials. These results suggest a strong correlation between the metal ratio and the
stabilizing biotemplate in controlling the final materials morphology, composition, and the interactions between the two metal
species.
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B INTRODUCTION To enhance catalytic reactivity, multicomponent materials
have been explored, including bimetallic nanoparticles and
metal/metal oxide composites.w_14 Bimetallic nanomaterials
have demonstrated enhanced reactivity due to two factors: (1)
electronic effects of the composite materials and (2) the
geometric arrangement of the two metal atoms.'> Conversely,
metal/metal oxide combinations have also been shown to

Catalytic technologies remain of great importance; however,
without extensive enhancements, many reaction systems will no
longer be employable due to their energy consumption. As
such, reaction efficiencies must be significantly improved, where
the design of multicomponent catalytic materials is imperative.
Single and multicomponent nanoparticle catalysts have been

extensively studied for numerous reactions' " due to their enhance catalytic properties due to synergistic properties
unique properties at the nanoscale arising from their enhanced accesslg(ll6_;]1£ the_ i?terface between _the two compo-
surface-to-volume ratio.’ Amo ng these, Pd, Pt, and PtO, are nents. At this interface, the properties of both materials
known to be versatile catalysts for a wide variety of reactions, are altered, most likely due to electron transfer effects,”"®
including olefin hydrog(enzition,z’(”7 C-C couplings,l’8’9 and
oxygen reduction reactions.” While these catalysts are Received: September 13, 2016
extensively exploited, many limitations hinder their widespread Accepted: February 3, 2017
use, such as catalyst cost and lifetime. Published: February 3, 2017
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12,1 o .
surface rearrangement,'”"” and lattice mismatch-induced crystal

strain.””*" While synthetic approaches have been explored for
the generation of both bimetallic and metal/metal oxide
structures,' ' '>** they typically rely upon energy-intensive
methods that require multiple synthetic steps. It would be ideal
to identify a universal approach that could be applied to
different materials of multiple compositions to generate final
structures with predictable compositions, morphologies, and
arrangements. Unfortunately, such approaches remain elusive.

Converse to traditional syntheses, bioinspired approaches
offer advantageous routes to harness the structural diversity and
customizability offered by biomolecules for the generation of
multicomponent inorganic nanomaterials.”>** From this,
tunable surface features could be realized that serve as active
sites for catalytic reactions.”>** Common bioinspired ap-
proaches include the use of peptides,””’ viruses,” ™' and
proteins®>~>° as templates, whose structures can be manipu-
lated. For example, Heilshorn and co-workers®*™** have used
peptides to modify clathrin protein cages to template metal
nanoparticles. In other work, Belcher and co-workers®”**~*'
have extensively studied the M13 bacteriophage as a template
for the fabrication of metallic and metal oxide materials of
various compositions. For this, the researchers used the virus as
a template to synthesize nanowires by genetically engineering
the coat protein to express short peptide sequences to bind
metal species along the long phage axis, resulting in nanowire
production.”**’

While protein cages and viruses can template nanomaterials,
multifunctional peptides may represent a versatile and simpler
platform. In this regard, the RS peptide
(SSKKSGSYSGSKGSKRRIL), isolated from the diatom
Cylindrothica fusiformis,"* is unique as it self-assembles in
water to form a scaffold due to the hydrophobic RRIL
motif.">” The hydrophobic residues are constrained at the core
of the framework, displaying the hydrophilic residues to bind
with metal ions. Upon reduction, the formation of mono-
metallic (Pd,"*”* Pt and Au®) and bimetallic (PdAu'")
nanomaterials has been achieved. The morphology of the final
structures is controlled by the amount of metal ions in the
reaction, as well as their composition and ratio for the
bimetallic PdAu system."”” For instance, for Pd monometallic
structures, at low Pd loadings, spherical particles are generated
that grow into nanoparticle networks (NPNs) at higher
loadings.”” Previous studies of the RS-templated monometallic
Pd and Pt materials for the hydrogenation of allyl alcohol
demonstrated high turnover frequency (TOF) values of ~2900
and ~800 mol product (mol metal X h)™" for these structures,
respectively.” When bimetallic PdAu nanomaterials were
generated with this biotemplate, significantly enhanced
reactivity was noted."” In this regard, when the bimetallic
structures were composed of 33% Au, a 2-fold increase in the
TOF value was noted, arising from electronic changes to the
alloyed structure.'® Similar materials have been prepared by use
of polymeric templates**” or even mesoporous inorganic
templates™® that are comparable to the RS template of the
present work. To this end, Yamauchi and co-workers*®*” have
used polymeric templates to generate Pd monometallic and
PdPt bimetallic structures where the polymer served as the
structure-controlling template.

