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Palladium nanowires (PAN'Ws) have attracted considerable attention due to applications in
hydrogen sensing and heterogeneous catalysis. Several methods have been reported for the
synthesis of PANWs including using chemical vapor transport, electrodeposition in porous
membranes, and colloidal self-assembly; however, it has been challenging to produce large
quantities. Hydrothermal methods have been reported recently for the production of high yields
of palladium nanowires using palladium (II) chloride as a metal precursor, deionized water as the
solvent, and polyvinylpyrrolidone for the NW capping agent. Reported prior methods have not
been reproducible. With the introduction of trace amounts of Copper (II) ions synthesis is
possible and aspect ratios of >450 have been obtained. It is likely that the deionized water used
in the synthesis contained trace amounts of copper from metal pipes, thus leading to the synthesis
of PAN'Ws. Copper ions have been shown to act as effective oxygen scavengers during the
aqueous synthesis and we postulate that oxidative etching of multiply pentagonally twinned

palladium seeds must be avoided in order to achieve high yields of palladium nanowires.
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I Introduction:

Palladium nanocrystals have attracted a considerable amount of recent experimental
attention due to applications in hydrogen sensing[1][2], crystal-facet-dependent singlet-oxygen
generation[3], and heterogeneous catalysis[4]. Several methods have been reported for the
synthesis of Palladium nanowires and whiskers using chemical vapor transport[5][6],
electrodeposition[7][8] in porous membranes[9][10], electron beam lithography[11], colloidal
self assembly[6][12][13], and dielectrophoresis[14]. In contrast with synthesis of gold and silver
nanowires via soft templating in solvothermal reactions, to date it has been challenging to
produce large quantities of palladium nanowires due to fundamental differences in
electrochemical redox potentials between noble metals with face-centered cubic (FCC) crystal
structure. In the case of palladium, the redox potential is low enough that kinetics are
substantially slower than in the case of gold and silver nanowires, making it difficult to achieve
nanowire morphologies when conducting synthesis reactions near standard temperature and
pressure. Furthermore, in solvothermal reactions the final morphology of nanocrystals is
determined by a combination of rate-limited kinetic control of crystal facet growth in tandem
with an overarching thermodynamic constraint of minimizing the particle’s total surface energy.
It is well known that for face-centered cubic (FCC) metals their relative surface energies usually
increase in the order a1y < agio0; < ayi10y corresponding to {111}, {100}, and {110} Miller
indices, respectively. In the limit of thermodynamic control the final particle morphology is
determined by a particular morphology that minimizes the total surface energy of the
nanocrystal.

Hydrothermal methods have been reported recently for the production of high yields of
palladium nanowires using palladium (II) chloride as a metal precursor, deionized water as the

solvent, and polyvinylpyrrolidone for the nanowire capping agent[15]. The reported prior



methods[15] have not been reproducible in the present authors’ hands. In this manuscript it is
shown that copper (II) ions are a critical component for palladium nanowire synthesis. The
critical importance of copper ions in the synthesis of Palladium nanowires has not been reported
to the best of the authors’ knowledge.

Copper ions have been shown to act as effective oxygen scavengers during the aqueous
synthesis of silver nanowires[16]. We postulate that oxidative etching of multiply pentagonally
twinned palladium seeds must be avoided in order to achieve high yields of palladium
nanowires. In prior reports of hydrothermal palladium nanowire synthesis[15] it is likely that the
dionized water used in the synthesis contained trace amounts of copper from metal pipes, thus
leading to the synthesis of Palladium nanowires.

II. Literature Review
II.1  FCC Metallic Nanoparticle Growth and Synthesis

The first stage of nanocrystal synthesis is nucleation — a process in which miniscule
clusters of a few atoms or ions called nuclei are formed. Thus far attempts to probe,
comprehend, and control this process have had limited success[17]. A lack of experimental tools
capable of identifying and monitoring the nuclei has been a crucial challenge, making direct
observation of formation in real space remarkably difficult[18][19]. To compensate scientists
have relied on theoretical approaches to simulate and account for nucleation [20]. Model
systems with larger building blocks of colloidal spheres have been employed as well [21]. While
these systems can be studied optically, there are limitations with respect to differences in surface
properties, interaction potential, and solvation. Finally nucleation has been studied on flat

surfaces using scanning probe microscopy [22][23][24].



