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ABSTRACT The predictable synthesis of bimetallic nanostructures via co-reduction of two metal
precursors is challenging due to our limited understanding of precursor ligand effects. Here, the influence
of different metal—ligand environments is systematically examined in the synthesis of Pd—Pt
nanostructures as a model bimetallic system. Nanodendrites with different spatially defined Pd—Pt
compositions are achieved, where the local ligand environments of metal precursors dictate if temporally

core-shell

separated co-reduction dominates to achieve core—shell nanostructures or whether electroless co-deposition proceeds to facilitate alloyed nanostructure

formation. As the properties of bimetallic nanomaterials depend on crystal ordering and composition, chemical routes to structurally defined bimetallic

nanomaterials are critically needed. The approaches reported here should be applicable to other bimetallic compositions given the established reactivity of

coordination complexes available for use as precursors.

KEYWORDS: alloy - core—shell - palladium - platinum - nanoparticles - shape control

nterest in bimetallic nanostructures with

core—shell, alloyed, or intermetallic dis-

tributions is growing on account of their
applications in catalysis, where crystal or-
dering and composition can dramatically
affect activity and selectivity.' ™ For exam-
ple, platinum and palladium are useful cat-
alysts in many industrial processes,® ' and
mixing the two metals in compositionally
defined nanostructures can enhance per-
formance. In fact, bimetallic Pd—Pt nano-
dendrites are often better catalysts for the
electro-oxidation of ethanol, methanol,
and formic acid compared to monometallic
analogues.'>~'> However, achieving such
bimetallic structures in a predictable man-
ner by co-reduction of two metal precursors
is challenging due to poor understanding of
the chemical transformations that lead to
nanostructures from metal precursors.'®~"?
Here, we investigate the possibility of ma-
nipulating co-reduction in a model Pd—Pt
system through selection of specific metal—
ligand interactions in order to achieve
bimetallic nanostructures with different spa-
tially defined compositions (e.g., alloy versus
core—shell). Significantly, the local ligand
environments of the metal precursors
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dictate whether or not electroless co-deposi-
tion can be achieved for alloy formation;
otherwise, temporally separated co-reduction
is evident, with core—shell architectures
prevalent.

There are numerous reports of Pd—Pt
dendritic structures, but to our knowledge,
a comprehensive investigation on how the
local ligand environments of metal precur-
sors influence the bimetallic distribution in
nanostructures achieved via co-reduction
has not been undertaken. Yet from coordi-
nation chemistry, the local ligand environ-
ments of metal complexes are known to
determine the thermodynamic and kinetic
stability of precursors.2® Thus, scenarios can
be imagined in which the selection of pre-
cursors with different local ligand environ-
ments could give rise to nanostructures with
different bimetallic spatial distributions via
co-reduction (e.g., temporally separated re-
duction toward core—shell structures or true
co-reduction toward alloyed structures).
Of course, this perspective assumes that
diffusion or surface-to-ligand effects do
not influence the bimetallic distribution
after nanostructure formation.>' Pd—Pt is
an appropriate system for this study as the
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Figure 1. (A) TEM image of a Pd—Pt core—shell dendritic bundle with selected area used for STEM/EDX analysis. Elemental
mapping of selected area denotes the presence of (B) Pd (red), (C) Pt (green), (D) combined Pd and Pt. In (E), an EDX line scan

corresponding to the blue line in (D).

surface segregation energies of these metals within
the other as a host are minimal compared to other
bimetallic compositions, minimizing the contribution
of diffusion to bimetallic distribution.?>*3