Here we report on the formation, structural elucidation, and
catalytic properties of RS-templated PdPt-based materials in
which the Pt component displays surprising degrees of
oxidation that depends upon the Pd:Pt ratio employed. For
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these materials, spherical multicomponent nanoparticles were
generated that were embedded within the peptide framework.
The materials were extensively characterized by atomic-scale
techniques such as transmission electron microscopy (TEM)
with energy-dispersive X-ray spectroscopy (EDS) mapping, X-
ray absorption fine-structure spectroscopy (XAFS), atomic pair
distribution function (PDF) analysis of high-energy X-ray
diffraction (HE-XRD) patterns, and X-ray photoelectron
spectroscopy (XPS). For all materials, the Pd:Pt ratio was
varied to explore the effects of metal loading on the final
material structure and composition. Surprisingly, while the Pd
component is observed to be fully reduced, the Pt component
tends to be partially oxidized at high Pt loadings. The oxidized
Pt species are likely located at the particle surface containing a
bimetallic PdPt core. These reduction effects are likely
influenced by the binding of the peptide to the metal ions
before reduction. By examining the atomic makeup of the
materials via a combination of high-resolution characterization
techniques, key evidence regarding the atomic composition and
structure of the materials can be elucidated to better
understand the formation of multicomponent inorganic
materials and to correlate these structural effects to the
observed catalytic reactivity.

B MATERIALS AND METHODS

Chemicals. Allyl alcohol (>99%), 3-buten-2-ol (97%), 2-methyl-3-
buten-2-ol (98%), K,PdCl, (98%), K,PtCl, (46—47% Pt), and
antifoam SE-15 were purchased from Sigma—Aldrich, while NaBH,
(98%) was acquired from Acros Organics. Peptide synthesis materials,
including Wang resins and fluorenylmethyloxycarbonyl (Fmoc)-
protected amino acids, were purchased from Advanced Chemtech.
Acetonitrile, methanol, and N,N-dimethylformamide (DMF) were
purchased from VWR, all of which were ACS-grade. All materials were
used as received, and Milli-Q water (18 MQ-cm) was used for all
aqueous experiments.

Peptide Synthesis. Standard Fmoc protocols were used to
synthesize the RS peptide, which was purified by reverse-phase high-
performance liquid chromatography (HPLC)." Matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) mass spectrome-
try was employed to confirm the peptide sequence.

Fabrication of Peptide-Templated Metal/Metal Oxide
Materials. Nanoparticle synthesis was adapted from previously
published methods.>”'® The multicomponent materials were synthe-
sized at a 60:1 total metal:peptide ratio, where the Pd:Pt ratio was 1:0,
S:1, 2:1, 1:1, 1:2, 1:3, or 0:1. In brief, to 3.00 mL of water was added
4.93 pL of a 10 mg/mL RS stock solution. Next, 14.70, 12.25, 9.80,
7.35, 4.90, 3.68, or 0.00 uL of a 0.10 M aqueous stock solution of
K,PdCl, was added to the reaction mixture. This was followed by 0.00,
2.45, 4.90, 7.35, 9.80, 11.03, or 14.70 uL of a 0.10 M aqueous stock of
K,PtCl, for each reaction, respectively. The solution was briefly
agitated at room temperature, allowed to complex for 15 min, followed
by the addition of 75.0 uL of a freshly prepared aqueous 0.10 M
NaBH, solution. The materials were reduced for 24.0 h under constant
vigorous stirring at 40 °C.

Catalytic Hydrogenation. Catalytic hydrogenation of olefinic
alcohols was conducted with minor variations from previously
published procedures.”** In short, to 23.72 mL of H,O in a 250
mL three-necked round-bottom flask was added 1.28 mL of the
peptide-templated multicomponent material, along with 20.0 uL of
antifoam SE-15. The solution was then bubbled with H, gas through a
gas dispersion tube at 50 kPa gauge pressure for 30 min to saturate the
inorganic surface with hydrogen. To initiate the reaction, 25.0 mL of a
50.0 mM olefinic alcohol solution was added to the reaction, resulting
in a catalyst loading of 0.05 mol % metal. A 0.0 min time point aliquot
was immediately extracted, followed by successive aliquot removals at
1, 5, 10, 15, 20, 30, 40, 50, and 60 min. TOF values were obtained by
analyzing the aliquots via gas chromatography (Agilent 7820A)
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equipped with a DB-ALC1 column and a flame ionization
detector.”**°

