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We synthesize colloidal CdSe@CdS octapod nanocrystals decorated with Pt domains, resulting in a
metal-semiconductor heterostructure. We devise a protocol to control the growth of Pt on the CdS
surface, realizing both a selective tipping and a non-selective coverage. Ultrafast optical spectroscopy,
particularly femtosecond transient absorption, is employed to correlate the dynamics of optical
excitations with the nanocrystal morphology. We find two regimes for capture of photoexcited
electrons by Pt domains: a slow capture after energy relaxation in the semiconductor, occurring in
tipped nanocrystals and resulting in large spatial separation of charges, and an ultrafast capture of hot
electrons occurring in nanocrystals covered in Pt, where charge separation happens faster than energy
relaxation and Auger recombination. Besides the relevance for fundamental materials science and

control at the nanoscale, our nanocrystals may be employed in solar photocatalysis.

Introduction

Colloidal nanocrystals represent a promising platform for
scalable, low-cost exploitation of solar energy through the
realization of solution-processable solar cells and photocatalytic
reactors."® Photoconversion functionalities with colloidal
nanoparticles require a specific design of the interfaces: defects,
dangling bonds and potential barriers hinder the extraction of
photoexcitations and their energy from nanocrystals.* A viable
strategy to overcome limitations relies on the growth of
colloidal nanostructures with junctions between domains of
different materials, realizing the device functionality at the
nanometric scale.>®  Such strategy may prove especially
valuable for solar water splitting, an application where several
interfaces and vectorial charge transport are usually
required. %12

The choice of semiconductor materials for solar water splitting
is subject to the fulfillment of thermodynamic requirements: the
bandgap has to exceed the minimum 1.23 eV value,
corresponding to the net free energy in the water splitting
reaction, with the correct offset with respect to vacuum level.
CdS-based nanocrystals have the right level alignment and have
been particularly amenable to the realization of complex shapes
and heterostructures, like branched nanocrystals.'>!'* Multipod
nanocrystals appear well suited for realization of complex
optoelectronic functions needed in photocatalysis, as their
topology may favor multiple step relaxation pathways for
optical excitations. Recent advances in nanocrystal fabrication
have managed to produce CdSe@CdS nanocrystals with up to 8
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separate pods, realizing highly branched yet well-defined
nanostructures.'>"!

The fact that the water splitting reaction is energetically
favorable does not imply it will actually occur under solar
illumination, due to the presence of activation barriers and
kinetics bottlenecks. Catalysts are typically required for
efficient photoconversion reactions and noble metals are the
most widely used materials. Photocatalytic water splitting has
been pursued with CdSe/CdS-based elongated nanocrystals
decorated at the surface with noble metal domains, employing a
variety of methods for nanocrystal decoration and resulting in
different sizes, shapes and locations of the metal domains, both
with selective noble metal deposition on the nanorod tips and a
non-selective coverage of the nanocrystal surface.'®*! A
corresponding variety of electron transfer rates have been
reported, but it is unclear whether complete surface coverage or
selective tipping with noble metal domains is the most
promising nanocrystal architecture because of a lack of direct
comparison between heterostructures with equal composition
and size obtained by the same synthetic route, highlighting a
correlation between microscopic structure and optoelectronic
function.

In this work, we demonstrate a method to control Pt deposition
on CdSe@CdS octapod nanocrystals, realizing both a selective
tipping and a non-selective surface coverage of the CdS surface
with Pt nanoparticles. By means of ultrafast transient
absorption, we investigate the consequences of different
decorations on photophysical properties, in particular on
capture of photoexcited electrons by Pt domains, the initial step
of photocatalytic reactions. We realize experimental conditions
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where the electron capture is fast enough to compete with
energy relaxation, leading to the capture of hot electrons.
Experiments under intense pulsed optical excitation reveal that
Pt-decorated octapod nanocrystals are able to cause charge
separation simultaneously for tens of photoexcitations.

Results and discussion

Fig. 1 (a) TEM image of an ensemble of CdSe@CdS octapod nanocrystals,
highlighting the homogeneity in shape and size in the batch; the scale bar is 200
nm. Representative images of (b) a single Pt-free octapod nanocrystal, (c) a
single Pt-tipped octapod nanocrystal and (d) a Pt-covered octapod nanocrystal.
Scale bars in (b), (c) and (d) are 20nm.