We recently reported the formation of monometallic
nanodendrites and single-crystalline nanoparticles
through the manipulation of local ligand environments
of Pd and Pt precursors.>* Without a strongly coordi-
nating ligand (e.g., in oleylamine only), nanodendrites
formed from common Pd and Pt precursors.®* The
insight gained from that study informs the selection
of precursors for our model bimetallic system in which
the formation of Pd—Pt nanostructures with different
bimetallic distributions is facilitated by the minimal
lattice mismatch (0.77%) between Pd and Pt.> Inter-
estingly, nanodendrites with different spatially distrib-
uted bimetallic compositions are selectively formed.
These structures are achieved by exploiting three
metal—ligand precursor systems: (i) Pd(acac), and Pt-
(acac); in oleylamine only, (ii) Pd(acac), and Pt(hfac),
in oleylamine only, and (iii) Pd(acac), and H,PtClg in
oleylamine only. Oleylamine serves as both the solvent
and reducing agent. This selection minimizes the
possibility for other components than ligand environ-
ment to contribute to nanostructure development,
with amine-assisted reduction facilitating product
formation.?® The first two systems were selected to
test the hypothesis that nanostructures with different
bimetallic distributions can be achieved through ma-
nipulation of the reduction profiles of metal precursors
via their local ligand environments. The last system
serves as a model for electroless co-deposition cata-
lyzed by a nanoparticle surface.

RESULTS AND DISCUSSION

In the first study, Pd(acac), and Pt(acac), were dis-
solved in oleylamine at a 1:1 mol ratio and heated
at 160 °C (see Methods for experimental details). This
temperature was selected because our previous study
of these precursors individually in oleylamine found
that while the reduction of Pd(acac), is facile at lower
temperatures, Pt(acac), requires heating at a minimum
of 160 °C to produce product in a reasonable time.?*
This finding is consistent with the greater stability of Pt
complexes relative to Pd complexes.?® Thus, we antici-
pated that the greater stability of Pt(acac), compared
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to Pd(acac), would provide ample difference in reduc-
tion rates to facilitate Pd and Pt metal segregation
for core—shell Pd—Pt nanostructure formation. Indeed,
pairing these metal precursors leads to nanodendrites
with a core—shell distribution of Pd—Pt (Figure 1). The
dendritic bundles form rapidly at 160 °C (Figure S1,
Supporting Information), with the bimetallic composi-
tion confirmed by energy dispersive X-ray spectro-
scopy (EDX, Figure S2, Supporting Information).
Elemental mapping by scanning transmission electron
microscopy (STEM) coupled with EDX confirms the
distribution of Pd and Pt within the nanodendritic
bundles. From this analysis, Pd (red) is localized in
the core and Pt (green) in the shell, with little mixing
of the two as evident by the line scan analysis
(Figures 1D,E). The formation of segregated Pd and Pt
domains can be attributed to the greater stability of
Pt(acac), compared to Pd(acac),.

Dendritic structures can develop via overgrowth, etch-
ing, aggregation, or seed-mediated methods coupled
with aggregation.?’ Our previous analysis of Pd(acac),
and Pt(acac), reduction individually in oleylamine
found that monometallic nanodendrites form and that
these structures arise on account of aggregation-based
growth.?* Likewise, characterization of these Pd—Pt
nanodendrites by TEM supports the aggregation-based
growth pathway, although overgrowth from the den-
dritic structures likely occurs as well.?® From Figure 2,
adjacent regions within a dendritic bundle (region C
of Figure 2A) or smaller nanodendrite (region B of
Figure 2A) have different crystal orientations, as evident
from FFT analysis (Figure 2B) or measurements of lattice
spacings (Figure 2C). In addition, smaller dendritic
structures are present in the sample. Such structural
analysis is consistent with aggregation-based growth,
where misorientation at particle interfaces is common
after subparticle collision and gives rise to polycrystal-
line nanostructures.'® Evidently, oleylamine is insuffi-
cient to stabilize the individual crystallites that form
in solution. STEM/EDX analysis of the smaller dendritic
structures supports the idea of temporally separated
reduction of Pd and Pt precursors as these structures
are nearly Pt-only in composition (Figure 2D).