Characterization. All UV—vis spectra were obtained on an Agilent
8453 spectrometer employing a 2.0 mm quartz cuvette. The cuvettes
were cleaned with aqua regia before use. A Phillips CM200 TEM
operating at 200 kV was used for lower-resolution TEM analysis.
Energy-dispersive X-ray spectroscopy (EDS) mapping experiments
were performed on a FEI Talos F200S. HE-XRD experiments were
performed at the 11-ID-C beamline of the Advanced Photon Source,
Argonne National Laboratory. For this analysis, Iyophilized powders
were placed in 2 mm quartz capillaries to obtain diffraction patterns at
very high Q (~45 A™') with 115 keV irradiation. HE-XRD patterns
were corrected for background scattering, converted into F(Q), and
Fourier-transformed into PDFs by use of the program RAD.”" XAFS
was performed at the 12-BM beamline, Advanced Photon Source,
Argonne National Laboratory. Lyophilized powders were spread across
scotch tape for analysis, and both the Pd K-edge and Pt L; edge were
examined from 200 eV before to 900 eV after each element adsorption
edge by use of a 13-channel Ge detector. Modeling of the Pd and Pt
extended XAFS data was performed by use of the Artemis program
employing FEFF6 theory.>” Standard foils were analyzed to obtain S,
values of 0.817 and 0.824 for Pd and Pt, respectively, which were used
for extended XAFS modeling of nanomaterial samples. XPS was
performed on a Kratos Axis Nova spectrometer with a hemispherical
energy analyzer and monochromatic Al Ka source. The high-
resolution spectra of C 1s, O 1s, Pt 4f, and Pd 3d were acquired
with pass energy of 20 eV. Both Pt 4f and Pd 3d spectra were
smoothed prior to Shirley background subtraction. Spectra were
decomposed with 70%/30% Gaussian/Lorentzian peaks constrained
to 1.5 eV for Pt 4f and 1.3 eV for Pd 3d. Data analysis and
quantification were performed by use of CasaXPS software.

B RESULTS AND DISCUSSION

The RS peptide assembles to form a large bioscaffold in water
where the polar residues can complex metal ions and support
the formation of inorganic nanomaterials.">”*° To facilitate the
production of bimetallic nanomaterials, Pd** and Pt** ions were
mixed with the template in solution, followed by reduction with
NaBH, at 40 °C for 24 h. Individual Pd and Pt nanoparticles
were similarly synthesized.” Sequential reduction methods'"**
(i.e, reduce one metal followed by the second) could not be
examined due to destabilization of the complex during the
secondary reduction step. All materials were synthesized at a
60:1 metal ion:peptide ratio, where the Pd:Pt ratio varied from
100:0 to 0:100. To distinguish the samples by metal ratio, the
materials will be referred to as Pd,Pt,, where x and y represent
the Pd and Pt mole fractions in the sample out of 100. The
monometallic species are termed Pd;y, or Pt;.

To characterize the metal—peptide interactions before and
after nanoparticle synthesis, UV—vis spectra of the materials
were obtained (Figure 1). Figure 1a specifically shows the UV—
vis spectra before reduction for the bimetallic nanomaterials. A
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Figure 1. UV—vis analysis of the RS-templated PdPt structures (a)
before and (b) after reduction with NaBH,.

ligand-to-metal charge transfer (LMCT) band was observed at
235 nm for the monometallic Pd structures, corresponding to
the interaction between Pd** ions and the peptide template.” As
Pt** was introduced into the system, with a concurrent decrease
in the Pd** loading, a change in the UV—vis spectrum was
observed. To this end, diminishment of the Pd** LMCT band
was observed with formation of a new peak at 216 nm,
corresponding to Pt** ions within the peptide template. Upon
reduction (Figure 1b), the absorbances arising from peptide-
coordinated Pd** and Pt** ions were no longer observed, while
the formation of a featureless spectrum for each material was
noted. For each nanomaterial sample, a spectrum with an
increase toward lower wavelengths was observed, consistent
with the formation of nanomaterials.>*

TEM was next used to analyze the morphology and size of
the peptide-templated materials (Figure 2). Interestingly, for all
structures, nearly spherical nanoparticles were noted; however,
the structures were generally polydisperse in morphology.
Unfortunately, due to residual carbon degrading during TEM
imaging, higher-resolution TEM images could not be achieved.
The morphology effects were somewhat surprising, as changes
in metal loading or com?osition typically result in changes in
material morphology;g’z‘ however, Pt-based structures fab-
ricated from the RS template are known to be sg)herical
regardless of the metal concentration in the reaction.” When
the Pd,y, materials were considered, as shown in Figure 2a,
spherical nanoparticles of 3.0 + 0.7 nm were observed,
consistent with previous studies.””'%** As Pt was incorporated
into the materials, the size of the particles slightly increased to
3.2 + 0.8 and 4.3 + 0.6 nm for Pdg;Pt;; and Pdy;Pt;; samples,
respectively (Figure 2b,c). Upon further increasing the Pt
loading, the size of the materials began to decrease to 3.8 + 0.6,
37 £ 0.7, 3.6 + 0.7, and 1.7 + 0.3 nm for the PdPts,
Pd;;Pty;, Pd,sPt;s, and Pt,o, materials, respectively (Figure 2d—
g). For ease in comparison, Figure 2h presents a plot of the
change in particle size as a function of Pd composition.