CdS octapod nanocrystals are grown in the wurzite structure
through colloidal route from a sphalerite CdSe core obtained by
cation exchange of a Cu,,Se seed.'® TEM observations, as
shown in Fig. 1, indicate that the octapods tend to lay on the
substrate sitting on four arms and are homogeneous in shape
and size, with average pod length and diameter of 48 nm and 12
nm, respectively. As shown by previous investigation, the
octapod arms grow along the c¢ axis due to the faster growth of
the high-energy (0001) facet of the wurzite structure. The
metal-semiconductor interface is realized in a second step by
decorating the octapod surface with Pt domains. We set the
synthesis so that the dimensions of Pt nanoparticles do not
depend on the concentration of precursors. The aim of the
decoration procedure is to control the geometry of the
attachment of Pt to the CdS surface, without varying the
morphology of octapod nanocrystals nor that of Pt domains.
The degree of Pt coverage of the CdS surface is controlled by
the amount of Pt precursors in solution: low Pt concentrations
result in a selective deposition of Pt only on the most reactive
surfaces, i.e. on the pod tips (Fig. 1c); on the other hand, a five-
fold increase in Pt concentration results in a non-selective,
extensive Pt coverage of the entire pod surface (Fig. 1d). It
should be pointed out that, as desired, in both Pt-tipped and Pt-
covered CdSe@CdS heterostructures the size of the metal
domains is around 3.5 nm. X ray diffraction data in Fig. 2a
reflect the occurrence of anisotropic hexagonal CdS phase and
peak broadening provides size estimates in agreement with
what inferred directly from TEM images, an indication that
nanocrystals are mainly single crystalline domains. The main
reflection of the Pt structure can be observed in the Pt-covered
octapods, with average nanocrystal size 3.5 nm. Fig. 2b shows
the effects of Pt decoration on the optical absorption: spectra
for Pt-free octapods are characterized by a sharp absorption
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edge around 500 nm in wavelength, corresponding to the
optical bandgap of CdS, followed by a Rayleigh diffusion tail;
knowing the concentration of nanocrystals in dispersion, we
determine the absorption cross section to be ~6-107"* cm?® at 400
nm. When Pt is added, Rayleigh diffusion grows with the
amount of Pt, as expected from plasmonic field enhancement
effects. No clear plasmon resonance is however observed. The
absorption cross section does not appear to be significantly
modified by the Pt decoration procedure; however, the limited
quantities of Pt-decorated nanocrystals obtained after
purification procedures have prevented an accurate
determination of the concentration of nanocrystal dispersions
and therefore uncertainties of the order of 30% need to be
considered for the quantitative assessment of the absorption
cross section.
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Fig. 2 (a) X-ray diffraction patterns of the Pt-free, Pt-tipped, and Pt-covered
octapod nanocrystals. The diffraction peak position of the bulk CdS hexagonal
and Pt cubic structures are reported on the bottom and on top, respectively, as a
reference. (b) UV-Vis absorbance measured in a toluene dispersion of Pt-free, Pt-
tipped and Pt-covered octapod nanocrystals.

Producing large nanocrystals with a spatially controlled metal-
semiconductor heterostructure represents a versatile playground
for testing some of the photophysical processes relevant for
solar photoconversion. CdSe/CdS heterostructured nanocrystals
have a quasi-type II band alignment, with conduction bands
almost aligned and the CdSe valence band higher in energy
than the CdS one;*>® the relaxation paths of photoexcited
electrons and holes are also influenced by surface and interface
morphology.**** The photophysics of Pt-decorated nanocrystals
is studied here with ultrafast optical spectroscopy, in particular
femtosecond transient absorption, a technique sensitive to the
dynamics of the excited state.** In our case the excitation is
provided by 150 fs-long laser pulses, 392nm in wavelength,
from a KHz repetition rate regenerative amplifier, while the
probe is a supercontinuum white-light pulse. The differential
transmission signal induced by the pump laser pulses is almost
exclusively attributed to photoexcited electrons, while holes do
not contribute, due to the peculiar electronic level structure of
CdSe and CdS nanocrystals, where hole states are closely
spaced together and the states at the very top of the valence
band are not coupled to optical transitions.*’ Care was taken to
avoid nonlinear effects due to multiple excitation of each
nanocrystal by each laser pulse; laser fluence for such
measurements is 0.6 uJ/cm?, corresponding to an average of 0.7
excitations per nanocrystal per pulse. In order to exclude that
the Pt decoration procedure introduces surface trap states that
can lead to similar photophysical signatures as electron capture
by Pt domains, we pre-treat Pt-free nanocrystals in the same hot
bath used for Pt decoration, without adding Pt precursors (see
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the Electronic Supplementary Information for details on the
effects of such treatment).