Typical metallic nanocrystal syntheses start with the decomposition or reduction of a
precursor to generate zero-valent atoms, which are the building blocks of the crystal. The
nucleation process is therefore dependent on the explicit route to these zero-valent atoms.

The precursor decomposition route follows from the mechanism by developed LaMer in the
1950s for sulfur colloids [25]. Briefly for metallic nanoparticles, the precursor decomposes with
heat or sonication, providing a steady increase in the metal atom concentration. Upon
supersaturation, atoms aggregate into small clusters via homogeneous nucleation. These nuclei
grow through atomic addition into nanocrystals, removing metal atoms from solution and
eventually decreasing the metal atom concentration as the precursor is used. Nucleation events
stop as the metal atom concentration drops below minimum supersaturation.

The precursor reduction route entails reduction of a higher oxidation state precursor to
zero-valent atomic compounds. The precursor can either be reduced to zero-valent atoms that
aggregate/grow or nuclei can be formed prior to reduction from unreduced species [18][19]. The
later is only favorable under certain experimental conditions (mild reducing agent and/or high
precursor concentration). Furthermore, the nuclei might not be fully reduced to a zero-valent
state as the surface can be terminated by positively charged metal ions that are solvated or
coordinated to ligands. This is similar to and related to the capping effect of ionic species (Cl-,
Br-, citrate) and polymers for the nanocrystal growth [19].

Beyond a critical size, the cluster confined to a specific well-defined structure, known as
a seed, as structural fluctuations become too energetically costly. Seeds can be seen as an
intermediate in the evolution of nuclei to nanocrystal and may be single-crystal, singly twinned,
or multiply twinned in nature as seen in fig. 1. Reactions can contain multiple seed types and one

primary aim of directed synthetic effort in obtaining nanocrystalline shapes to willfully obtain a



solution of one seed type excluding or greatly limiting others. Essentially seed structure is
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is defined as the ratio between the growth rates



determined by an interplay of threnodynamic and kinetic controls of atomic metal adsorption
onto the growing cluster along with external/other processes such as oxidative etching.

The thermodynamic control produces the greatest proportion of most stable product.
Stability in the simplest sense, for single-crystal seeds, can be conferred through the
minimization of total interfacial free energy of the system per given volume via Wulff's theorem.
Mathematically this is the partial derivative of free energy with respect to surface area while
holding temperature, pressure, and number of atoms constant. As a model, forming seeds have
missing bonds at the surface that break the crystal symmetry and cause the surface atoms to be
attracted toward the interior. Per force balance, a restoring force is needed to push back these
atoms toward initial positions. Thus for an idealized surface, interfacial energy is given by the
product of the number of broken bonds, the bond strength, and density of atoms on the surface.
Using this model for an FCC structure, energetic sequences of low-index crystallographic facets
can be compared to give free energies: g{111} <g{100} < g{110}, indicating single-crystal
seeds should primarily have octahedral and tetrahedral shapes to maximize {111} surfaces [26].
These shapes have larger surface area as compared to a cube of the same volume such that
truncated structures minimizing total interfacial free energy and surface area are generally
obtained[26]. Beyond single-crystal seeds, singly and multiply twinned seeds are possible.
Singly twinned seeds are enclosed by a mixture of {111} and {100} facets to minimize total
interfacial free energy[27][28] . Multiply twinned seeds have a more complex nature as the twin
defects induce significant size-dependent strain energies. A decahedral seeds that has five-fold
twinning can be viewed as a set of five single-crystal tetrahedral units sharing a common edge
with each tetrahedron containing two sides in contact with a neighbor via {111} twin planes. The
theoretical angle between {111} planes of a tetrahedron does not fit a 360-degree closure and

leaves a gap of 7.358 degrees (fig. 2) that stretches the bond lengths between adjacent atoms.



Figure 2 | Pentagonally Twinned Nanowire Structure

The symmetry of pentagonal twinning leaves a sizable gap of 7.35 degrees inducing strain energy [9].



This causes internal lattice strain and disordered, high-energy regions at the boundaries [29][30].
Thus multiply twinned seeds are favored at relatively small sizes and there is a critical
relationship between size-dependence and seed type [31].

