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Palladium is a plasmonic metal, however plasmonically mediated

enhancement of catalytic performance of Pd nanoparticles is under-

explored. We report plasmonically mediated enhancement of catalytic

performance of Pd-based nanoparticles with different shapes and

internal structure.We found that Pd-only nanoparticles with geometry

promoting plasmonic light concentration show stronger effect on

light-induced catalytic performance than hybrid Pd-based nano-

particles with a ‘canonic’ plasmonic metal (Au) core. Our findings pave

the way for the design, synthesis and fabrication of Pd nanocatalysts

with enhanced performance under visible light illumination.
Plasmonic nanoparticles (NPs) have attracted great interest as
a new class of photocatalysts utilizing solar energy.1 The exci-
tation of localized surface plasmon resonance (LSPR) of the NPs
generates at their surface a high concentration of electrons with
energy above the Fermi level (hot electrons), which can excite
electronic or vibronic transitions in reagent molecules adsorbed
on the NP.2 Alternatively, hot electrons can relax via electron–
phonon coupling with heat transfer in the surrounding
medium.3 Both of these light-mediated processes enhance
catalytic performance of plasmonic NPs.1b,4

Photocatalytic activity of plasmonic NPs has been used in
a number of chemical reactions,1b,5 which showed a linear
dependence of reaction rate on the illumination intensity and
a signicant difference between the rates of the reaction con-
ducted under illumination and upon heating in dark.4,6

Plasmonically mediated catalysis has been generally limited
to the use of Au or Ag NPs, which catalyze a limited number of
reactions, compared to NPs of other transition metals.7 In
nto, Toronto, Ontario M5S 3H6, Canada.

che@chem.utoronto.ca

National Laboratory, Argonne, Illinois

SI) available: Details of the synthesis of
nts, electromagnetic simulations, and
ty proles and photothermal heating
1f

hemistry 2016
particular, Pd is a catalytically active material used in conven-
tional catalysis of a great number of reactions. To achieve
plasmonically mediated enhancement of the catalytic perfor-
mance of Pd-based NPs, Pd is generally combined with
a canonic Au component.5a,5b,8 In such NPs, the Au constituent
plays the role of a light harvesting antenna, while Pd acts as
a catalytic component. Other combinations of Pd NPs, e.g., with
semiconductor light sensitising components such as CdS or
CdSe have been extensively studied.9 Yet, Pd is a plasmonic
material, and the catalytic activity under plasmonic excitation of
solely Pd NPs can be enhanced, if their structure is rationalized.

The effect of visible light illumination of sub-10 nm Pd NPs
has been studied,10 however, in this system, light-enhanced
catalytic performance stemmed primarily from the excitation
of d-band electrons. Since the LSPR of these Pd NPs is in the
ultra-violet region, it may only weakly affect their catalytic
activity under visible light illumination.3 Non-spherical Pd NPs
with dimensions $50 nm,11 and Pd nanospheres with a diam-
eter >70 nm (ref. 12) exhibit LSPR in the visible spectral range,
however, their photocatalytic activity has not been explored.

In particular, Pd nanocubes (NCs) constitute a promising
class of NPs, in which the electron connement effect and an
inhomogeneous electric eld are more efficient in photo-
generation of hot electrons than in spherical NPs.13 The
connement effect is further enhanced in NCs with sharp
geometric features.14 Thus, a study of photocatalytic properties
of Pd NCs with LSPR in the visible spectral range and comparing
them with Au–Pd NCs is important for the design of Pd-based
plasmonic nanocatalysts for reactions mediated by solar energy.

In the present work, to address the role of internal structure
of Pd-based NCs, we compared the photocatalytic behavior of
Pd nanocubes (NCs) and Au/Pd core–shell NCs (CS-NCs). The
role of structural characteristics of Pd NPs was explored by
comparing the performance of Pd NCs and Pd nanocubes with
protruded edges (PE-NCs). Upon excitation at the correspond-
ing LSPR wavelengths, the highest catalytic activity of the NPs in
the reduction of 4-nitrophenol was achieved for PE-NCs, signi-
fying the greater importance of the NP geometry than their
RSC Adv., 2016, 6, 47907–47911 | 47907
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internal structure. This trend correlated with the results of
simulations of absorption, electric eld enhancement and
current density distribution at the NP surface. The results of
this work are important in the design of Pd-based nanocatalysts
acting under visible light illumination.

