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Abstract: A facile visible-light-assisted method has been demonstrated to synthesize palladium (Pd) nanoparticles (NPs) with
single-crystalline multiple-twinned structures by reduction of PdCl,. The structures and electrochemical properties of Pd NPs were
investigated by high resolution transmission electron microscopy (HRTEM), UV-visible spectroscopy, and cyclic
voltammetry (CV). The results show that the formation of different nanostructures depends on the control of reduction rate. Unlike
multiple-twinned Pd NPs, single-crystalline Pd NPs exhibit surface plasmon resonance (SPR) peaks in the visible region. By
comparison of the electrochemical parameters in the oxidation process of Pd NPs with single-crystalline and multiple-twinned
structures, multiple-twinned Pd NPs exhibit the better electrocatalytic activity and anti-poisoning capability for ethanol oxidation.
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As a noble metal, Pd serves as the primary catalyst for
alkene hydrogenation™, alcohol oxidation®, Suzuki-
Miyaura®, and Heck reactions™. Moreover, surface plas-
mon resonance (SPR), as another unusual feature of Pd,
could lead to applications in colorimetric sensing,
plasmonic waveguiding, and optical sensing of hydrogen'®.
The properties of metal nanostructures are decided not only
by the portion of surface atoms but also by surface struc-
tures. The former is directly related to the metal size and
the latter depends on the metal shape. It is well known that
the catalytic reactions preferentially take place on surfaces
of nanoparticles (NPs), and the catalytic activity of metal
NPs is highly associated with the structure of facets en-
closing the NPs ™. Thus, shape-controlled synthesis of
metal nanomaterials becomes a promising direction for
precisely tailoring their chemical activity, selectivity, and
stability. To date, Pd NPs of various morphologies " have
been successfully prepared. However, a great challenge still
remains to find a facile method to fabricate specific Pd
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nanostructures.

Recently, photochemical and irradiation synthesis has
been proven to be a promising route for the synthesis of
various NPs ™. Current photochemical methods focus
mainly on the use of high-energy radiation, such as UV
light or y-irradiation ™ *2. Therefore, it is extremely im-
portant to design a safer, cheaper, and more facile
light-assisted method for nanomaterials. Retna Raj ™ has
presented a facile photochemical route for the synthesis of
triangular Ag nanoplates using sunlamp, and the result
demonstrated that light can induce shape transformation of
Ag nanoplates.

Based on the fact that Ag nanoplates could be obtained
using the sunlamp, we have presented a novel visible-
light-assisted method to synthesize Pd NPs. In the present
paper, we demonstrate, for the first time, that using palla-
dium chloride (PdCI,) as the Pd precursor, ethanol as re-
ducing agent and poly(vinyl pyrrolidone) (PVP) as a stabi-
lizer and a guiding agent, Pd NPs with single-crystalline
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and multiple-twinned structures were selectively synthe-
sized using a facile visible-light-assisted method with a
commercial energy-saving lamp as light source. These sin-
gle-crystalline Pd NPs exhibits unusual optical properties
and their SPR peak is located at 520 nm. Moreover, multi-
ple-twinned Pd NPs exhibit remarkable electrocatalytic be-
havior for ethanol oxidation in 1 mol/L KOH and appear as
a promising candidate for use in direct ethanol fuel cells.

1 Materials and Methods

1.1 Materials

PdCI, and ethanol were obtained from Nanjing Chemical
Reagent No. 1 Factory. PVP was purchased from
Sinopharm Chemical Reagent Co. Ltd. All other chemicals
were of analytical grade and used as received. All the
aqueous solutions were prepared with twice-distilled water.
1.2 Synthesis of single-crystalline Pd NPs

A solution of 1.69x10° mol PdCI, and 1.69x10"° mol
PVP were mixed with 4.0x107° L of ethanol and 2.0x10” L
of deionized water in a 1x10™ L glass vessel. The mixture
was dispersed to form a homogeneous solution by constant
strong stirring for 2 h. Then, the mixture was irradiated for
6 h with visible light from the 85-Watt energy-saving lamp
at a distance of 5 cm. The brown suspension was precipi-
tated by acetone and washed with ethanol three times to
remove excess PdCl, and PVP. The final brown product
could be easily redispersed in ethanol to yield a clear ho-
mogeneous solution.
1.3 Synthesis of multiple-twinned Pd NPs

The experimental setup and the procedure were similar to
what were used for the single-crystalline Pd nanomaterials,
except that the mixture was irradiated for 70h with visible
light from the 9-Watt energy-saving lamp at a distance of
5cm.
1.4 Characterization