The kinetic control relates to additional strain energy caused by defects such as twinning
or stacking faults and the interplay between this strain energy and overall surface energy
[28][32]. Other processes such as oxidative etching occur due to additional reagents in the
solution environment and competing reactions. Oxidative etching is a process in which zero-
valent metal atoms are oxidized back into ions. As most syntheses are conducted in air, oxygen
dissolved in the aqueous solution through the ambient environment is present throughout the
synthesis. This oxygen absorbs onto surfaces of growing nanoparticles such that it can oxidize
the zero-valent metal into higher oxidation ionic states, allowing for easy removal of the atoms if
a ligand for the metal ion is present in the solution. This is a powerful etchant for nuclei and
seeds. As defect zones are higher in energy compared to single-crystal regions, they are more
susceptible to oxidative etching. Thus oxidative etching is selective in the removal of twinned
crystals. This phenomenon has been shown for both silver and palladium nanoparticles[33][16].
In a polyol synthesis of silver nanocrystals, all multiply twinned seeds can be selectively
removed from the solution via the addition of trace amounts of chloride leaving a distribution of
single-crystal nanoparticles[33]. Trace amounts of counter ions of metal precursors or ionic
impurities can have significant impacts on oxidative etching and seed population as well. For
common precursors such as Na2PdCl4 used in Pd nanocrystal synthesis, the chloride ion
contributes significantly to oxidative etching and leaves only single-crystal cubooctahedra seeds

[34].



I1.2  Applications of Palladium Nanoparticles
I1.2.1 Palladium as a Catalyst

Palladium has been used prominently in organic chemistry as a catalyst for hydrogenation
and dehydrogenation reactions as well as cracking. The catalyst is based on zero-valent metallic
Palladium and its complexation derivatives for the formation carbon-carbon (C-C) bonds also
known as cross-coupling. Beyond pure organic synthesis for production of chemical production,
Palladium is used in catalytic converters. It can convert up to 90% of the harmful gases such as
carbon monoxide and nitrogen monoxide from auto exhaust into less harmful substances such as
carbon dioxide and nitrogen gas[35].

The Palladium catalyst allows for a host of elementary reactions to occur via the C-C
bond formation under mild environments. As such, it has revolutionized the field of organic
chemistry allowing for a simplistic route to small molecule synthesis. Understanding and
developing this catalyst has even garnered the 2010 Nobel prize in chemistry for Akira Suzuki
Richard F. Heck and Ei-ichi Negishi[36]. By changing the reagents several prominent reactions
mechanisms occur. Briefly, the Mizoroki-Heck Reaction reacts unsaturated halide and alkene
under basic conditions with Palladium catalyst to form a substituted alkene. It allows for the
substitution reaction on planar sp2-hybridized carbon centers and was the first C-C bond forming
reaction to use a metallic-ionic Pd(0)/Pd(II) catalytic cycle similar to the later proposed Suzuki
reaction[37]. The Suzuki reaction reacts organoboron species (R1-BY2) and a halide (R2-X)
with a similar Pd(0)/Pd(II) catalytic cycle as can be seen in figure 3[38]. The Songoshira
synthesis utilizes terminal alkyne and an aryl or vinyl halide for the cross coupling[39]. The
Hiyama uses organosilanes and organic halides as reagents and preserves both chemo- and

regioselectivity[40].
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I1.3  Palladium as a Hydrogen Storage Medium
Palladium can adsorb substantial quantities (up to 900 times its own volume of H2 at

room temperature and atmospheric pressure) of hydrogen to form palladium hydride, an alloy of
palladium with metallic hydrogen[42]. The adsorption is reversible and thus has been studied for
hydrogen storage[43] and sensing[44] applications.