While the overall size and general morphology of the
different materials can be assessed by TEM, to determine the
atomic-level interactions, structure, composition, and metallic
oxidation state, other methods are required. As a primary study,
EDS mapping was conducted on all PdPt materials to visually
observe the level of metal atom mixing within the material, as
shown in Figure 3. The top row of Figure 3 specifically presents
the analysis for Pdg;Pt); nanoparticles; the panel on the left is
the scanning transmission electron microscopic (STEM) image,
while the middle and right panels present the elemental maps
for Pd and Pt, respectively. When the Pd and Pt maps are
compared, an even overall distribution of each metal is noted,
suggestive of materials of mixed Pd and Pt composition. Such a
structure was anticipated due to the coreduction of Pt** and
Pd** metal ions, which has been shown to form alloyed
nanoparticles.” Additional STEM imaging and EDS mapping
analysis are presented in Figure 3 for all PdPt structures, which
were all consistent with the Pdg;Pt;; materials. While EDS
mapping suggests an alloyed particle, the data are insensitive to
oxidation state, limited in resolution (especially for nano-
particles of this size), and can be completed only on a global
particle level; additional high-resolution studies are required to
fully elucidate the atomic-level interactions between Pd and Pt,
as well as their oxidation state, within the nanostructure.

To further probe the atomic structure of the multi-
component materials, XAFS, XPS, and HE-XRD coupled to
PDF analysis were performed. XAFS can reveal element-specific
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Figure 2. TEM images of (a) Pd,o, (b) Pdg;Pt,;, (c) Pdg;Ptss, (d) PdsoPtsy, (€) Pds3Ptys, (f) Pd,sPtss, and (g) Ptyoo samples. (h) Change in particle

size as a function of Pd composition. Scale bar = 20 nm.

Figure 3. EDS mapping analysis of (a) Pdg;Pt;;, (b) PdgPts;, (c)
PdyPts,, (d) PdyPts;, and (e) Pd,sPt,; materials. The left panel
presents the STEM image of the structure that was mapped, while the
middle and right panels display Pd and Pt maps, respectively. Scale bar
= 50 nm.

structural and chemical information, which is particularly
difficult to ascertain for multicomponent nanomaterials. The
X-ray absorption near-edge structure (XANES) at the Pd K
edge for all nanomaterials and a reference Pd foil (Figure 4a)
indicate that the Pd atoms are largely zerovalent; minimal
deviations in the spectra for Pd,y, and all multicomponent
materials are noted. In fully miscible bimetallic NPs (i.e.,
alloyed structures), small shifts in the XANES spectrum can be
observed as the ratio between metals is varied.”>**’
Interestingly, in the present study, such shifts were not noted.
Conversely, the XANES spectra at the Pt L, edge (Figure 4b)
demonstrate incomplete Pt reduction, particularly in Pty
Indeed, Pty exhibits higher white line intensities than any of
the alloyed nanoparticles and the reference Pt foil and is more
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similar in post-edge features to reference PtO, than to Pt foil.
For the alloyed materials, the white line intensities are higher
than those for the Pt foil. This indicates that the Pt in the
multicomponent materials is partially oxidized, while Pt;o, is
heavily oxidized. Subsequent extended X-ray absorption fine
structure (EXAFS) modeling further corroborates the observed
trends in Pt-XANES.

EXAFS spectra from the Pd K edge and Pt L, edge (Figure
4c,d) further suggest the presence of Pd-concentration-
dependent Pt oxidation. Fourier transform magnitudes of Pd
K edge EXAFS spectra have a main peak at 2.45 A, which is
shifted to lower distances compared to real-space distance
between nearest-neighbor Pd atoms (e.g, 2.74 A in the bulk)
due to the photoelectron phase shift. As the amount of Pt is
increased in RS-templated nanomaterials, a slight shift of the
first nearest-neighbor peak to longer distances is noted,
consistent with the presence of the longer (Pd—Pt)
contribution to the first shell peak, given that the first
coordination sphere distance in bulk Pt is 2.77 A. Note that
there is no obvious Pd — low-Z feature, which indicates that the
Pd is zerovalent and that it is not strongly interacting with low-
Z atoms, such as the templating RS peptide or unreduced
PdCI,>".>® Conversely, the Pt EXAFS (Figure 4d) confirms an
amount of metallic, zerovalent Pt atoms within the sample that
is lower than the anticipated loading amount. For instance,
Pt, o, has no observable metallic bonding but instead has a very
strong feature at 1.7 A. This distance matches the main EXAFS
teature for the reference PtO,, suggesting the RS template may
be inhibiting Pt reduction. This is likely due to the low
reduction potential of Pt** ions when complexed to amines,
where it is thought to depend on the initial Pt seed formation
during particle synthesis.”” If a zerovalent Pt seed is formed,
then nucleation of the Pt particle is rapid, but if no Pt seed
forms, the Pt** is trapped within the template in its oxidized
form.>” Similar results have been previously observed by
Borodko et al.’’ in dendrimer systems. In that work, they
indicated that interactions between amines in the dendrimer
and Pt** ions resulted in a shifting of the Pt reduction potential
to be more negative, thus making it more difficult to reduce
with NaBH,.®” This oxide feature is notable in the EXAFS for
Pd,sPt,s, Pdy3Pts;, and PdgPts, and minimally in Pdg;Pts;,
while metal—metal features shift toward longer real-space
distances with increasing Pt content.

