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ABSTRACT: Colloidal semiconductor—metal nanoheter-
ostructures that combine the light-harvesting ability of
semiconductor nanocrystals with the catalytic activity of
small metal nanoparticles show promising applications for
photocatalysis, including light-driven H, production. The
exciton in the semiconductor domain can be quenched by
electron-, hole-, and energy transfer to the metal particle,
and the competition between these processes determines
the photocatalytic efficiency of these materials. Using
ultrafast transient absorption spectroscopy, we show that,
in CdS—Pt heterostructures consisting of a CdS nanorod
with a Pt nanoparticle at one end, the excitons in the CdS
domain dissociate by ultrafast electron transfer (with a
half-life of ~3.4 ps) to the Pt. The charge separated state is
surprisingly long-lived (with a halflife of ~1.2 + 0.6 us)
due to the trapping of holes in CdS. The asymmetry in the
charge separation and recombination times is believed to
be the key feature that enables the accumulation of the
transferred electrons in the Pt tip and photocatalysis in the
presence of sacrificial hole acceptors.

In recent years, a new class of colloidal nanoheterostructures
containing both semiconductor nanorods and metallic
domains has been prepared.l_m These materials, combining
the size-tunable, light-harvesting property of quantum-confined
semiconductor nanocrystals with the catalytic activities of small
metal nanoparticles, show promising applications for photo-
catalysis, including light-driven H, production. For examples,
CdS—Pt nanorod (NR) heterostructures, in which a Pt
nanoparticle is grown selectively at one end of a CdS nanorod,
can generate H, under illumination in the presence of sacrificial
electron donors."'™"* Upon absorption of light, excitons are
generated in the semiconductor NR. As shown in Figure 1a, the
excitons can decay by electron-, hole-, and energy transfer to
the metallic domain. The generation of H, requires the
selective transfer of electrons from the semiconductor to the
metal while suppressing the charge recombination, hole
transfer, and energy transfer pathways. The competition
between these pathways determines the photocatalytic
quantum efficiency of these heterostructures. To date, the
rates of these processes in strongly coupled semiconductor—
metal heterostructures have not been determined, and the
mechanism for their photocatalytic activity remains unclear.
Furthermore, in heterostructures with plasmonic metallic
domains, the exciton and plasmon interaction provides an
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Figure 1. (a) Schematic energy level and exciton quenching pathways
in CdS—Pt NR heterostructures. In addition to the intrinsic exciton
decay within CdS NRs, the presence of Pt introduces interfacial
electron transfer (ET), hole transfer (HT), and energy transfer (not
shown) pathways. (b) Absorption (solid lines, left axis) and emission
(dashed lines, right axis) spectra of CdS NRs (black) and CdS—Pt NR
heterostructures (red). CdS—Pt shows absorption features of both the
platinum nanoparticle and CdS NR and significant quenching of band
edge and trap state emissions. (Inset) Schematic structure of CdS—Pt.

additional mechanism to control the properties of these
“plexcitonic” nanomaterials.'>~"”

We choose CdS—Pt NR (inset of Figure 1b) as a model
system to investigate the competition of electron, hole, and
energy transfer processes in semiconductor—metal hetero-
structures. Using transient absorption (TA) spectroscopy in
conjunction with known molecular electron acceptors, we first
identify spectral signatures for the electron, hole, and charge
separated state in CdS NRs. Following these spectral signatures,
we show that electron transfer from the excited CdS NR to the
Pt tip is the main exciton quenching pathway in CdS—Pt. We
find that the electron transfer process is ultrafast (~3.4 ps) and
the charge separated state is surprisingly long-lived (~1.2 + 0.6
us). This slow charge recombination is attributed to ultrafast
hole trapping (~0.7 ps) in CdS NRs. This finding reveals the
mechanism of photodriven H, generation in these CdS—Pt
NRs and provides insight into the design of NR hetero-
structures for efficient photocatalysis.