Two crystalline phases, o and a°, form with varying hydrogen adsorption. Depending on
atomic ratio of palladium to hydrogen (PdHy), pure a phase (x < 0.017), pure a‘ phase (x > 0.58)
and o —a‘mixtures (intermediate x values) are possible as can be seen in fig. 5. Both phases
contain palladium atoms in the native metallic face centered cubic (fcc) lattice structure. The
lattice expands from 3.889 A to 3.895 A with low concentrations of hydrogen adsorption up to
PdHy .. The second phase then appears with a noticeable expansion of the lattice constant to
4.025 A. Both phases coexist until a composition of PdHy sg when the only the secondo phase
remains.[42]

Surface adsorption kinetics were examined through scanning tunneling microscopy
(STM) on Pd(111) surface. Aggregates of at least three vacancies on the crystal surface (fig 6)
are required to promote dissociation of the diatomic hydrogen molecule [45]. This contradicts the
classical Langmuir picture of second order adsorption kinetics in which pairs of sites are
required.[46] The reason for such a behavior and the particular structure of trimers has been
analyzed. Experiments find that at least three empty sites are needed. Through density functional
theory, we find that H, dissociation is favored on ensembles of sites that involve a Palladium
atom with no direct interaction with adsorbed hydrogen. Such active sites are formed by
aggregation of at least 3 H-free sites revealing the complex structure of the ‘‘active sites.”’[46]

Neutron diffraction studies have shown that hydrogen atoms randomly occupy the

octahedral interstices in the metal lattice (in an fcc lattice there is one octahedral hole per metal
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atom). The limit of absorption at normal pressures is PdHj 7, indicating that approximately 70%
of the octahedral holes are occupied. The absorption of hydrogen is reversible, and hydrogen
rapidly diffuses through the metal lattice. Metallic conductivity reduces as hydrogen is absorbed,

until at around PdHj 5 the solid becomes a semiconductor.[47]
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Figure 5 | Palladium Hydride T-X Diagram
T-X diagram for high-concentration, low-temperature region. Phase boundaries are shown via
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Figure 6 | STM images of hydrogen atoms on Pd(111)
STM images show absorption of hydrogen to requires aggregates of at least three vacancies on the surface

of the crystal to promote the dissociation of the hydrogen molecule. The H-atom (light-shaded) can
rapidly exchange with the vacancies (white circles) by hopping over bridge sites that offer smallest barrier
to diffusion [45].
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III.  Materials and Methods
ITI.1  Synthesis of Palladium Nanoparticles.

In a typical synthesis, 17.7mg (0.1 mmol) of palladium dichloride (PdCI2, Aldrich,
lot#MKBJ3841V), 300 mg (2 mmol) of sodium iodide (Nal, Sigma-Aldrich, lotiBCBD5784V),
and 800mg (MW) of polyvinylpyrrolidone (PVP, MW 55000, Sigma-Aldrich,
lot#MKBC3440V) are added to a round bottom flask. 11mL of 18.6 MQ-cm water (Millipore) is
added to the flask and the mixture of reagents is sonicated until the PVP dissolves completely.
For experiments with copper (II), ImL of copper acetate solution (Cu(OAc)2*H20 Sigma-
Aldrich, lot#MKBF3566V) is added dropwise to the solution after PVP is dissolved.

The solution is stirred at 50°C for 10 hours and then sealed within a 25 mL Teflon-lined
autoclave (Parr, model#4749). The sealed autoclave is then heated in an oven or silicon oil bath
in a temperature range between 170°C and 220°C for times ranging between 2 hrs and 48 hrs,
and then removed from the oven and allowed to cool to room temperature. The recovered
solution is diluted with isopropyl alcohol, and then repeatedly rinsed and centrifuged at 5000
rpm. Samples are finally rinsed and suspended in ethanol or water before subsequent
characterization. Vials containing high-aspect-ratio nanowire suspensions are observed to have a
dynamic opalescent texture when inverted.

IT1..2  Synthesis of Palladium Nanoparticles with Iron Control.

Experiments with ferrous sulfate heptahydrate (JT Baker, lot#]20623) were carried out in
as described above. Briefly 1 mL of 8mM ferrous solution replaced the copper(Il) solution for
the control containing solely iron. ImL each of 8mM copper(Il) and ferrous solutions were

added for the control containing iron and copper.
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III.2  Characterization.

Scanning electron microscopy (SEM) was performed using a FEI Sirion XL30 with
electron dispersive spectroscopy (EDS, Oxford). Transmission electron microscopy (TEM) was
performed using FEI Tecnai G2 F20 with 200 kV accelerating voltage. Samples for TEM were
prepared by dropping a dispersion of nanowires onto a silicon nitride membrane (50 nm thick,
Ted Pella, Inc.) and immediately evaporating the solvent at 50°C.