Fig. 1a–c shows the schematics and the scanning electron
microscopy (SEM) images of Pd-based NPs used in the present
work. NCs with an edge length of 50� 4 nm were synthesized by
seed-mediated growth.11a The synthesis of PE-NCs with a side
length of 50 � 3 nm and protrusion height of 4 � 2 nm was
conducted using the Cu(II)-assisted seed-mediated growth.11b

The synthesis of CS-NCs with a side length of 51 � 3 nm
included the growth of 45� 1 nm-size Au NCs and the synthesis
of the Pd shell on the surface of Au NCs. The internal structure
of CS-NCs with an Au cubic core and a 3 nm-thick Pd shell was
veried using energy dispersive X-ray (EDX) mapping (Fig. 1c,
inset, and Fig. S2, ESI†). We note that all NPs, including CS-NCs,
were synthesized in the presence of Br�, which is known to
stabilize specically {100} crystallographic planes of Pd.11d The
utilization of three types of Pd-based NCs with similar dimen-
sions, all stabilized with cetyltrimethylammonium bromide,
enabled comparison of the effect of NP shape and internal
structure on their photocatalytic properties.

Fig. 1d–f shows extinction spectra of the NCs, PE-NCs, and
CS-NCs, all with LSPR peaks in the visible range. The spectrum
of the NCs (Fig. 1f) exhibited an LSPR peak centred at 400 nm.
The LSPR peak of PE-NCs at 450 nm (Fig. 1e) showed a weak red
Fig. 1 Schematic illustration of 3D and 2D cross-section (left) and
corresponding SEM images (right) of (a) NCs, (b) PE-NCs, and (c) CS-
NCs. Green and orange colors show the Pd and Au components of the
NPs, respectively. Inset in (c) shows an EDX mapping image of the
core–shell Au/Pd NCs. Scale bars are 100 nm. Extinction spectra (solid
lines) of aqueous solutions of (d) the NCs, (e) PE-NCs, and (f) CS-NCs.
The dashed spectrum in (c) shows the spectrum of Au NC cores used
for CS-NCs synthesis. Dashed lines in (d–f) show 450 and 532 nm
wavelength for clarity.

47908 | RSC Adv., 2016, 6, 47907–47911
shi, compared to that of NCs, possibly, due to the increased
optical polarizability of electrons at sharp PE-NC edges.15 The
spectrum of CS-NCs exhibited two distinct peaks, originating
from absorption of light by the Au core and the Pd shell (Fig. 1f).
Peak broadening for the CS-NCs, in comparison with the Au
core, resulted from the contribution of the imaginary part of the
dielectric function of Pd, which was larger than that of Au.16

Photocatalytic properties of the NCs, PE-NCs and CS-NCs
were examined for Pd-catalyzed reduction of 4-nitrophenol
(4NP) into 4-aminophenol (4AP) (see inset in Fig. 2a). Moni-
toring of the conversion 4NP / 4AP by UV-visible spectroscopy
enables the evaluation of the catalytic properties of metal NPs.17
Fig. 2 (a) Evolution of the absorption spectra in the course of 4NP
reduction. Inset: reaction of the reduction of 4NP. (b–d) The depen-
dence ln(A/Ao) vs. t for 4NP reduction in dark (open symbols), under
illumination at 450 nm (black symbols) and 532 nm (grey symbols)
using NCs (b), PE-NCs (c), and CS-NCs (d).

This journal is © The Royal Society of Chemistry 2016
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In the present work, the reaction was carried out in dark and
under illumination in thermostated reactor using 0.7 W laser
excitation at the wavelengths of 450 and 532 nm, corresponding
to the extinction maxima of PE-NCs and CS-NCs, respectively. At
450 nm the extinction of the NCs was 92% of the LSPR peak
value.