CdS—Pt heterostructures, in which a Pt nanoparticle is
grown at one end of a CdS nanorod, were synthesized
according to a literature procedure.® TEM images of CdS NRs
before and after platinum tips growth (Figure S1, Supporting
Information [SI]) indicates an average length of 26.9 + 2.1 nm
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and diameter of 3.8 + 0.3 nm for the CdS NR and diameter of
23 + 02 nm for the Pt tip. The absorption and photo-
luminescence (PL) spectra CdS NRs and CdS—Pt are
compared in Figure 1b. The CdS NR exhibits discrete
transitions arising from quantum confinement in the radial
direction."®™*" The first absorption peak centered at 456 nm
can be attributed to the 1X exciton band. In CdS—Pt, the CdS
exciton bands remain unchanged (no obvious broadening or
shifting), while additional broad absorption features, extending
from the UV to near IR, is also observed. The latter can be
attributed to the strong d—sp interband transition of platinum
nanoparticles.”” PL of CdS NRs shows two distinct emission
bands, with a narrow band-edge emission at 463 nm and a
broad trap-state emission centered at 650 nm.”® In CdS—Pt, the
trap-state emission is completely quenched, while the band-
edge emission is also significantly reduced, indicating a faster
decay of electron and/or holes in the excited NR.

In order to reveal the exciton quenching mechanism in
CdS—Pt NRs, we use TA spectroscopy to follow the carrier
dynamics in CdS and CdS—Pt NRs. The details of the TA
spectrometers have been described elsewhere.”**> We first
identify the spectral signatures of electrons, holes, and charge
separation in CdS NRs. Unlike the well-studied quantum dots
(QDs),**** these spectral signatures in the 1D NRs have yet
to be unambiguously assigned.>>™>° The TA spectra of CdS
NRs after 400 nm excitation (Figure 2a) shows a red-shifted
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Figure 2. (a) TA spectra of CdS NRs at indicated time delays after 400
nm excitation: 0—1 ps (top) and 3—3000 ns (bottom). (Inset)
Expanded view of the broad photoinduced absorption (PA) spectra.
(b) TA kinetics for three spectral features: exciton bleach (XB at ~456
nm, black line, top), photoinduced aborption (PA from 550 to 700
nm, red line, middle), and hot-exciton induced shift (XA1 at ~470 nm,
green line, bottom). A fit to the rise of the PA signal (with a single
exponential time constant of 0.7 ps) is also shown in the middle panel
(gray dashed line).

absorption feature (XAl) at early delay time that decays rapidly
(with a time constant of 70 fs) to form a bleach of the 1%
exciton band (XB) and a derivative-like feature of higher-energy
exciton bands (XA2). In addition to these exciton band
features, a broad photoinduced absorption band (PA) at
wavelength longer than 500 nm is also formed with a rise time
of 0.7 ps (Figure 2b, middle panel). These spectral features are
remarkably similar to those observed in CdS**™** and
Cdse*®**~*' QDs and are assigned in the same manner. The
XAl feature at 470 nm can be attributed to hot excitons in the
NR, whose presence shifts the 1X exciton band to lower energy.
The decay of hot carriers to the 1o orbitals gives rise to the

state-filling-induced bleach of 1% XB. Because of the state-
specific biexciton interaction energy, this exciton relaxation
process also affects the higher energy exciton transitions, giving
rise to the growth of the higher-energy XA2 feature and the
decrease of XAl feature. The XA2 feature reflects the
interaction of the 1X exciton with other exciton bands and
can be well described by a red-shift of these transitions (see
Figure S3, SI).*” The XB feature shows only slight decay
(~16%) within 1 ns (Figure 2b), indicating the dominance of
the long-lived single exciton state at this excitation intensity.