To obtain quantitative atomic-scale structural information,
Pd and Pt EXAFS were modeled by use of FEFF6 theory’” to
obtained element-specific coordination numbers (CNs) and
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Figure 4. XAFS analysis of RS-templated PdPt bimetallic materials. (a, b) XANES data at (a) Pd K edge and (b) Pt L; edge. (Inset) Changes in
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Table 1. Calculated Coordination Numbers from EXAFS Modeling of both Pd K-edge and Pt L;-edge Data Sets

CN
Pd—Pd Pd—Pt Pt—Pt Pt—Pd Pt—Cl/O

Pd, 0 75 £ 0.5

Pdg;Pt;, 5.6+ 0.9 L1+15 6.7 + 2.0 0.3 + 0.5 (Cl)
Pd;Pty; 5.5 +038 1.7 £ 0.8 32 +32 5.0 + 43 1.1+ 15 (Cl)
Pdg,Pts, 4.8 +0.7 3.5+ 06 S1+12 35+ 06 02 + 0.5 (0)
Pd;;Pt,, 3.6+ 05 5.7 + 04 49 £ 1.5 2.8 + 04 0.9 + 0.8 (0O)
Pd, Pt 33+06 5.8 + 0.4 55+ 12 19 + 04 0.8 + 0.4 (O)
Pty00 0.8 + 0.3 (Cl)

3.3 + 0.6 (0)

bond lengths. (See Supporting Information Figures S1 and S2
for Pd K edge and Pt L, edge fits, respectively.) The resulting
CNs are summarized in Table 1 and Figure S, with the
remaining metrics summarized in the Table S1 in Supporting
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Figure S. Effective CNs for PdPt bimetallic nanomaterials vs Pd
composition. The dashed black line represents Pd—Pd CN trend vs
composition for a random nanoalloy alloy, while the dashed blue line
represent the analogous trend for Pt—Pt.
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Information. For the Pt;,, nanomaterials, the EXAFS data
suggested that no metallic Pt character was present in the
sample (Figure 4d). Modeling the Pt,oo EXAFS data confirms
the strong presence of unreduced species in this material with
the best fit resulting in a Pt—CIl CN of 0.8 + 0.3 and a Pt—O/N
CN of 3.3 + 0.6. For the Pd,Pt,;, Pds;Pts;, and Pdg,Pts
nanomaterials, Pt — low-Z contributors can be observed in the
Pt EXAFS (Figure 4d), which were successfully modeled with
Pt—O instead of Pt—Cl contributions. The nucleation of Pd
generated metal seeds within the peptide template to facilitate
the reduction of PtCl,*”, eliminating the Pt—Cl species. Once
reduced, the Pt subsequently oxidizes, however, as indicated
from EXAFS modeling efforts. The heterogeneity of the Pt
species arises from the presence of reduced Pt’, oxidized Pt—O,
and unreduced K,PtCl,, which substantially complicates
structural analysis based on CNs, as XAFS is a bulk
measurement reflecting the ensemble-average Pt environment
in the sample. Such overall Pt—Pt and Pt—Pd CNs were
converted into effective CNs accounting only for the
nanoparticle phase, thus enabling modeling of structure and
composition of the nanoparticles.” With PtCl,>~ having a Pt—
Cl CN of 4.0, the best-fit result for the Pt—Cl CN can be used
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Figure 7. Curve-fitted high-resolution Pt 4f XPS spectra for (a) Pt,og, (b) Pdg;Pt,5, (c) PdgsPtss, (d) PdsoPtsg, (€) Pds3Pteg and (f) Pd,sPt,s samples.
Representative high-resolution Pt 4f spectra were fitted with seven peaks, each consisting of two components, 4f7/2 (solid lines) and 4f5/2 (dashed
lines), separated by 3.3 eV.

to assess the amount of unreduced Pt and, subsequently, effective CNs trend linearly with composition, as anticipated for

modify the nanoparticle CN (see ref 61 for details). By random alloys (Figure 5).°!

examining the effective CNs for PdgPt;; and PdgPt;, we The EXAFS data analysis provides significant information

conclude that the nanomaterials are largely alloyed because the concerning the structure of the materials at the atomic level.
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Figure 8. PDFs for RS-templated PdPt materials up to (a) 6 A and (b) 20 A to illustrate structural differences at various length scales.