In our previous study of monometallic Pd and
Pt nanodendrite formation, the greater stability of
Pt(acac), relative to Pd(acac), was evident by the dif-
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Figure 2. (A) TEM image of a Pd—Pt core—shell dendritic bundle with selected area used for higher magnification TEM
analysis. (B) Higher magnification as denoted in (A), with the FFT (insets) of selected areas. (C) Higher magnification as
denoted in (A), with different lattice directions of adjacent crystallites denoted. (D) EDX line scan profile of smaller

nanodendrites (inset).

ferent temperatures required for product formation.>*
However, a direct comparison of metal generation at
the same temperature was not made. Thus, the reduc-
tion processes of these precursors were studied indi-
vidually in oleylamine at 160 °C. As expected, heating
Pd(acac), yields Pd nanodendrites within 5 min,
which grow into larger bundle-like structures by 1 h
(Figure S3, Supporting Information). However, the
same experiment with Pt(acac), yielded smaller parti-
cles, with very little product being isolated in the initial
heating period (Figure S4, Supporting Information).
Bundle-like structures were not observed within the
time frame of the experiment. Thus, the combination
of the facile reduction of Pd(acac), in oleylamine paired
with the more stable Pt(acac), is an appropriate syn-
thetic environment to favor formation of Pd—Pt core—
shell nanodendrites. Likewise, pairing Pd(hfac), and
Pt(hfac), ata 1:1 mol ratio for co-reduction in oleylamine
only also generated core—shell Pd—Pt structures at
equivalent reaction conditions (Figure S5, Supporting
Information). This observation, too, can be attributed
to the greater stability of Pt complexes compared to
analogous Pd complexes.® Given the general trend in
stability of Pd and Pt complexes, the selection of two
metal precursors with the same metal—ligand environ-
ments to achieve core—shell structures emerges a gen-
eral guideline. However, as discussed later, this concept
only holds if other routes to nanostructure formation
(e.g., electroless deposition) are suppressed.

Second, precursor combinations where the local
ligand environments of the Pt and Pd precursors are
different were examined to test the hypothesis of
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whether or not the bimetallic distribution could be
manipulated by matching reduction profiles to achieve
bimetallic nanostructures with greater Pd—Pt mixing.
With Pt complexes being overall more stable than their
Pd analogs, Pt(hfac), was paired with Pd(acac), at a
1:1 mol ratio and heated to 160 °C. Pt(hfac), was sel-
ected on account of the better leaving group proper-
ties of the hfac™ ligands compared to the acac™ ligands
and our previous work, which verified more rapid
growth of metal nanostructures from metal precursors
with hfac™ ligands.? Surprisingly, co-reduction of this
precursor combination again generated nanostruc-
tures with a Pd—Pt core—shell architecture (Figure 3),
although the Pt signal from STEM—EDX line scan
analysis had to be multiplied 3x to explicitly reveal
this spatial distribution (Figure 3E). Thus, Pd and Pt may
be mixed more at the interface between Pd and Pt
domains, but overall the reduction of Pt(hfac), is still
temporally separated compared to Pd(acac),, inhibiting
alloy formation. This finding highlights the challenges
in achieving bimetallic nanostructures predictably
through co-reduction methods as selection of precur-
sors guided by local ligand environment alone may be
insufficient to manipulate the bimetallic spatial distri-
butions. However, greater diversity of structures may be
possible in systems where product formation proceeds
via decomposition only (e.g., MxoLy) or when the redu-
cing agent need not coordinate to the metal center
to facilitate reduction (e.g., selection of precursors with
ligands capable of reduction themselves).