In the course of the reaction, the intensity of 4NP absorption
peak at 400 nm reduced, until almost complete disappearance
aer 8 min (Fig. 2a), indicating its close-to-complete
consumption. Concurrently, a new peak developed at 300 nm,
consistent with the formation of 4AP. Similar evolution of
absorption spectra was observed in the presence of PE-NCs and
CS-NCs (see ESI†).

Since NaBH4 was added in large excess with respect to 4NP
concentration, the reaction can be treated as a pseudo rst-
order process. The reaction rate was characterized by plotting
ln(A/Ao) vs. the reaction time t, where A and Ao are the absorp-
tion intensity at 400 nm at time t and t ¼ 0, respectively.

Fig. 2b–d shows the variation of ln(A/Ao) vs. t for the reaction
under illumination and in dark, carried out in the presence of
NCs, PE-NCs, and CS-NCs. The linear t of these data provided
the reaction rate constants determined from the slopes of the
graphs. The reaction rate enhancement was dened as d450 or
d532, where d ¼ (kL � kD)/kD, kL and kD are rate constants of the
reaction conducted under illumination wavelength close to
LSPR of CS-NCs, the reaction rate increase was lower than that
observed for pure Pd NCs at their LSPR. Although the Au core of
core–shell NPs is typically considered to be a plasmonic
antenna,5a our results show that the core–shell NP conguration
had inferior performance, compared to pure Pd NCs.

Importantly, 450 and 532 nm laser beams illuminated only 7
and 3% of the solution volume, respectively (see ESI†). Thus the
measured photocatalytic rate and in dark, respectively, and the
subscripts 450 and 532 correspond to the illumination
wavelengths.

Table 1 summarizes the results of experiments. Rate
constants for the reaction conducted in the dark in the presence
of NCs, PE-NCs, and CS-NCs had comparable values of 0.34,
0.37 and 0.35 min�1, respectively. For the reaction under illu-
mination, the trends shown in Table 1 can be summarized as
follows. For all NP types, reaction rate increased upon LSPR
excitation. A stronger rate enhancement was measured at 450
than at 532 nm. Under illumination at either 450, or 532 nm the
strongest rate enhancement was observed for PE-NCs.

Based on earlier studies on plasmonically enhanced catal-
ysis, light-mediated increase in reaction rate can result from
either transient transfer of hot electrons to adsorbed molecules
Table 1 Rate constants of 4NP reduction using Pd NCs, PE-NCs, and C

LSPRa [nm] kD [min�1] kL at 450 nm illumination

NCs 400 0.34 0.46
PE-NCs 450 0.37 0.76
CS-NCs 395, 532 0.35 0.46

a LSPR correspond to those shown in Fig. 1d–f.

This journal is © The Royal Society of Chemistry 2016
and/or local photothermal heating.2–4 Direct hot electron
injection into the adsorbate acceptor states plays a major role in
photocatalysis by plasmonic NPs,1a while the heating mecha-
nism has a minor effect at illumination intensities on the order
of 100 mW cm�2.1a,4 We performed control experiments in dark
at different temperatures to evaluate the contribution of the
photothermal effect, and demonstrated that at light intensities
used in the current work (�104 mW cm�2) it should not be
primarily responsible for the observed rate enhancements (see
ESI† for details). Thus, at light intensities used in the present
work, both photothermal heating and hot electron injection
mechanisms may contribute to reaction rate enhancement.