The differential transmission traces in Fig. 3a are shown as a
function of the pump-probe delay, so they reproduce the
temporal dynamics of photoexcited electrons in the
nanocrystals: Pt tipping accelerates the electron decay with
respect to Pt-free nanocrystals, meaning that electrons can be
trapped at the tips in a time scale of few hundreds of ps; a fit to
a single exponential decay without constant background gave
characteristic times of (630£50) ps for Pt-free
nanocrystals and (260%30) ps for Pt-tipped nanocrystals.
When the nanocrystals are entirely covered by Pt, however, the
electron capture becomes much faster and is almost complete in
a ~1 ps timescale, as shown in the zoom of the initial decay in
Fig. 3b.

a b /\ €
f Pt-covered

Pt-covered Pt-covered

Pt-tipped

ATIT

Pt-tipped

Pt-tipped

Pt-free 7 /f\

Pt-free

Pt-free

|

T T T T T T T T T T T T
0 100 200 300 ) 5 10 15 20 25 480 520 560
Time (ps) Time (ps) Wavelength (nm)

Fig. 3 (a) Decay of the spectrally-integrated differential transmission signal as a
function of pump-probe delay for CdSe@CdS octapod nanocrystals with different
Pt decorations; the spectral integration window is 460-520 nm; signal amplitudes
are normalized and vertically displaced for clarity. (b) Zoom of the initial decay.
(c) Corresponding differential transmission spectra; the dotted lines are the
spectra at time delay equal zero (integrated over a 400 fs window), the
continuous lines are the spectra integrated between 7 ps and 20 ps delay times.

Differential trasmission spectra, in Fig. 3c, reveal the
photophysical processes. In Pt-free octapods and in tipped
octapods the differential transmission spectra show similar
dynamics: at time zero, just after excitation with the pump
pulse, the bleaching is centered at 480 nm in wavelength, which
has been associated by Scotognella and coworkers to the 1D
electron state delocalized along the pod;***’ after a short
transient of ~1-2 ps, the bleaching shifts towards the red and the
corresponding peak moves to around 495 nm, a wavelength
associated to the 0D electron state localized in the center of the
nanocrystal. Such dynamics is the signature of energy
relaxation of photoexcited electrons from higher to lower
energy states in the conduction band, accompanied by a spatial
migration from the pods (1D states) toward the nanocrystal
center (0D states).*® 0D states are localized not by a band
potential, but mainly by a geometric effect*®, as the nanocrystal
cross section is larger in the core than in the pods and the
corresponding confining energy is lower. Therefore 0D states
would exist even in a nanocrystals with CdS core and extend
well within the CdS arms. Such localization is shallow, as the
difference in energy between 0D and 1D states is around 70
meV, the effective mass for electrons is just 0.1 and thermal
energy kgT is at least 26 meV.

Relaxation is very similar in Pt-free and Pt-tipped nanocrystals
because electron capture in tipped nanocrystals is a much
slower process than energy relaxation, which is completed in
~1 ps. As a consequence, electron capture in Pt-tipped
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nanocrystals occurs from the 0D states, mostly localized in the
center, which have little spatial overlap with the Pt domains
located on the opposite side of the pods. As the localization of
0D states is mild, electron capture could be characterized as a
tunneling through a shallow barrier.

The photoinduced absorption band at 460 nm is attributed to
Stark effect, i.e. the electric field created upon the excitation of
electrons and holes that have not a perfect spatially overlap.
The Stark signal is expected to scale as a combination of first
and second derivative of the absorption spectrum and is
therefore more pronounced in the samples where the absorption
features are sharper, i.e., in Pt-free octapods.