As these ligand-controlled co-reduction efforts did
not manipulate the bimetallic distribution, new synthetic
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Figure 3. (A) STEM image of Pd—Pt core—shell nanodendrites 6 h after co-reducing Pt(hfac), with Pd(acac), in oleylamine at 160 °C.
Elemental mapping by STEM-EDX denotes the presence of (B) Pd (red), (C) Pt (green), (D) combined Pd and Pt. (E) EDX line scan
profile corresponding to blue line in (D), with 3x enhanced Pt signal to demonstrate the core—shell feature of the dendritic bundle.
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Figure 4. (A) STEM image of Pd—Pt alloy nanodendrites 6 h after co-reducing Pd(acac), with H,PtClg in oleylamine at 160 °C.
Elemental mapping by STEM—EDX denotes the presence of (B) Pd (red), (C) Pt (green), and (D) combined Pd and Pt. Line scan
profiles of (E) a small dendrite and (F) larger dendritic bundles, corresponding to the blue lines in (D).

systems were envisioned. In particular, we were inspired
by the rich history of electroless deposition as a route
to bimetallic films®*® 32 and hypothesized that a similar
mechanism could facilitate alloy formation in colloidal
systems. Electroless deposition broadly describes all
processes of metal deposition without an external elec-
trical current; however, it is more commonly used to
describe catalyzed processes by which metallic ions M**
are reduced to metal M via a reducing agent, with the
overall process being catalyzed by the surface to which
metal M is being deposited onto.* Typically, this process
is used for film deposition onto substrates; however, the
same chemical processes can occur at the surfaces of
nanoparticles and is most commonly applied for core—
shell nanoparticle formation.3*73¢ As we demonstrate
here, this surface catalyzed process can be exploited to
co-reduce two metal precursors at nanoparticle surfaces,
leading to bimetallic deposition and the formation of
nanostructures with a mixed Pd—Pt distribution rather
than core—shell architecture.

As is evident from the system containing Pd(acac),
and Pt(acac),, the acac™ ligands protect the Pt
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precursor from the surfaces of the generated Pd nano-
dendrites and electroless deposition as little metal
mixing is present in the final structure even though Pd
can catalyze Pt deposition from Pt(ll) precursors.®
To realize electroless deposition, a new Pt source is
required that is both stable in solution but easily re-
duced once at a Pd nanoparticle surface. These require-
ments are met with H,PtClg as a Pt(IV) source to Pt metal.
Pt(IV) precursors are commonly used in electroless
deposition techniques on account of their stability and
need of a surface for nucleation, and such a mechanism
has been cited with the generation of Pt—Pd/C struc-
tures, although no study of ligand effects was under-
taken. 3738 Here, when H,PtCly is heated in oleylamine
at 160 °C, no product is produced, and no color changes
are observed to indicate reduction of Pt(IV). However,
when Pd(acac), and H,PtCls are co-reduced in oleyla-
mine at 160 °C, dendritic structures are produced and
EDX analysis indicates the incorporation of Pt (Figures S6
and S7, Supporting Information). Elemental mapping
by STEM/EDX shows that Pd and Pt are intimately
mixed and not of a core—shell distribution (Figure 4).
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TABLE 1. Pt:Pd Mole Ratio Determined by SEM—EDX of
Core-Shell and Mixed Nanodendrites as a Function of
Synthesis Time: 30 minand 1, 3,and 6 h

time 30 min 1h 3h 6h
Pt:Pd core—shell NA 0.05:1 141 1.1
Pt:Pd mixed NA 0.5:1 0.5:1 0.27:1

Such mixing is characteristic of alloy formation; how-
ever, XRD cannot be used in Pd—Pt systems to confirm
composition as Pd and Pt have overlaying patterns
(PDF cards 00-005-0681 and 00-004-0802).