Taken together, the XAFS data indicate that the Pd regions are
largely metallic in nature and do not exhibit any significant Pd—
ligand interactions. This suggests minimal degrees of
interaction between the Pd metal and the peptide template.
Conversely, the Pt atoms display Pd-dependent levels of
oxidization for materials with a composition of <50% Pd. In
general, these Pt-based oxide materials are likely to be
deposited on the particle surface due to the slower kinetics of
Pt** reduction due to coordination with amines in the RS
template.”” Overall, the PdPt nanoparticles exhibited largely
linear CN behavior with respect to composition (Figure $),
conforming to the anticipated values for an alloyed PdPt
structure. Similar results were found for R$-templated PdAu,"’
indicating that the RS template is capable of facilitating the
fabrication of alloyed nanomaterials.

To complement and support the EXAFS results, XPS was
performed on the bimetallic materials to further probe the
composition and arrangement of the nanostructures, with
particular attention paid to the metal atom oxidation state.
High-resolution Pd 3d XPS spectra (Figure 6a) indicate that Pd
is very similar chemically for Pd;y, and all RS-templated
multicomponent nanomaterials. The peaks at 335.8 eV are due
to zerovalent Pd, while a small shoulder at 338 eV, found in
nanomaterials with higher Pd content, is likely due to small
amounts of oxidation. In nanomaterials with high Pt content,
strong Pt 4d peaks observed at 317 and 334 eV interfere with
the Pd 3d peaks, making it difficult to quantify the Pd species.
High-resolution Pt 4f spectra (Figure 6b) indicate significant
oxidization of Pt in the RS-templated materials. Peaks with
deconvoluted features at 70.8, 71.4, 72.3, 73.2, 74.4, 75.4, and
76.7 are observed (Figure 7). The peaks at 73.2 and 74.4 eV
indicate the presence of potassium chloroplatinates, originating
from the precursor compound, and may also indicate the
formation of PtO, and/or Pt(OH),, which are likely to arise
from incomplete Pt reduction within the RS template.”>* The
peak at 76.7 suggests that a significant amount of Pt is
coordinated to the peptide template. Peaks at lower binding
energy indicate the presence of metallic Pt (70.8 and 71.4 €V)
and PtO (72.3 eV). As the amount of Pd increases in the
multicomponent materials, the Pt features due to the reduced
forms become more observable. For instance, Pd,sPt;;, and
Pd;;Pt; begin to exhibit peaks at 71.4 eV for zerovalent Pt but
still have extensive oxidation features similar to those observed
in Pt;,. At equimolar Pd and Pt concentrations, metallic Pt
becomes more predominant but still with notable amounts of
oxidation, while Pd¢,Pt;; and Pdg;Pt,; appear to be primarily
metallic for both Pd and Pt with very limited oxidation. Taken
together, the XPS data corroborate the EXAFS findings that
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RS-templated nanomaterials create Pd-dependent Pt oxidation
when synthesized under aqueous conditions.

From the EXAFS and XPS analyses, clear atomic-scale
structural and chemical differences are observed, which likely
depend on both the bimetallic composition and metal atom
interactions with the templating peptide. To further probe the
intricate material morphology, HE-XRD coupled to atomic
PDF analysis was also conducted to determine the structural
arrangement of Pd and Pt at length scales larger than the first
coordination sphere. PDF analysis is advantageous for materials
lacking long-range structural order, such as nanomaterials, as
both Bragg peaks (from crystalline domains) and diffuse
scattering (arising from a lack of long-range periodicity) are
accounted for in the analysis.”* HE-XRD patterns of high
statistical quality are collected to high reciprocal space vectors
(~45 A7), converted into total structure functions F(Q) (see
Supporting Information Figures S3 and S4), and then Fourier-
transformed into atomic PDFs that provide subangstrom
structural information on the size of the nanomaterials. PDFs
for the RS-templated PdPt nanomaterials are shown in Figure 8
up to 6 A and 20 A (data up to 40 A are given in Supporting
Information Figure SS).

The PDFs clearly indicate that the majority of Pt in Pty is
not reduced, which exhibits Pt — low-Z peaks at 1.9 and 2.0 A.
These distances may be due to possible oxidation of Pt to
oxides or hydroxides,"*%® Pt**—peptide interactions, or Pt—ClI
bonds from unreduced precursor as indicated from the EXAFS
modeling (Figure S and Table 1). A minimal feature at 2.74 A is
likely due to the small fraction of zerovalent Pt nanomaterials
not detectable with XAFS but observed by TEM. Additional
longer-range PDF features are found at positions for face-
centered cubic (fcc)-type arrangement of atoms are also
observed, although the dominant presence of unreduced Pt
complicates further analysis. Note that the aforementioned low-
Z features are not present in the bimetallic nanomaterials. This
indicates that any oxidized Pt is likely on the surface of the
nanomaterial, as it does not have a strong peak in the atomic
PDF, due to the comparatively smaller number of Pt — low-Z
atomic pairs and high contrast between O and Pt/Pd. As PDF
analysis is based on diffraction data, it is not as sensitive to low-
Z surface structures as spectroscopic methods such as XPS or
EXAFS. Similarly, small amounts of unreduced Pt likely will not
exhibit features in the PDF for Pdg;Pt;; and Pd,Pt;; due to
overall small contributions to the HE-XRD that are largely
neglected upon Fourier transformation to the atomic PDFE.”
The dampening in peak oscillations between Ptjo, and the
bimetallic nanomaterials further indicates substantial oxidation
in Ptjo. The alloyed nanomaterials exhibit dampened pair
distances in relative magnitude at larger real-space distances,
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which is indicative of metallic bonding observed from the
structure-sensitive PDFs. Conversely, Pty exhibits a PDF that
lacks peak dampening at larger real-space distances, suggesting
the presence of a high degree of covalent bonding that would
be present in an oxidized material. The RS-templated PdPt
structures exhibit various changes in both peak position and
peak broadening that are not strictly dependent on the Pd:Pt
ratio. This would suggest that the atomic-scale structure of
these materials is likely dependent on the interplay between
multicomponent material stoichiometry and subsequent Pt
reduction/oxidation, along with 1nteract10n between the
inorganic and biological components.*®