In Pt-covered nanocrystals, relaxation from 1D to 0D states
does not occur, as the bleaching of the 0D state always
dominates over the one corresponding to the 1D state, even
immediately after excitation. Furthermore, combining the
differential transmission with the absorbance spectra in Fig. 2b,
we can calculate the peak in transient absorption signal (Aa/oy)
to be about 4 times lower in Pt-covered nanocrystals than in Pt-
free and Pt-tipped ones, where instead the values are about the
same. We interpret the observation as an indication that
bleaching in Pt-covered nanocrystals is only due to the fraction
of electrons that after excitation directly relax into the 0D state,
without transiting by the 1D states; on the other hand, we infer
that electrons in the 1D states are captured by Pt domains
before relaxation occurs, while they are still hot. In other
words, electron capture in Pt-covered nanocrystals is fast
enough to compete with energy relaxation. Since relaxation into
the 1D states appears instantaneous in Pt-free nanocrystals, we
also infer that electron capture in Pt-covered nanocrystals is
faster even than the laser pump pulse duration.
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Fig. 4 (a) Photoluminescence spectra acquired with the streak camera for
octapod nanocrystals. (b) Corresponding temporal decay of the normalized
photoluminescence signal; spectral integration is done over the whole
photoluminescence spectrum, 400-600 nm. Vertical displacements are for
clarity. The insets show a magnification of the initial photoluminescence
transient.

Transient absorption tracks photoexcited electrons, but is
mostly blind to photoexcited holes. To complete our
photophysical investigation, we employ time-resolved
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photoluminescence, a technique that is sensitive to the
simultaneous presence of electrons and holes. CdSe/CdS
octapod nanocrystals are known as inefficient emitters, contrary
to other CdSe/CdS colloidal nanostructures, as spherical
core/shell and dot/rods. The low photoluminescence quantum
yield may be related to the peculiar synthesis technique, which
involves cation exchange of the original Cu,Se core to produce
the CdSe seed for nucleation of the eight CdS arms, a procedure
that may leave potential barriers and crystal defects at the
CdSe/CdS interface, inhibiting the relaxation of holes into the
CdSe core. As a consequence the optical emission from octapod
nanocrystals does not occur from the CdSe core, but from the
CdS arm, and is centered in wavelength around 480 nm, as
shown in Fig. 4a. The emission spectrum is slightly blueshifted
in Pt-tipped and Pt-covered nanocrystals. The
photoluminescence of Pt-free octapod nanocrystals decays in
~100 ps, a value close to the resolution of our streak camera;
since transient absorption indicates a longer lifetime for
electrons, we attribute the photoluminescence decay to hole
trapping at the CdS surface. The photoluminescence dynamics
is different in Pt-tipped and Pt-covered nanocrystals, as the
decay becomes longer. It has to be noted however that the
longer photoluminescence decay is not accompanied by a
higher quantum yield; on the contrary the quantum yield stays
below 1% in all samples and is about 3 times lower in Pt-tipped
and Pt-covered nanocrystals than in the Pt-free ones. This
observation is consistent with transient absorption showing that
the lifetime of electrons inside the nanocrystals is shortened by
the addition of Pt. However, the timescales involving electron
capture and photoluminescence decay are different by at least
one order of magnitude, therefore we do not quantitatively link
the quantum yield value to the electron capture rate: electron
capture in Pt-tipped and Pt-covered nanocrystals may have
different rates, but after few hundred ps, the total number of
electrons that have been captured and therefore subtracted from
photoluminescence may be similar, resulting in a comparable
PL quantum yield. We infer that the treatment employed for Pt
decoration affects the hole surface traps, probably saturating the
deepest ones and therefore slowing down the hole
recombination (further data on the effects of the decoration
procedure on hole traps can be found in the Electronic
Supplementary Information).
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Fig. 5 (a)-(c) Differential transmission spectra as a function of laser fluence for
CdSe@CdS octapod nanocrystals with a varying amount of Pt coverage: (a) Pt-
free, (b) Pt-tipped, (c) Pt-covered; the spectra are integrated over a 2 ps window.
(d)-(f) Corresponding dynamics of the differential transmission signals as a
function of the delay time between pump and probe pulses: (d) Pt-free, (e) Pt-
tipped, (f) Pt-covered. The spectral integration window is 450-520 nm. 1OHJ/cm2
in excitation fluence corresponds to an average of 11.8 excitations per
nanocrystal per pulse for Pt-free nanocrystals. Vertical displacements are for
clarity.

