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ABSTRACT

Pd nanocubes between 8 and 50 nm in size were synthesized at the same concentration of Na,PdCl, precursor by controlling the number of
seeds formed in the nucleation stage. Increasing the concentration of FeCl;, an oxidative etchant for Pd, reduced the number of seeds and
led to formation of larger Pd nanocubes. The larger nanocubes exhibited surface plasmon resonance peaks in the visible region, the locations
of which matched with the results of the discrete dipole approximation calculation. While the nanocubes of 25 and 50 nm in size oxidized in
air to form Pd@PdO core-shell structures, the 8-nm nanocubes were stable in air for over 90 days.

Metal nanostructures have been of extensive interest for their
widespread use in catalysis, photography, optics, electronics,
optoelectronics, information storage, biological and chemical
sensing, and surface-enhanced Raman scattering (SERS).!~©
By tailoring the size and shape of metal nanoparticles, one
can, in principle, tune their intrinsic properties for a range
of applications. Shape-controlled synthesis has been achieved
for many metals and alloys, such as Co, Ag, Au, Pt, and
FePt, by growing seed particles in the presence of surfactants
or polymers, through the thermal decomposition of organo-
metallic compounds, with the mediation of biomolecules, or
via the use of coordinating ligands.” In contrast, existing tools
for control of particle growth such as variance of reaction
temperature, precursor concentration, or surfactant concentra-
tion are often unable to adjust particle size in a broad range.
As the number of seeds plays a large role in determining
the size of a nanoparticle product, a more thorough study of
the nucleation stage could directly provide a versatile tool
for controlling the particle size.

Pd nanoparticles play an important role in many industrial
applications.®® They serve as the primary catalyst for low-
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temperature reduction of automobile pollutants® and for
organic reactions, such as Suzuki, Heck, and Stille cou-
plings.’ In general, catalytic performance could be enhanced
by controlling particle size. Another important property of
Pd nanoparticles that remains largely unexplored is their
surface plasmon resonance (SPR), which could lead to
applications in colorimetric sensing, nanoscale waveguiding,
enhancement of electromagnetic fields, and light transmis-
sion. Recently, the SPR of a Pd thin film was integrated into
an optical sensor for hydrogen.'® Using the discrete dipole
approximation (DDA) method,'" we found that 50-nm Pd
nanocubes exhibit a resonant peak around 400 nm, while
particles below 10 nm in size have no resonance between
300 and 1500 nm. Hence, control of nanoparticle size is
critical for them to be useful in a potential application. To
date, trigonal, hexagonal, cubooctahedral, and spherical Pd
nanoparticles have been prepared by a variety of methods.'?
Although one can control their sizes by adjusting the amount
of precursor, protective polymer, or surfactant, the control-
lable range is fairly narrow (1.7—7.0 nm).'? Hence, it remains
a grand challenge to tailor their size over a broad range.

Polyol reduction represents a powerful method for syn-
thesizing metal nanoparticles.'> We have recently improved
this method for generating metal nanostructures with well-
controlled shapes.'* The essence of this synthesis is the
reduction of a metal salt by ethylene glycol in the presence



Figure 1. TEM images of Pd nanocubes with different sizes: (A) 8 nm, prepared without any FeCls; (B) 25 nm, prepared in the presence
of 0.5 mM Fe FeCls; (C) 50 nm, prepared in the presence of 1.25 mM FeCl;. The images in parts A—C are at the same magnification. (D)
HRTEM image of one edge on a Pd nanocube (same sample as in part C).

of poly(vinyl pyrrolidone) (PVP). In the case of Pd, Pd atoms
can be produced by reducing PdCl,>~ with ethylene glycol
through the following reactions'

2HOCH,CH,OH ~* 2CH,CHO + 2H,0 (1)

PdCl,”” + 2CH,CHO —
CH,CO—OCCH, + Pd + 2H" + 4Cl™ (2)

Most recently, we discovered that the oxidative etching
of Pd by C17/O, could selectively remove multiple twinned
particles involved in the polyol synthesis of Pd nanopar-
ticles.!> Such an etching process resulted in high yields of
monodispersed, single-crystal cubooctahedra of ~8 nm in
dimension. Since the amount of O, dissolved in ethylene
glycol and adsorbed on the surface of Pd particles is limited
and hard to control, we also explored other oxidants that
could be quantitatively added to the reaction solution. Fe!
is a well-established wet etchant for noble metals.'® As we
have demonstrated, addition of Fe!! to the polyol reduction
of H,PtCls could oxidize Pt atoms back to Pt" and slow the
growth rate of Pt seeds so that preferential addition of atoms
along the (111) axis led to the formation of uniform Pt
nanowires.'*" In the present work, we obtained Pd nanocubes
with sizes >20 nm by coupling polyol reduction with
oxidative etching by Fe™.'7 As suggested by the standard
electrical potentials of the redox reactions involved in this
system, Fe' could oxidize atomic Pd (e.g., seeds) back to
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Pd" in the solution and compete with reaction 2!