The high resolution transmission electron microscopy
(HRTEM) observation and the fast Fourier transformation
(FFT) were performed with a Tecnai G2 F20 instrument.
The powder X-ray diffraction (PXRD) pattern was recorded
on a XRD-6000 diffractometer employing Cu Ko radiation.
The UV-visible spectroscopy of the samples was obtained
by an UV-visible spectrophotometer (UV-2600) from Shi-
madzu. The intensity of the light was detected by a FZ400
visible light power meter.
1.5 Electrochemistry tests

Electrochemical measurements were performed with a
CHI 660E electrochemical workstation (CH Instruments,
Chenhua Co., Shanghai, China), and conducted on a con-
ventional three-electrode cell, which includes a platinum
wire as counter electrode, a saturated calomel electrode
(SCE) as reference electrode and the Pd-modified glassy
carbon electron (GCE, 3mm in diameter) as working elec-
trode. For the preparation of the Pd nanomaterials modified

electrode, 5 puL suspension containing Pd nanomaterials was
dropped on the clean electrode surface and dried in air.
Next, the Nafion film was prepared by dropping 3uL Nafion
solution (0.1 wt%) onto the electrode and allowed the sol-
vent to evaporate at room temperature. CVs of the Pd
nanomaterials modified electrode were recorded in 1 mol/L
KOH solution containing 1 mol/L ethanol. The solutions
were deaerated thoroughly for at least 30 min with pure ni-
trogen gas and kept under a positive pressure of this gas
during the experiments.

2 Results and Discussion

In this work, the experimental setup is shown in Fig.1.
The suspension changed its color from yellow to brown af-
ter it had been irradiated for 6 h with visible light from the
85-Watt energy-saving lamp at a distance of 5 cm (6.63
mW cm put on the reacting mixture).

Fig.2a shows the TEM images of a typical product which
contains hexagonal and triangular single-crystalline Pd NPs
of (1941) nm in size along with few quasi-spherical NPs
(~4 nm). The edge length of hexagonal nanoparticle is not
identical and it varies between 10 and 12 nm (Fig.2b). The
FFT (inset of Fig.2b) at higher magnification reveal two
main diffraction rings, d;= 0.225 nm and d,= 0.198 nm
corresponding to the (111) and (200) plane lattices of cubic
Pd, respectively. A typical triangular Pd nanoparticle has an
edge length of 23 nm (Fig.2c). The FFT (inset of Fig.2c)
also reveals two diffraction rings, the (111) and (200) plane
lattices of cubic Pd.

Fig.3 shows the typical PXRD pattern of as-prepared Pd
NPs. All the peaks can be assigned to the characteristic
peaks of fcc Pd (JCPDS card, 05-0681). It is notable that
the ratio between the intensities of (111) and (200) peaks is
higher than the index value (3.07 versus 2.38), indicating
that the top and bottom faces of each nanoparticle are
bounded by {111} planes. As discussed by Xiong™, these
single-crystalline Pd NPs have a stronger (111) diffraction
peak than conventional samples because they should be
more or less oriented parallel to the supporting substrate.

Fig.1 Experimental setup of the visible-light-assisted method
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Fig.2 TEM image of single-crystalline Pd NPs (a); HRTEM image of a typical hexagonal Pd and its corresponding FFT (b); HRTEM

image of a typical triangular Pd and its corresponding FFT (c)
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Fig.3 PXRD pattern of as-prepared sample

On the basis of the fact that formation of highly aniso-
tropic nanostructures only becomes favorable in a slow re-
duction process, the reduction kinetics should be carefully
controlled in order to obtain different Pd nanostructures™,
When the reaction mixture was irradiated with a 9-Watt en-
ergy-saving lamp after 70 h of slow irradiation (0.37
mW €m?put on the reacting mixture), fewer single-crystal-
line Pd NPs were observed and more multiple-twinned Pd
NPs were seen (see Fig.4a). So the critical role of reduction
rate in controlling nanostructures was confirmed. These
multiple-twinned NPs were reported for Ag to exhibit gen-
erally five-fold symmetry ™. In this study, a relatively high
proportion of multiple-twinned Pd NPs formed with six
subunits, which has a mean dimension of (20 £1) nm, was
observed (Fig.4b). The FFT (inset of Fig.4b) reveals two
main diffraction rings. The reciprocal distances find d; =
0.225 nm and d, = 0.199 nm corresponding to the (111) and
(200) plane lattices of cubic Pd, respectively. Although the
detailed formation mechanism of the multiple-twinned
structures is currently unknown, Xie™ suspect that both the
stacking fault and intrinsic equilibrium structures of lower
energy could lead to those multiple- twinned nanostruc-
tures.