All ultrafast optical measurements presented up to now have
been performed in the linear regime, with the pump fluence low
enough to ensure that the transient absorption dynamics do not
depend on the excitation level. Fig. 5 instead compares the
differential transmission signals in Pt-free, Pt-tipped and Pt-
covered nanocrystals as a function of the excitation fluence in
the high-excitation regime, where every single laser pulse is
intense enough to inject many photoexcitations in each
nanocrystal (note that even the lowest laser fluence in Fig. 5 is
much higher than what employed in the linear measurements in
Fig. 3 and 4).

In Pt-free nanocrystals (Fig. 5a), as the excitation fluence is
increased, the bleaching signal blue-shifts, as higher-energy
transitions that are increasingly filled up with photoexcitations.
Increasing the excitation level also produces a faster decay (Fig.
5d), a signature of non-radiative Auger recombination
occurring when many photoexcitations are confined inside the
same nanocrystal.* The Auger decay rate increases for
increasing excitation levels, as the growing number of
excitations coexisting in the same nanocrystal enhances the
rates of scattering among carriers.

State filling and blue-shift of bleaching for increasing pump
fluence are also apparent in the differential transmission spectra
of Pt-tipped nanocrystals, as shown in Fig. 5b, but they are less
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pronounced than in Pt-free nanocrystals. We attribute such
difference to the fact that, even in the multiple excitation
regime, a large fraction of the photoexcited electrons are
ejected from the nanocrystals due to the Pt decoration. The
temporal dynamics in Fig. 5e confirms a shortening of the
differential transmission decay in tipped nanocrystals for
growing excitation levels, which can be linked to Auger
recombination. However such shortening is modest in
magnitude and, for the highest excitation levels we employ, the
differential trasmission decay turns out to be longer than in the
corresponding Pt-free nanocrystals. We infer that the Pt tips
reduce the Auger scattering rates, probably by promoting
spatial charge separation even at very early times after
excitation, when photoexcited electrons are still inside the
nanocrystals.

In Pt-covered nanocrystals (Fig. 5c and 5f), the amplitude of the
differential transmission signal decays rapidly, even at low
excitation intensities, not because of Auger recombination, but
due to fast electron capture by Pt domains. For growing pump
fluences, the blueshift of differential trasmission signal shows
that 1D states in the CdS pods are filled at comparably much
higher excitation levels with respect to Pt-tipped nanocrystals,
which we interpret as a confirmation of the fact that charges are
separated and photoexcited electrons extracted from the
nanocrystals before contributing to the bleaching signal in the
semiconductor. A spectrally-flat bleaching signal also appears
at longer wavelengths and grows for growing pump fluences,
which we attribute to excitation of plasmon modes in Pt
domains.*

If the final goal of nanocrystal decoration with noble metal is to
make them suitable for photocatalysis, Pt-decorated octapods
appear very promising. The shape of such nanocrystals offers
several distinctive advantages for photocatalytic applications,
namely controlled charge separation and large absorption
coefficients. Even more important, the absorption cross section
is very high, as much as 5-10"3cm? at 500 nm in wavelength,
meaning that under AM 1.5 solar illumination photoexcitations
in each nanocrystal can be created at rates equal to 10° s
studies

conditions will have to establish what is the best condition to

Future with nanocrystals in hydrogen-production
maximize water splitting efficiency: selective Pt tipping of
nanocrystals provides control over the spatial separation
between electrons and holes while minimizing the amount of
noble metal employed; on the other hand, non-selective Pt
coverage of the CdS surface leads to faster charge separation,
but may be less efficient in catalyzing reactions or more prone

to unwanted recombination paths leading to back reactions.

Conclusions

In conclusion, we have demonstrated controlled deposition of
Pt domains on CdSe@CdS octapod nanocrystals, synthesizing
both selectively tipped and unselectively covered nanocrystals.
Our measurements show that electron capture by Pt tips occurs
in ~200 ps, providing just a perturbation to the excited state
dynamics, while in Pt-covered nanocrystals electron capture is
much faster, ~1ps, and competes with energy relaxation and

This journal is © The Royal Society of Chemistry 2012
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Auger recombination, causing the capture of hot electrons.
Injection of multiple excitons in each nanocrystals results in the
simultaneous charge separation by Pt domains of tens of
electrons available for chemical reactions.
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CdSe@CdS octapod nanocrystals are decorated with Pt domains and their potential for solar
photocatalysis is investigated with ultrafast optical spectroscopy.