Xray Diffraction (XRD) was performed on a Bruker D8 Discover with GADDS XRD
system with averaged Cu K-alpha radiation source. Samples were aligned in the system using the
laser guidance system provided in the instrument.

Dynamic Light Scattering (DLS) measurements were performed to measure the size and
zeta potential (surface charge) of suspended Palladium nanoparticles using a Malvern
Instruments Zetasizer NanoZS equipped with a 633nm HeNe laser operating at a scattering angle
of 173° (backscattering setup).

X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5000 VersaProbe
setup using Al Ka radiation. Acquired spectra were deconvolved and analyzed with PHI
MultiPak software (Physical Electronics, Chanhassen, MN). The energy calibrations were made
against the Cls peak (284.8 eV) of adventitious carbon as a reference. Powder samples were
aligned in the system using the laser guidance system provided in the instrument.

Neutron activation analysis (NAA) was performed using a TRIGA Mark II Nuclear Reactor. The
samples of approximately 1mg of dried Palladium nanowires were irradiated for 30 minutes
operating at 100 kW thermal power, 4x10'? neutrons/cm**sec thermal flux and 4.8x10"
neutrons/cm’*sec fast and epithermal flux. Samples were counted while positioned near the
surface of a 25¢cm?, trapezohedral, germanium, lithium-drifted semiconductor detector (Nuclear

Diodes), which is constantly cooled by liquid nitrogen (77°K). Dead time between end of
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irradiation and start of collection was 19 hours 18 minutes. Detection of copper was monitored
for the decay of ’Cu to **Cu at characteristic energy 1345 keV, half-life 12.7 hours. Detection
of palladium was monitored for the decay from '“Pd to '*™Ag at the characteristic energy
88keV, half-life 13.7 hours. The counts per second (cps) for Palladium and Copper 4.567x10%
and 7.5019x10°* respectively. After accounting for detector efficiency, these counts correspond
to activities of 1.1856x10” and 818.3147uCi. From the activity counts the number of number of
product atoms produced for a stable product could be predicted from:

N* = N@at
Where:

N* = the number of product atoms

N = the number of target atoms

® = neutron flux - (neutrons/cm**sec)

o = cross-section (cm™)

t = time in detector (sec)
Given that unstable products begin to decay as soon as they are produced, a correction factor is introduced
into the above equation. As activation time increases, the amount of unstable product increases, as does
its rate of decay. This is accounted for with a saturation factor:

dN*/dt = NOct(-AN*)

AN* = NOot[1 — exp(-0.693t;/ t12)]

= NOaot*[saturation factor]

Where:

t; = irradiation time (sec)

t1, = half-life of product (sec)
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III.  Results and Discussion:

Palladium nanowires with extremely long (10+ um), high aspect ratios (>500) and have
been synthesized hydrothermally utilizing a trace amount of copper. Controls were performed
varying the copper concentration and time of experiment to optimize wire growth. The
concentration of copper is varied between 8nM and 8 mM, yielding a final copper concentration
range between 0.666 nM and 0.666 mM. This corresponds to a Pd/Cu atomic ratio ranging from
12.5 to 12.5 million. Optimal wire growth was obtained with initial solutions of 8uM copper.
Concentrations above and below this produced wires of significantly lower aspect ratio and
submicron length. Temporal experiments were performed as well, varying hydrothermal dwell
time from 2 to 24 hours. Wire lengths increased with time to up to 10 hours and then remained
constant.