As the selected H,PtCls precursor was the only
experimental modification, the observed Pd—Pt mixed
phase suggests the necessity for a Pd seed to facilitate
reduction of H,PtCls, which in this case is achieved
in situ by the reduction of Pd(acac), at 160 °C. The need
for a Pd surface was tested by injecting Pd seeds into
a solution of H,PtClg in oleylamine at 160 °C. In the
absence of Pd seeds, no color changes indicative of
H,PtClg reduction are observed, and no product can be
isolated. However, with injection of Pd seeds into the
hot solution of H,PtCls, nanostructures with a bime-
tallic composition are obtained (Figure S8, Supporting
Information). From this control experiment, we con-
clude that deposition of Pt requires a Pd surface to
catalyze the reduction of the Pt(IV) precursor. This
electroless deposition process, however, exploits the
surfaces of nanoparticles rather than an underlying
substrate, as typically employed to deposit a film, and
Pd continues to deposit during the process from the
reduction of Pd(acac),. Finally, this mechanism is sup-
ported by comparing changes in the Pt:Pd ratio in the
mixed Pd—Pt nanodendrites to the core—shell Pd—Pt
nanodendrites as a function of synthesis time. The Pt:
Pd ratios were obtained by SEM-EDX, with results
summarized in Table 1. No product could be obtained
at 30 min from the start of heating, which is consistent
with the ramp time to reach 160 °C taking ~25 min.
Notably, a dramatic difference between the two sam-
ples exists at 1 h of heating; very little Pt is present in
the core—shell sample in comparison to the mixed
system. This observation is consistent with the reduc-
tion of the Pt precursor being catalyzed in the mixed
nanodendrite system but ligand-controlled in the
core—shell system. By 3 h, the relative amount of Pt
increases dramatically in the synthesis of core—shell
nanodendrites, consistent with the slow reduction
of the Pt precursor. By 6 h, the relative amount of Pt
decreases in both samples, with the core—shell system
yielding samples with a nearly 1:1 ratio, consistent
with the starting precursor ratio. In contrast, the mixed
system is enriched with Pd, highlighting that the
composition of the catalyzing surface is likely to influ-
ence the degree to which the Pt precursor is reduced.

Often changes in chemical mechanism are accom-
panied by changes in nanostructure morphology.
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However, the dendritic morphology is maintained
even with surface-catalyzed deposition. This finding
is consistent with the aggregation-based mechanism
that accounts for dendrite formation in which oleyla-
mine is insufficient to provide full colloidal stability.
Shown in Figure 4D is STEM/EDX analysis of two larger
dendritic bundles along with a smaller, still detatched,
dendrite; all have spatially mixed Pd—Pt compositions.
Line scans for the small dendrite and bundles are in
Figures 4E and F, respectively. Therefore, the larger
bundles arise from aggregation of the smaller Pd—Pt
dendrites, which themselves form through aggrega-
tion of smaller primary particles with a mixed Pd—Pt
distribution. This composition is facilitated by electro-
less deposition on Pd generated in situ. As surface-
catalyzed Pt deposition proceeds, additional Pd(acac),
is also reduced, facilitating the co-deposition of Pd and
Pt onto the growing nanostructures. This finding high-
lights the complexity of nanomaterial syntheses, in
which precursor selection alone cannot be condensed
simply to its local ligand environment. Here, a surface-
catalyzed process provides access to a different bime-
tallic distribution, where the reactivity of H,PtClg is
modified with the presence of Pd but the reactivity of
Pt(acac); is not apparently influenced.

Given the broad use of electroless deposition meth-
ods in film preparation, exploiting this process with
colloids as the catalyzing surface could provide access
to a diversity of bimetallic nanostructures. The utility of
this method was further demonstrated by varying the
Pd—Pt mole ratio of the precursors in co-reduction
from 2:1, 1:1, to 1:2. Figures S9—S11 (Supporting
Information) contain characterization by EM, including
elemental mapping by STEM-EDX of individual den-
dritic bundles. At low Pt concentration, no core—shell
architecture is evident from the line scan (Figure S9E,
Supporting Information) although the overall map
(Figures S9B—D, Supporting Information) is mostly
red, indicating a predominance of Pd (~80 mol % Pd
of total metal content by EDX analysis). This character-
ization is consistent with the electroless deposition
pathway to product. Likewise, no core—shell architec-
ture is evident from the line scan of the sample
prepared at 1:1 (Figures 4 and S10, Supporting
Information). As expected, the amount of Pd in the
final structure decreases from ~80 mol % to ~50 mol %
by EDX analysis. Finally, at high Pt concentration, the
mole % Pd decreases substantially to ~25%. This
change is accompanied by a change in bimetallic
distribution as well, with a Pd-enriched center, a mixed
Pd—Pt middle, and a Pt-enriched surface as revealed
by the line scan (Figure S11E, Supporting Information).