From the suite of X-ray characterization methods, we
hypothesize that Pd and Pt are largely alloyed within the RS
template, with quantifiable amounts of Pt oxidation due to the
inability to fully reduce Pt for materials with higher Pt loading
(Scheme 1). In these materials, the Pd atoms likely are reduced

Scheme 1. Mechanism for Formation of PdPt Materials
Employing the RS Template

. _ 1. Pd?/ptz
~2 NaBH, ‘
3. 40°C
Increase
[Pt]
@Pd @Pt @ PO,

‘ﬁl
&

first upon addition of NaBH,, followed by the incorporation of
metallic Pt, which can become partially oxidized at the surface.
Upon incorporation of reduced Pt, bimetallic nanoparticles are
generated in an alloyed-like structure, which has been
demonstrated to be relatively stable in previous reports.”’ %
The extent of Pt oxidation and metallic Pt incorporation into
the nanomaterials is dependent on the amount of Pd in the
sample, controlled by the Pd:Pt ratio. Pd-dependent oxidation
of Pt is likely due to enhanced reduction of Pt** facilitated by
the generation of Pd seeds in this sample, coupled with a shift
in Pt** reduction potential due to interactions with the
biotemplate. Since the oxidized materials were not observed
in the PDFs but were noted by EXAFS and XPS, the oxidized
Pt is more likely to be prevalent at the material surface, wherein
diffraction methods are limited at resolving low-Z surface
materials. At higher Pd:Pt ratios, Pt oxidation is minimal, with
EXAFS modeling confirming metallic Pt atoms incorporated
throughout the nanomaterial. Understanding the interplay
between Pd and Pt reduction due to reaction stoichiometry and
peptide—precursor interactions can assist in understanding the
properties of these materials and can be further extended to
other bimetallic nanomaterial combinations templated by
biological macromolecules.

Once the structure of the nanomaterials was more fully
understood, their catalytic activity was tested by use of
hydrogenation of olefins as a model reaction (Figure 9). To
determine the effects of olefin structure on reactivity, primary,
secondary, and tertiary alcohols were used as substrates. For
this, allyl alcohol, 3-buten-2-ol, and 2-methyl-3-buten-2-ol were
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Figure 9. TOF plots of RS-templated PdPt materials for the olefin
hydrogenation of allyl alcohol (black), 3-buten-2-ol (red), and 2-
methyl-3-buten-2-ol (blue).

employed, respectively. We have previously reported catalytic
TOFs for monometallic RS-templated Pd and Pt where
moderately high values were observed for the Pd materials
[~2900 mol product (mol metal X h)™'] and significantly
lower average TOFs were noted for the Pt materials [~792 mol
product (mol metal X h)™'].” Figure 9 presents the catalytic
TOF values for the bimetallic nanomaterials on the primary,
secondary, or tertiary alcohol, where an increase in reactivity
was observed for certain ratios of Pd:Pt. For hydrogenation of
the primary alcohol, allyl alcohol, a TOF of 2937 + 73 mol
product (mol metal X h)™" was determmed for the Pd,o
material, consistent with previous results.”*’ Upon the addition
of a small amount (17%) of Pt, an enhancement in the TOF to
5459 + 705 mol product (mol metal X h)™" was observed for
the Pdg;Pt;; material. With further increases in Pt concen-
tration, a steady decrease in the TOF was observed, with values
of 3671 + 206, 3322 + 470, 2190 + 998, 1677 + 257, and 825
+ 177 mol product (mol metal X h)™" for Pdy,Pt,;, Pds Pty
Pd;;Pty;, Pd,sPt;s, and Pty materials, respectively. Such an
effect of diminished reactivity was anticipated, as unreduced or
oxidized Pt are anticipated to have lower reactivity compared to
Pd. Note that these TOF values for all materials that possess Pd
have greater reactivity as compared to a standard Pd-on-carbon
material that previously demonstrated a TOF of 1059 + 127
mol product (mol metal X h)™" for hydrogenation of allyl
alcohol under identical conditions.”