Control experiments using no trace metals produced similar results with the majority of
particles of submicron length and few 1-2um wires (fig 7). Thus copper plays a definite role in
wire growth. A potential role for the copper would be to act as a sacrificial lamb in oxidative
etching. The rate of oxidation of metallic (Pd0) to the ion Pd(II) occurs selectively along high
energy crystalline planes - retarding growth of FCC palladium along the {111} direction.
Ferrous ions act as additional oxidizing agents to further enhance the role of native oxidizing
agents in solution such as dissolved oxygen. Controls using ferrous solutions were performed to
examine the role of copper in the synthesis with respect to oxidative etching. With the addition
of solely ferrous ions to solution prevented all wire growth producing submicron cubic and
ellipsoidal particles. The addition of copper and ferrous ions produced ellipsoidal particles and
submicron nanorods. Thus copper was able to partially prevent oxidative etching, allowing for
growth of one dimensional nanorods. Furthermore this highlights the delicate balance of copper

to oxidative species present in the reaction and growth mechanism.
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FIGURE 7 | Synthesis of Palladium Nanowires
a) Reaction Pathway of Palladium nanowire synthesis consisting of an initial palladium iodate

complex precursor followed by trace metal addition and hydrothermal reaction with 10 hour
dwell time.

b) Schematic of Palladium nanowire with [100] growth direction and surface coatings
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FIGURE 8 | Physical Characterization

(a-d) Scanning electron microscope images of palladium nanoparticles synthesized without trace
metals (a), with 8uM copper(Il) addition (b), 8 uM iron(II) addition, and 8uM additions of both
copper(Il) and iron(II) (d). Scale bar = 1 um.

e) SEM energy dispersive spectroscopy (EDS) spectra of Palladium nanowires synthesized with
8uM copper(Il) indicating carbon and iodine presence. (Pd 38.46%, C 21.51%, Si 38.32%, I
1.51%).

f) Xray diffraction (XRD) of Palladium nanowires synthesized with 8uM copper(Il) indicating
enrichment of (111) and (100) crystal planes. Silicon (111) peak is from the silicon wafer
substrate.
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Further characterization was performed to quantify the physical dimensionality and
distributions of the nanoparticles. Dynamic light scattering (DLS) is a bulk measurement to
determine the particle size distribution (PSD) and zeta potential (surface charge) of NP
suspensions. The intensity PSD is a first order result, weighted scattering intensity of each
particle fraction or family. Small aggregations and larger particles dominate the intensity PSD
such that it is a sensitive detector for larger particles such as nanowires [48]. The volume
distribution, calculated from the intensity distribution using Mie theory, is used to estimate
relative proportions from multiple peaks [48]. While the theory assumes spherical morphologies,
the relative radii of long, large nanowires verses the smaller NPs are easily distinguishable. PSD
values for NPs synthesized with suboptimal copper concentrations as well as control experiments
confirm smaller NPs with submicron hydrodynamic radii (table 1). PSD values for nanowires
synthesized with 8uM copper concentration show a significantly greater population (74.9%) of
nanoparticles with hydrodynamic radii over a micron. SEM was utilized to quantify lengths and
aspect ratios of particle distributions (table 2). The average length of nanoparticles for
suboptimal copper syntheses was similar with 150nm (n=50) with large standard deviations. The
average length of wires at optimal copper concentration was 9.0um with standard deviation
2.6um. The nanowires appear remarkably malleable and often have a curvature or are bent.

Zeta potential, the potential difference between the dispersion medium and the stationary
layer of fluid attached to the dispersed particle, is a measure of stability of particle dispersion and
stability with large magnitudes (>10mV) indicating stability. Zeta potential for all syntheses (see
table 1) is close to zero, indicating low surface charge of the Palladium nanowires and relative
instability. Steric and charge stabilization from adsorption of the PVP polymer coating likely

confers stability and dispersability to the nanowires as seen through DF and visually[49].
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Concentration Intensity PSD Volume PSD Zeta Potential (mV)
(d.nm) (d.nm)
No Cu 205.1+64.27 (100)  238.2+76.03 -5.05 + 6.04
1189 + 394.3 (66.7) 5267 + 724.7 (61.6)
8 nM 220.9 +56.96 (19.6) 1270 + 482.8 (35.8) 41513
5148 £ 517.0 (13.7) 246.3 + 64.03 (2.5)
205.7 +79.40 (99.0) 253.6 + 100.1 (73.9)
80 nM 4969 + 622.6 (1.0) 5134 +782.1(26.1) 099532
233.5+106.5 (97.4) 308.4 + 134.8 (60.4)
800nM  “47581744.8(26) 4988:8542(306)  04+4.99
1516 + 878.5 (74.9)
8 uM 236.5 £ 87 56 (26.1) 2009 % 1212 (100) 271443
99.11+26.31(57.3)  -8.27 +8.53
80 uM 140.3149.26 (100) oo’ Zoce o))
199.0 + 61.10 (36.2)
800 uM 12486'5%1547;4%52‘?18;16)) 85.92+2262(32.6)  -7.32+7.94
D0 24.402(14)  26.9115232(31.2)
190.8 + 55.85 (59.0)
8 mM 147945220 (100) a0 33002000 2074713
Fe 237.3 +/- 75.03 206.5 +/- 72.20 12,0 +-7.70
Fe + Cu 425.9 +/-127.3 375.6 +/- 118.7 -16.6 +/-7.71