We emphasize that elucidating the relative contributions of
the two mechanisms is beyond the scope of this work, however,
both of them are inuenced by electric eld (E-eld) enhance-
ment and current density (J) in the NPs. Plasmon-induced
electromagnetic eld contributes to a stronger interaction
between NPs and molecular adsorbates and can induce transi-
tions of electrons from occupied to unoccupied states.2 In
addition, the energy gained by electrons upon plasmonic exci-
tation (characterized by current density) can dissipate into heat.
Based on Ohm's law, heat dissipated per unit volume is given by
the product of local E-eld and J, leading to local temperature
increase.18

To gain insight into the role of shape and composition of
NCs, PE-NCs, and CS-NCs on their plasmonic properties and
photocatalytic performance, we performed Finite-Difference
Time-Domain (FDTD) simulations. The NPs were modelled
using a t to the experimental data of Johnson and Christy (for
Au) and Palik (for Pd).19 Scattering, absorption and extinction
cross-sections were calculated using the formalism of total eld
scattered eld.20

Fig. 3a–c shows the variation in extinction, scattering, and
absorption properties of the NPs. The simulated spectra were in
agreement with experimental results shown in Fig. 1d–f.
Fig. 3d–i shows E-eld enhancement at the NP corners as
a function of the excitation wavelength. The E-eld was mostly
concentrated at the sharp features of the NPs (Fig. 3d–f). The
current density was also concentrated at NP edges and corners
(see ESI†). The use of NPs with sharp features led to strong
E-eld enhancement and high J, while the introduction of Au in
the interior of Pd NC mainly resulted in the shi of E-eld and J
maxima toward longer wavelengths.

Fig. 3 shows the correlation of the maximum in E-eld
enhancement with the LSPR peaks for the NCs, PE-NCs, and
CS-NCs (the value of J exhibited a similar trend). Notably, the
PE-NCs exhibited the strongest E-eld and J, which correlated
S-NCs in the dark and under laser illumination

[min�1] d450 kL at 532 nm illumination [min�1] d532

36% 0.36 7%
107% 0.55 46%
31% 0.44 23%

RSC Adv., 2016, 6, 47907–47911 | 47909
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Fig. 3 FDTD simulations of (a–c) extinction (solid lines), scattering (dotted lines), and absorption spectra (dashed lines) of NCs (a), PE-NCs (b),
and CS-NCs (c). (d–f) E-field enhancement profiles (log-scale) of the 2D cross-section at y ¼ 0 nm of NCs (d), PE-NCs (e), and CS-NCs (f). The
incident plane wave is x-polarized. (g–i) E-field intensity at the cube corners for NCs (g), PE-NCs (h), and CS-NCs (i). Rate enhancements
compared to reactions in dark, d450 (blue) and d532 (green), observed in the experimental catalytic reduction of 4NP using NCs (j), PE-NCs (k), and
CS-NCs (l) under laser illumination are shown for comparison.
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with the highest measured reaction rate increase. In addition,
for the NCs and PE-NCs, the value of J at 450 nm excitation was
higher than at 532 nm.

A stronger than expected enhancement in the reaction rate at
450 nm excitation, compared to 532 nm, was observed for all NP
types. This trend may be due to the contribution of direct
excitation of 4NP at this wavelength (Fig. 2a), or the contribu-
tion of the d-band electron excitation in Pd, generating addi-
tional hot electrons.10 Second, since the apparent reaction rates
characterize the average reaction rate for the entire NP surface,
the actual local increase in reaction rate at sharp NP features
can be signicantly higher.

Conclusions

In conclusion, the introduction of sharp geometric features in
Pd PE-NCs leads to a higher efficiency of these NPs in plas-
monically mediated catalysis, in comparison with Pd NCs and
CS-NCs. This effect signies a dominant effect of NP shape in
their plasmonically enhanced catalytic performance. Introduc-
tion of Au component, a ‘canonic’ plasmonic metal inside Pd
NCs can enhance the photocatalytic performance of the
composite NPs under illumination at longer wavelengths, as it
red-shis their extinction maximum, in comparison with Pd-
only NCs. Given that NPs with sharp geometric features
enclosed by high index facets are oen more efficient in
47910 | RSC Adv., 2016, 6, 47907–47911
catalytic reactions,21 than NPs with low index facets, plasmonic
photocatalysis on NPs with a maximized number of sharp
features offers a route to enhancing their catalytic performance.
Further exploration of plasmonic properties of Pd NPs and
other non-canonic plasmonic transition metal NPs with sharp
geometrical features would open up new avenues for applica-
tions of plasmon-induced photocatalysis.
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