Fe'' +e —Fe*" E°=077V

PdCl,>” +2¢” —Pd+4Cl~ E’=059V

The oxidative etching of Pd seeds by Fe' could reduce
the number of seeds formed in the nucleation step. At the
same concentration of Pd precursor, a decrease in the number
of seeds resulted in the production of nanocubes with larger
sizes.

Figure 1A shows TEM images of samples taken from a
typical synthesis, in which Na,PdCl, was reduced by ethylene
glycol in the presence of PVP without addition of Fe™. The
sample mainly contained truncated nanocubes (or cubooc-
tahedra) of ~8 nm in dimension. When 0.5 mM FeCl; was
added, the truncated nanocubes grew to a size of ~25 nm
(Figure 1B). Addition of more FeCl; led to the formation of
larger nanocubes. Figure 1C shows the TEM image of
slightly truncated nanocubes of Pd with an average size of
50 nm, produced in the presence of 1.25 mM FeCls. The
slightly truncated, cubic shape of large Pd nanoparticles is
supported by high-resolution TEM studies (Figure 1D). The
fringes in the HRTEM image are separated by 2.0 A, which
agrees with the {200} lattice spacing of face-centered cubic
Pd. The fringe orientation in the HRTEM image implies that
the nanoparticle is bound by six {100} facets and eight {111}
facets. The ratio of {100} to {111} is relatively high, a
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Figure 2. XRD patterns of Pd nanocubes with average sizes of §,
25, and 50 nm.

distinctive characteristic of truncated cubes. The HRTEM
image also confirms that the as-obtained particles are single
crystals.

The XRD patterns of as-prepared Pd nanocubes with
different sizes are shown in Figure 2. All of the peaks can
be indexed to face-centered cubic Pd (Joint Committee on
Powder Diffraction Standards (JCPDS) Card No. 05-0681,
a = 3.889 A). The peak width becomes narrower with
increasing nanoparticle size. Through the use of the Scherrer
formula on the (111) peak,'® the ratio of the average
nanoparticle sizes in the three samples is estimated as 1:3:6,
respectively, which agrees with the TEM observations. In
the case of Au and Ag nanocubes,’®!4420 the {200} peaks in
their XRD patterns were abnormally intense because the
samples were exclusively comprised of nanocubes with sharp
corners that were preferentially oriented with their {100}
facets parallel to the supporting substrate. In the present case,
because the truncated Pd nanocubes have larger corners and
edges, they are more likely to lay at a random orientation
on the supporting substrate. Thus, no significant change in
the (200) peak intensity was observed in their diffraction
patterns.

Undoubtedly, Fe™ played a critical role in the size control
of Pd nanoparticles, as shown in the near linear relation
between the FeCl; concentration and the cube size (Figure
S1 of the Supporting Information). As calculated from the
size of the product and the conversion of [PdCl4]*>~ (Figure
S2 of the Supporting Information), the seed density in the
solution without any Fe is estimated as 8.9 x 10'¢ L™,
With the addition of 0.5 mM FeCls, the seed density
decreased to 2.8 x 10" L~!. When the concentration of FeCls
was further increased to 1.25 mM, the seed density dropped
to 3.4 x 10" L~'. From these data, one can see that addition
of Fe reduced the number of seeds greatly through oxidative
etching. Because the concentration of Pd precursor was kept
constant in all these syntheses, a decrease in the number of
seeds led to the formation of larger nanoparticles as the final
product.

The oxygen in air was also crucial to the size control,
because it was responsible for the oxidation of Fe!" back to
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Figure 3. (A) UV—vis spectra of Pd nanocubes with average sizes
of 25 and 50 nm. (B) Extinction, scattering, and absorption cross
sections calculated for a Pd nanocube with an edge length of 50
nm using the DDA method.

Fell. At 90 °C, ethylene glycol could reduce Fe to Fell.
Therefore, without oxygen, the concentration of Fe in the
solution would quickly decrease. As Fe! cannot oxidize Pd,
seeds would not be etched. As shown in the Supporting
Information (Figure S3 of the Supporting Information), if
the reaction was performed with continuous bubbling of
argon in the presence of 1.25 mM FeCls, then the nucleation
density was reduced by Fe only within the first 2 min, after
which nucleation accelerated. As a result, Pd nanoparticles
of 10 nm in size eventually formed in the absence of air
(Figure S4 of the Supporting Information).