TABLE 1 | Dynamic Light Scattering and Zeta Potential

Intensity and volume particle size distributions (PSDs) of PalladiumNP hydrodynamic diameters
(nm) synthesized with 1mL of trace metal solution of varying concentration and corresponding
zeta potential (mV). Weight percent per radii range is in parenthesis.
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 Concentration Major Axis (nm) Aspect Ratio

No Cu 162 +/- 67 1.57 +/- 0.68
8 nm 172 +/- 62 1.58 +/- 0.68
80 nm 169 +/- 44 1.55+/-0.53
800 nm 223+/- 110 1.74 +/- 1.86
8 um 8960 +/- 2601 448 +/- 130
80 um 130 +/- 30 1.17 +/- 0.13
800 um 134 +/- 38 1.37 +/- 0.46
8 mm 110 +/- 67 2.10+/-1.75
Fe 218 +/-90 1.37 +/- 0.62
Fe and Cu 396 +/- 148 1.62 +/- 0.41

TABLE 2 | Particle Size Distribution Analysis
Particle major axis lengths and aspect ratios measured from SEM images. Sample size 100
particles.
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XRD was used to ascertain the face centered cubic (FCC) nature of the crystals (fig 7.f).
Peaks with two theta values 40.1, 46.7, and 68.1 degrees correspond to the 111, 200, and 220
peaks respectively according to literature. Intensity values for FCC palladium are
68298.7:32474.3:19706.0:23459.0:6949.4 for 111:200:220:113:222 planes (WWW-
MINCRYST, card 3428).. From fig 7.f there is significant deviation from this ratio indicative of
texturing from both the <111> and <110> planes of the pentagonal wire geometry.

TEM spectroscopy detailed the crystalline twinned nature of the particles with bright
field (BF) images (fig 9.a,b). The wires are highly ductile and easily adhere to the substrate with
large degrees of curvature (fig 9.a). Bragg diffraction spots (fig 9.b) are visible throughout the
wires. The PVP coating is present as a 3-5nm coating (fig 11).

Structural and chemical compositions were further examined via TEM. High angle
annular-dark-field (HAADF) confirmed the presence of Copper throughout the wire with
potential selective copper enrichment along the wire edge (fig 9.c). Select area electron
diffraction (SAED) confirmed the FCC nature of the nanowires. Additional 100, 101, and 112
peaks with respective d-spacings of 3.67, 2.72, and 1.59 Angstroms were identified as well (fig
9.3). These are FCC-forbidden Bragg reflections as the hkl values contain both even and odd.
These peaks are not present in XRD and could represent a face-centered-tetragonal (FCT) phase.
They do not match known bimetallic palladium copper alloys including PdCu, PdCu3, and
Pd3Cu or Nal, PdI, Cul complexes that could form from surface iodine remnants. SAED of a
single nanowire (fig. 10) reveals a complex diffraction pattern, reaffirming crystallinity of the

wire as well as indicating a complex structure due to the twinning.
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FIGURE 9 | Transmission Electron Microscopy

a) Bright field transmission electron microscope image of Palladium nanowires; scale bar =
150nm.

b) Bright field transmission electron microscope of an individual Palladium nanowire; scale bar
= 10nm.

c¢) High angle annular-dark-field (HAADF) image of a Palladium nanowire showing copper
enrichment along the wire; scale bar = 50nm.

d) TEM-EDS spectra of a Palladium nanowire (red) and background SiO2 grid (black) showing
1% Copper composition.

e) Select area electron diffraction of cluster of Palladium nanowires suggesting presence of non-
fce phase present due to (001), (101), and (112) peaks.