Since the SPR peaks of Pd NPs (typically <10 nm in size)
are located in the UV region, the SPR properties of Pd NPs

remain largely unexplored ™", Fig.5 shows UV-vis spec-
troscopy taken from suspensions of the Pd NPs. Different
from the multiple-twinned Pd NPs (Fig.5b), single-crystal-
line Pd nanomaterials exhibit SPR peaks in the visible re-
gion. Their SPR peaks are located at 520 nm and become
very broad (Fig.5a). The exceptional wide range of wave-
length across which single-crystalline Pd NPs strongly ab-
sorb light should make them potentially useful as nanoscale
photothermal heating elements ™!,

It is well known that Pd has been demonstrated to be very
active and even more efficient than Pt for ethanol oxidation
in alkaline medium rather than acidic media. As a matter of
fact, several advantages are attached to ethanol oxidation on
Pd: firstly, ethanol is non-toxic and can be synthesized in

Fig.4 TEM image of multiple-twinned Pd NPs (a); HRTEM im-
age of a polyhedric particle formed with six tetrahedral
subunits and its corresponding FFT (b)
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large quantities from glucose-containing biomass, and sec-
ondly, Pd is much cheaper and is 50 times more abundant
than Pt in ores!*%.

Fig. 6 shows the voltammogram run of the Pd
nanomaterials modified GCE and bare GCE in the oxidation
of ethanol in alkaline medium. Except for bare GCE, the
single-crystalline and multiple-twinned Pd nanomaterials
modified GCE exhibit electrocatalytic activity for ethanol
oxidation in alkaline medium. The main characteristics
which can be measured from such voltammograms include:
Eonset IS the faradaic current onset potential; Efis the for-
ward peak potential; Ey, is the backward peak potential; js is
the forward current density; j, is the backward current den-
sity. In the present case, with the voltammogram obtained at
a scan rate of 50 mV s, these values relative to ethanol
oxidation are Egn: =847 mV, E=-288 mV, E,=-531 mV,;
j+=6.7 mA <m? and j,=1.61 mA <m?%; for multi-
ple-twinned Pd NPs. Egnsei=—847 mV, E;=-308 mV,
E,=-539 mV: j=1.27 mA em?and j,=0.73 mA em for sin-
gle- crystalline Pd NPs. The ratio of js to jy, jjb, could be used
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Fig.5 UV-vis spectra of Pd NPs with single-crystalline structures
and multiple-twinned structures
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Fig.6 CVs at bare GCE, the single-crystalline Pd modified GCE,
and the multiple-twinned Pd modified GCE

to describe the catalyst tolerance to carbonaceous species
accumulation 1. Obviously, the ratios of jdj, of multi-
ple-twinned Pd NPs modified electrode (4.16) was higher
than of the single-crystalline Pd NPs modified electrode
(1.73), revealing the former with better tolerance to carbo-
naceous species. That is to say, multiple-twinned Pd NPs
modified electrode displays a remarkable anti-poisoning
property. Furthermore, the current density of the former was
5.27-fold (6.7/1.27=5.28) higher than of the latter, revealing
better electrocatalytic activity of multiple-twinned Pd NPs
as a catalyst. This set of characteristics indicates that the
oxidation of ethanol is more favorable with the multiple-
twinned Pd NPs. By comparison of micro-morphology be-
tween multiple-twinned Pd and single-crystalline Pd, we
suspect that high proportion of diffraction planes exposed
on themultiple-twinned Pd nano materials is considered the
fundamental cause for the increase of the oxidation of eth-
anol.

3 Conclusions

1) Pd NPs with single-crystalline and multiple-twinned
structures have been synthesized selectively by manipulat-
ing the reduction rate in a facile visible-light-assisted
method.

2) Different Pd nanostructures will provide different
performance and useful system for optical or electrochemi-
cal applications. The single-crystalline Pd NPs, whose SPR
peaks were located at 520 nm and become very broad, ex-
hibit SPR features different from those of multiple-twinned
NPs. The multiple-twinned Pd NPs with an average size of
20 nm exhibit a remarkable electrocatalytic activity and an-
ti-poisoning capability for ethanol oxidation and display
promise for use in direct ethanol fuel cells.
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