In CdSe and CdS QDs the XB signal is attributed to the state
filling of the electron level with negligible contribution from the
hole due to a higher degeneracy of the hole levels.***> The
assignment of the broad PA signal is less clear and has been
attributed to both the electron®' and hole.*®***™** In order to
identify the carrier contribution to both XB and PA signals in
CdS NRs, known electron acceptors, methyl viologen (MV>")
and benzoquinone (BQ) molecules, are used to selectively
remove the excited electrons by interfacial electron transfer.
The TA spectra of NR—MV>* complexes (Figure S4, SI) show
an ultrafast recovery of the 1X XB signal within 100 ps and a
corresponding formation of the MV** radicals absorption band
centered at 620 nm and a derivative-like feature of the 1%
exciton band.*' These spectral features confirm the ultrafast
transfer of electrons from the NR and support the assignment
of the XB feature in the CdS NR to the state filling of the 1o
electron level, consistent with the findings of a previous study
on CdSe NR—MV?** complexes.**

The overlap of the MV*® radical absorption with the PA
signal hinders an unambiguous assignment of the latter. For this
reason, we also studied CdS—BQ complexes, in which the
reduced BQ_ anion has negligible absorption in the visible
region.* As shown in Figure 3, the ET process in CdS—BQ
complexes leads to a faster recovery of the XB compared to free
NRs. However, the ET process does not affect the PA signal,
suggesting that the PA signal can be attributed to holes in the
NR. The PA signal in NR—BQ complexes decays more slowly
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Figure 3. (a) TA spectra of CdS—BQ complexes at indicated delay
time windows after 400 nm excitation: 0.2 ps — S ns (upper panel) and
10—3000 ns (lower panel). (Inset - upper panel) Formation of charge
separation-induced Stark effect signal (SE). (b) TA kinetics for the XB
(black solid line, top), PA (red solid line, middle), and XAl and SE
(green solid line, bottom) features in CdS—BQ_complexes. In each
panel, the kinetics of free CdS NRs (gray dashed line) is also included
for comparison. (Inset - middle panel) Expanded view of the
comparison of PA kinetics in free NRs and NR BQ complexes.
(Bottom) Kinetics for PA and SE signals from 1 to 3000 ns, reflecting
the charge recombination process.
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than that in free NRs (in the 100—10000 ns time scale, Figure
3b inset), which can be attributed to slow charge recombination
in this system. It is interesting to note that the ~0.7 ps rise time
of PA signal (Figure 2b, middle panel) is similar to the hole
trapping time in CdS QDs determined by fluorescence up-
conversion measurement,** suggesting the PA signal in the NR
is likely due to the trapped holes.**™® Time-resolved PL
measurement (Figure S2, SI) shows an ultrafast decay (<25
ps) of the band-edge emission and ultrafast formation (<25
ps) of the trap-state emission, consistent with the ultrafast
trapping of the valence band hole and the small band edge
emission quantum yield (0.11%, see SI). Furthermore, the
decay of trap-state emission and the XB and PA TA signals
follow the same kinetics (Figure S2C, SI), suggesting that the
main decay pathway of the 1o electron is through
recombination with the trapped holes in the CdS NR.

In addition to the small PA feature, the TA spectra of the
charge separated state of the NR—BQ complexes (>1 ns) show
pronounced derivative-like features of the exciton bands that
are similar to those observed in the charge separated state of
QD—acceptor complexes and can be assigned to the Stark-
effect (SE)-induced exciton band shift in the presence of the
charge separated pair (NR*—BQ~).**** This feature leads to
the reappearance of the red-shifted 1X and higher-enegy
exciton bands (SE, Figure 3b, bottom panel) at ~1 ns.
Although similar to the biexciton-induced shift (XA), the SE
feature is much weaker in comparison. The kinetics of the
formation of the SE signal and XB recovery agree with each
other, supporting the assignment of the SE feature. After 1 ns,
the SE signal decays with the same kinetics as that of the PA
feature (inset of Figure 3b) due to the charge recombination
process. This suggests that both the PA and SE spectral features
can be used to follow the charge recombination kinetics,
although the latter will be used in the NR—Pt complexes due to
its larger signal amplitude.