The UV—vis extinction spectra of truncated Pd nanocubes
indicate unique and size-dependent SPR properties. As
calculated using the DDA method or Mie theory,?! the
resonance peak of Pd nanocubes of 8 nm in size is located
at about 225 nm, beyond the spectral range from 300 to 1500
nm. The measured spectrum (Figure S5 of the Supporting
Information) shows an extinction peak covering 200—240
nm. Note that the surfaces of as-prepared Pd nanocubes are
usually covered by PVP, which has an absorption peak at
212 nm.'*®!5 Therefore, the observed extinction peak should
be due to the convolution of the resonance peak of 8-nm Pd
nanocubes and the absorption peak of PVP. However, the
25- and 50-nm nanocubes produced by this synthesis exhibit
resonant peaks around 330 and 390 nm (Figure 3A),
respectively. Figure 3B shows the extinction (Cex), absorp-

1239



Figure 4. (A) TEM image of Pd nanocubes with an average size of 25 nm after exposure to air for 45 days. (B and C) TEM images of
Pd nanocubes with an average size of 50 nm after exposure to air for 8 days. (D) HRTEM image taken from the portion labeled with a box

in part C.

tion (Cyps), and scattering (Csca) cross sections (note that Cex
= Cabs T Csca) Of @ 50-nm Pd nanocube computed using the
DDA method.!" The location of the calculated peak matches
well with the experimentally measured spectrum, but the real
nanocubes seem to exhibit a sharper SPR peak than what is
predicted. The polydispersity of synthesized nanoparticles
usually results in wider SPR peaks than those predicted by
DDA, making the narrowness of the Pd nanocube SPR peak
an unusual feature that deserves further, systematic study.
The shoulder peak at ~420 nm in the spectrum of ~25-nm
nanocubes may be due to aggregation at this smaller size.

The stability of Pd nanocubes also exhibited size-
dependence. A dried sample of 8-nm Pd nanocubes did not
change shape when left in air over 90 days. In contrast, after
being stored in air on TEM grids for about 45 days, 25-nm
Pd nanocubes became core—shell-type particles with pores
in the shell (Figure 4A). The 50-nm Pd nanocubes trans-
formed into core—shell nanostructures (Figures 4B and 4C)
after only 8 days. From HRTEM (Figure 4D), it was found
that the shell was composed of discrete single-crystalline
particles with an interplanar distance of 3.3 A, while the core
had an interplanar distance of 2.2 A. The fringe distance of
3.3 A could be indexed to the {111} planes of face-centered
cubic PdO (JCPDS Card No. 46-1211, a = 5.637 A), and
the 2.2 A corresponds to the {111} planes of Pd. Thus, the
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formation of a core—shell structure could be attributed
to the oxidation of Pd by air. The formation of pores in the
shell found in our case is an interesting feature associated
with Pd oxidation. Suggested by the Cabrera—Mott
theory?? and experimental measurements,? the oxide forma-
tion is generally characterized by three distinct stages,
(i) dissociative adsorption of oxygen on the surface, (ii)
diffusion of oxygen atoms into the surface layer(s), and (iii)
nucleation and formation of a surface oxide. In the process
of oxide growth, the oxide could not “wet” the metal due to
the large lattice mismatch between Pd and PdO. At the same
time, individual oxide species are weekly bound to the Pd
surface and can migrate to the growing PdO.?* Hence, the
oxide layers tend to form pores in the shell. Rather than to
follow the principle that small particles have higher surface
energy and are more active, the stability of Pd nanocubes
decreased with the increasing size. This nonintuitive result
may be related to the so-called “self-limiting oxidation” or
“stress-limiting oxidation” effect.”> The surfaces of Pd
nanoparticles can readily be covered with thin conformal
layers of oxide after exposure to air. For 8-nm nanocubes,
because the oxide occupied a larger volume than the Pd,
further oxidation would induce a stress at the Pd/PdO
interface. When this stress accumulated to a certain amount,
oxide formation would become energetically unfavorable.
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This effect has been observed for the oxidation of Si
nanowires with diameters less than 10 nm and covered by
SiO, thin layers.”> Due to the stress (which is inversely
proportional to the size of the particle), the thin layers of
oxide on the surface of small Pd nanoparticles could protect
them from further oxidation, resulting in excellent stability
in air.

In summary, at the same concentration of Na,PdCly
precursor, Pd nanocubes of 8, 25, and 50 nm were produced
by controlling the number of initial seeds through addition
of Fel, Because Fe'' could etch the Pd seeds, increasing
the concentration of Fe™ resulted in the production of larger
nanocubes. We believe that introduction of an oxidant into
the synthesis of metal nanoparticles may provide a versatile
tool to control their nucleation and growth into well-defined
sizes and shapes. Excellent control of Pd nanocube size
enabled an initial characterization of two unique size-
dependent properties. First, although the Pd nanocubes below
10 nm have no SPR resonance above 300 nm, the 25- and
50-nm nanocubes displayed SPR peaks at 330 and 390 nm,
respectively. The SPR properties of Pd nanostructures remain
largely unexplored, but further tailoring of their size or shape
may enable their SPR properties to be tuned in a way similar
to silver and gold.''?%26 Second, 8-nm Pd nanocubes were
stable in air for more than 90 days, but 50-nm nanocubes
oxidized to generate PdA@PdO core—shell nanostructures in
about 8 days. This oxidation phenomenon can likely be
extended to fabricate metal oxide nanostructures with hollow
interiors.
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