Differences in bimetallic distribution can dramati-
cally influence the performance of catalysts, mak-
ing the core—shell (Figure 1) and mixed (Figure 4)
Pd—Pt nanodendrites ideal platforms for studying
the architectural effects of bimetallic nanostructures.
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Unfortunately, effective removal of the capping oley-
lamine either by electrochemical cycling or acid
treatment®®*° could not be achieved, as was evident
by substantial carbon contamination of samples dur-
ing TEM imaging post-treatment. Thus, reliable mea-
surements for model reactions could not be obtained
by standard methods.

CONCLUSIONS

Although studies report the synthesis of metal nano-
dendrites and other structurally distinct metal nano-
structures,”’ few provide a detailed understanding of
the metal precursor selection as they relate to nanostruc-
ture architecture and bimetallic distribution. Here, the
influence of metal—ligand interactions was investigated
systematically in a model Pd—Pt system, where nano-
structures with different spatially defined compositions

METHODS

Chemicals. Pd(acac), (99%), Pd(hfac), (99%), Pt(hfac), (99.9%),
and H,PtClg - 6H,0 (99.9%) were obtained and used as received
from Strem Chemicals, Inc. Oleylamine (OLA, technical grade,
70%) and Pt(acac), (99%) were purchased from Sigma-Aldrich.

Characterization. TEM was conducted with a JEOL JEM 1010
microscope operating at 80 kV equipped with a ROM CCD
camera. High-resolution TEM images were acquired with a JEOL
JEM 3500FS microscope using a 4k x 4k Gatan UltraScan 4000
CCD camera. All samples were redispersed in hexanes and
drop-casted on Ted Pella copper grids with Formvar or carbon
coating. The JEOL JEM 3200FS was interfaced with an Oxford
INCA dispersive X-ray system for collection of EDX spectra. Large
area EDX analysis was obtained with a FEI Quanta 600F Envir-
onmental scanning electron microscope operated at 30 kV and
a spot size of 3 which was interfaced with an Oxford INCA
detector for EDX spectra collection.

Synthesis of Core—Shell Pd—Pt Dendrites. Pd(acac), (0.055 mmol)
and Pt(acac), (0.055 mmol) were co-dissolved in oleylamine
(22 mL) to create a yellow solution. The solution was heated
under continuous stirring from room temperature to 160 °C
(ramp rate ca. 20 °C min~"), over the course of which a color
change was observed from pale yellow to dark black. Other
core—shell compositions using either Pd(hfac), with Pt(hfac), or
Pd(acac), with Pt(hfac), followed the same concentrations and
experimental conditions.

Synthesis of Mixed Pd—Pt Dendrites. Pd(acac), (0.055 mmol) and
H,PtClg-6H,0 (0.055 mmol) were co-dissolved in oleylamine
(22 mL) to create a yellow solution. The solution was heated
under continuous stirring from room temperature to 160 °C
(ramp rate ca. 20 °C min™"), over the course of which a color
change was observed from pale yellow to dark black.

Control Experiment. H,PtCls-6H,0 (0.055 mmol) in oleylamine
(22 mL) was heated from room temperature to 160 °C (ramp
rate ca. 20 °C min~"). Then oleylamine-capped Pd particles were
injected into the solution as seeds for Pt deposition. The Pd
particles were prepared by heating Pd(acac), in oleylamine for
a short period of time in order to limit the formation of large
dendritic structures.
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