After the assignment of TA signals of the electron, hole, and
charge separated state in CdS NRs, we investigated the exciton
quenching mechanism in CdS—Pt NRs. A control experiment
of Pt nanoparticles of similar size shows negligible TA spectral
signatures in the visible region after 400 nm excitation (Figure
SSb, SI). Therefore all TA features in CdS—Pt (Figure 4a) can
be attributed to the excitation of the CdS domain. However,
due to the absorption of Pt (Figure SSa, SL, and Figure 1), their
amplitudes are reduced by a factor of 2 compared to free CdS
NRs under the same conditions. The TA spectra of CdS—Pt
NRs shows that, in the first 100 ps, the XB feature decays by
~90% while the PA signal displays negligible change, indicating
the depopulation of 1o electrons without the removal of the
trapped holes. This suggests that ultrafast electron transfer
(with a half-life of ~3.4 ps) from the excited CdS NR to the Pt
tip is the main exciton quenching pathway.

The 1o exciton bleach recovery is accompanied by the
formation of a derivative-like feature of exciton bands similar to
that observed previously in CdS—BQ_ complexes. The TA
spectra can be simulated as a sum of the SE and XB features
(Figure S6, SI). The SE signal amplitude is smaller in CdS—Pt,
likely reflecting the different dipolar field strength of the charge
separated state in these complexes. The simulation also shows
that at ~3—S5 ns, the charge separation efficiency in CdS—Pt is
near unity. The charge recombination process can be
monitored by the decay of the SE signal (Figure 4b), which
has a half-life of 1.2 & 0.6 ps. Despite the large uncertainty, it is
clear that the rate of recombination is much slower than that of
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Figure 4. (a) TA spectra of CdS—Pt NRs at indicated time delays: 0.2
ps to 2 ns (upper panel) and 3—3000 ns (lower panel). (b) TA
kinetics of XB (black solid line, top), PA (red solid line, middle), and
XAl and SE (green solid line, bottom) spectral features for CdS—Pt
NRs. Also shown for comparison are kinetics for CdS NRs (gray
dashed lines) at the same wavelengths, whose amplitudes are a factor
of 2 larger compared to that of CdS—Pt. (Inset) Comparison of SE
and PA kinetics in CdS—Pt after 10 ns.

charge separation. The large difference in these rates is
surprising because, as shown in Figure 1a, there exist continua
of empty and filled states (above and below the Pt Fermi level,
respectively) for both ET and HT from CdS to Pt. The lo
electron is delocalized in the rod and has considerable overlap
with the empty accepting levels in Pt, leading to a fast ET
process. The ultrafast trapping of the hole in the CdS reduces
its overlap with the filled Pt levels, slowing down the HT
process (in the initial exciton state and in the charge separated
state). This large difference in the charge separation and
recombination rates enables the removal of the trapped hole in
the presence of hole acceptors, leading to the accumulation of
electrons in the Pt tip and photocatalytic H, production.''*
Thus, the hole-trapping-induced asymmetry in the ET and HT
times is essential for efficient photoinduced charge separation
and photocatalysis in these NR Pt heterostructures. The
observed ET rate is much faster than that reported in a previous
study of longer (~100 nm) CdS—QRs decorated with Pt
NPs.'! The reasons for the different ET rates are unclear, and
ongoing studies are examining the dependence on the QR
length and diameter.

In conclusion, the mechanism of exciton quenching and
charge separation in the CdS—Pt NR heterostructure has been
investigated by transient absorption spectroscopy. The
dominant exciton quenching pathway is ultrafast interfacial
ET (~3.4 ps) from the CdS NR to the Pt tip. The charge
recombination process is surprisingly slow (~1.2 + 0.6 us).
The asymmetry in the ET and HT rates across the CdS—Pt
interface can be attributed to the efficient trapping of the hole
in the NR. This asymmetry is essential for efficient
accumulation of the transferred electrons in the Pt tip and
photocatalysis.
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Synthesis procedure, TEM images, PL decay kinetics of CdS
NRs, TA spectra, and kinetics of CdS—MV* complexes, TA
spectra of Pt, and spectral fitting for CdS, CdS-BQ, and CdS—
Pt. This material is available free of charge via the Internet at
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