For the Pdg;Pt;; material, recyclability of the nanocatalysts
for hydrogenation of allyl alcohol was studied (Supporting
Information, Figure S6). These structures were specifically
chosen as they demonstrated the maximum reactivity based
upon TOF values. Unfortunately, after subsequent reaction
cycles, the observed TOF values generally decreased. To this
end, the materials initially demonstrated a TOF value of 5565
+ 917 mol product (mol metal X h)™" for the first reaction,
which decreased to 1655 + 408 mol product (mol metal X h)™
after four reaction cycles. Such a lack of recyclability may be
due to instability of the peptide template or aggregation of
materials. Increasing the recyclability of the material’s reactivity
could be achieved via enhanced peptide template stability and
increasing the charge on the materials (leading to enhanced
electrostatic-based stability of the materials); however, the key
result of a bimetallic effect for enhanced reactivity was
maintained for the initial catalytic cycles with the PdPt-
containing nanocatalysts.

DOI: 10.1021/acsami.6b11651
ACS Appl. Mater. Interfaces 2017, 9, 8030—8040


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b11651/suppl_file/am6b11651_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b11651

ACS Applied Materials & Interfaces

Research Article

The size and structure of the substrate can also play a role in
reactivity of nanomaterials.”® To determine how this affects the
peptide-templated bimetallic nanomaterials, secondary and
tertiary olefinic alcohols 3-buten-2-ol and 2-methyl-3-buten-2-
ol, respectively, were studied. Similar trends were observed for
each substrate as compared to the primary alcohol, where an
increased TOF was noted for the PdgPt;; materials, as
compared to the Pd,y, structures. For 3-buten-2-ol, a TOF of
3182 + 727 mol product (mol metal X h) ™ was determined for
Pd,g. A slight enhancement in catalytic activity was observed
for Pdg,Pt,, with a TOF of 3667 + 91 mol product (mol metal
X h)~". Further increasing Pt concentrations lead to a steady
decline in TOF of 2598 + 885 and 1266 + 298 mol product
(mol metal X h)™" for Pdg,Pt;; and Pdg,Pt, respectively. A
negligible change in TOF was determined for Pds;Ptg, and
Pd,;Pt,; samples before a TOF of 1208 + 241 mol product
(mol metal X h)™ was observed for the Pt,,, nanomaterials. A
slightly different trend was found for the tertiary alcohol, where
a TOF of 4707 + 1206 mol product (mol metal X h)™" was
observed for Pd,y,. The reactivity increased to 6515 + 195 and
7197 + 1353 mol product (mol metal X h)™" for the Pdg;Pt,,
and PdgPt;; materials, respectively, followed by a steady
decline in reactivity for the remaining samples.

Overall, such trends were anticipated for catalytic reactivity of
the peptide-templated PdPt nanomaterials. For all reaction
substrates, notable increases were observed when the Pdq,
samples were compared with those that contained small
amounts of Pt. In these alloyed materials, the X-ray data
indicated that the majority of the Pt was reduced, making the
materials mostly bimetallic in nature. PdPt bimetallic particles
are known to possess enhanced hydrogenation reactivity as
compared to monometallic Pd nanomaterials due to electronic
effects.® Such effects arise from the more electronegative Pt
component pulling electron density from the Pd component,
making the Pd more reactive for olefin hydrogenation. As the
amount of Pt in the sample increased where oxide formation
was noted, the reactivity diminished for all samples. This effect
was anticipated as the metallic components were buried within
a surface shell of oxidized Pt, thus sequestering the most
reactive materials from the reaction substrates. Furthermore, Pt
is less reactive for olefin hydrogenation as compared to Pd, thus
aiding in the diminishment in reactivity that was observed.

B CONCLUSIONS

In summary, PdPt nanomaterials were synthesized by use of RS
peptide template, where the arrangement of the two
components in the composite structure was fully elucidated
by atomic-scale structural methods. These materials were used
for the hydrogenation of olefinic alcohols, demonstrating
changes in reactivity correlating to the material composition.
The multicomponent nanomaterials were nearly monodisperse
and spherical across the various Pd:Pt ratios, where the size
varied with metal composition. X-ray methods including XAFS,
HE-XRD, and XPS were used to characterize the materials
where Pt was highly oxidized at increased Pt concentrations.
Catalytic enhancement was observed for materials with less
than 25% Pt, which likely arose from synergistic effects between
the two inorganic components. Such results demonstrate that
unanticipated multicomponent materials can be generated via
biomimetic approaches, where the interactions of the template
can direct the formation of these unique structures. Such results
could be exploited to generate complex multicomponent
inorganic nanostructures for specific applications that require
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a close integration between multiple metallic compositions, as
well as the inclusion of metal oxide components.
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