23



FIGURE 10 | Select Area Electron Diffraction
Select area electron diffraction of a single Palladium nanowire suggesting complex twinning
crystalline nature of the wire.
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FIGURE 11 | Select Area Electron Diffraction
Bright field transmission electron microscope image of a single Palladium nanowire detailing

surface coating; scale bar = 10nm.
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TEM and SEM-EDS, NAA, and XPS were utilized to ascertain the chemical composition
of the nanowires. TEM-EDS was used to quantitatively determine the percent copper and Pd/Cu
ratios ultimately found in the nanowires. Electron dispersive spectroscopy (EDS) spectra
quantified 1% Copper composition (fig 9.d). The detection limit is 1000ppm or 0.1 at% under
optimal operating conditions [50]. SEM-EDS confirms the presence of iodine (1.51%) and
carbon (21.5%) from the PVP coating (fig 7.e). Copper was not above the detection limit of
approximately between 0.5 and 1at% under optimal operating conditions [51][52].

Neutron activation analysis is a quantitative method in which neutron-activated
radioactive samples are monitored via gamma decay counts for elemental identification[53].
Palladium and copper quantities were measured by this technique (fig 12.a). Copper was
monitored via activation of the *Cu by the reaction (n,Y) giving the radioisotope **Cu with half-
life T1,=12.74 h and characteristic energy 1345keV[54][55][56]. Palladium was monitored for
the decay from '”Pd to ' ™Ag at the characteristic energy 88keV, half-life T;,=13.7 hours.
1pd undergoes beta decay to 'Ag via '®Pd(n,Y)'”Pd(B-)'” Ag™ with most beta decay going
directly to the metastable state '’ Ag™ that undergoes complete gamma decay to the stable
ground state ' Ag[57][58]. The activities for Palladium and Copper 1.1856E+08 and 818.3147
uCi respectively, correlating to a Pd/Cu ratio of 16000:1 or 0.0062 at% Cu or 62ppm Cu.

X-ray Photoelectron spectroscopy (XPS) was performed to ascertain surface chemical
composition. Palladium nanowire samples were treated with oxygen plasma to expose the
metallic surface, removing the majority of PVP polymer coating. Carbon (C1S 284eV), sodium
(NalS 1070.5eV), iodine (I13p3/2, 876eV), and palladium (Pd3d3/2 335.5, Pd3p3/2 532.5,
Pd3pl/2 561 eV) peaks are present in the spectra (fig 12.b)[59][60][61][62][63][64]. Partial
oxidation can be seen through double peaks for metallic and oxidized state of the iodine 13d5/2

(619, 623 eV) and 13d3/2 (630.5, 635 ev). An additional Silicon substrate peak is visible as well.
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The presence of copper remains indeterminate. A potential copper 2p3/2 peak (expected
932eV)[65] overlaps directly with a prominent lodine 3p3/2 peak (also at 932 eV). The iodine
peak (fig 12.b inset) has a bulge suggestive of trace copper. Given the trace amounts of copper
used in the synthesis, the other peak of the copper 3p doublet would be under the signal to noise

as well.
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FIGURE 12 | Chemical Characterization
a) Neutron activation analysis (NAA) of Palladium nanowires presenting a prominent Palladium
peak at 88keV and copper peak at 1345 keV (inset).
b) Xray photoelectron spectroscopy (XPS) of Palladium nanowire dispersion on Silicon substrate
presenting prominent sodium and iodine peaks. Prominent lodine 3p3/2 binding energy at 932
eV overlaps with potential copper 2p3/2 peak (expected 932eV) (inset).
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V. Conclusions:

Palladium nanowires of remarkably high aspect ratio have been synthesized using a
specific trace amount of copper. Through neutron activation analysis (NAA) and transmission
electron microscopy electron dispersive energy (TEM-EDS) the copper content in the wires is
between 62ppm and 1000ppm. SEM-EDS and XPS suggest that sodium, iodine, and organic
poly-vinylpyrrolidone coat the surface. Further work is underway to ascertain the spatial
location of copper throughout the wires to ascertain if copper preferentially aggregates along

twinning planes or the surface.
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