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hotoinduced charge separation repre-
sents an essential step in the process
of solar energy conversion through
photovoltaic or photocatalytic reactions.
An ongoing search for an artificial system
exhibiting such charge-separating capabilities
has recently identified a promising approach,
which relies on the integration of the two
semiconductor domains exhibiting comple-
mentary donor and acceptor functionalities
into a single nanoscale reactor." > When en-
ergetically optimized, the two domains of
the resulting composite nanocrystal (NC) can
promote fast and near-complete separation
of excited charges across donor—acceptor
interfaces. Notably, the overall efficiency of
charge transfer processes in these composites
is facilitated by a direct, “heteroepitaxial” do-
main coupling as well as the relatively low
exciton binding energy in semiconductor na-
nomaterials. Meanwhile, an all-inorganic com-
position of heteronanocrystals ensures their
compelling stability against the processes of
photodecomposition by ultraviolet photons
and thermal degradation in heat-intensive
applications. Owing to these benefits, several
types of donor—acceptor heteronanocrystals
comprising CdSe/ZnSe,'* ZnSe/CdS,” 8 CdSe/
Cds,® '? CdSe/CdTe,"* " and ZnTe/CdSe'®"®
semiconductor combinations have been de-
monstrated in recent years as potential candi-
dates for solar energy conversion. These stu-
dies have also made it clear that the integration
of composite nanocrystals into photovoltaic or
photocatalytic systems will require the devel-
opment of novel, often intricate schemes for
interfacing both the donor and acceptor com-
ponents with charge-collecting moieties.
As illustrated by a number of recent
reports, the functionality of donor—acceptor
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Ultrafast transient absorption spectroscopy was used to investigate the nature of photo-
induced charge transfer processes taking place in ZnSe/CdS/Pt colloidal heteronanocrystals.
These nanoparticles consist of a dot-in-a-rod semiconductor domain (ZnSe/CdS) coupled to a Pt
tip. Together the three components are designed to dissociate an electron—hole pair by
pinning the hole in the ZnSe domain while allowing the electron to transfer into the Pt tip.
Separated charges can then induce a catalytic reaction, such as the light-driven hydrogen
production. Present measurements demonstrate that the internal electron—hole separation is
fast and results in the localization of both charges in nonadjacent parts of the nanoparticle. In
particular, we show that photoinduced holes become confined within the ZnSe domain in less
than 2 ps, while electrons take approximately 15 ps to transition into a Pt tip. More
importantly, we demonstrate that the presence of the ZnSe dot within the CdS nanorods plays
a key role both in enabling photoinduced separation of charges and in suppressing their
backward recombination. The implications of the observed exciton dynamics to photocatalytic
function of ZnSe/CdS/Pt heteronanocrystals are discussed.

KEYWORDS: catalysis - photovoltaics - nanorods - dye-sensitized - Schottky -
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heteronanocrystals can be greatly increased ~ *Address correspondence to
if one of the semiconductor components is ~ 22Mkevm@bgsu.edu.

. . 20
appended with a metal nanoparticle.™ Such o caived for review June 25, 2012
metal domains, fabricated from small-size  and accepted August 10, 2012.
gold?' ™23 or platinum?*~2® nanocrystals, _ .

) Published online August 11, 2012

can serve the role of an electron sink, thus  191021/nn302810y
mimicking the action of a photocathode in
photocatalytic or photovoltaic processes.  ©2012 American Chemical Society

AMRTAN TS

WWwWW.acsnano.org

8156



The success of this methodology was exemplified in a
number of experiments, where charge-separating
CdSe/CdS?” or ZnSe/CdS*® heteronanocrystals were
coupled to a small-diameter platinum nanoparticle.
The resulting hybrid assemblies were shown to drive
an efficient hydrogen production under visible radia-
tion. In these studies, a near-complete charge separa-
tion was achieved by using a dot-in-a-rod donor—
acceptor morphology, for which electron-donating
ZnSe or CdSe semiconductor quantum dots were
employed to seed the asymmetric growth of elec-
tron-accepting CdS nanorods appended with a Pt tip.
Upon absorption of light, the resulting three-domain
system promoted the dissociation of excitons by driv-
ing the photoinduced electrons into the Pt domain,
while forcing the photogenerated holes to localize
within the ZnSe (CdSe) dot. The photocatalytic cycle
was completed when both an electron and a hole
exited the heteronanocrystal through the processes
of proton reduction (2H" + 2e — H,) and oxidation of
the sacrificial agent (e.g., CH;OH + 2 h— CH,0 + 2H™),
respectively. Notably, despite the multistep nature of
this reaction, the efficiency of H, generation was
primarily dependent on the rate of the initial electron—
hole separation, which placed both charges in a long-
lived charge separated state, thus allowing carriers to
perform their respective catalytic functions.

Here we employ ultrafast transient absorption spec-
troscopy to probe the exciton dynamics in photocata-
lytic ZnSe/CdS/Pt colloidal heteronanocrystals. The experi-
mental data confirms a fast dissociation of electron—
hole pairs in these nanoparticles, which leads to the
localization of both charges in nonadjacent parts of
the structure. By comparing the measured charge
transfer rates with that of a CdS/Pt system, we demon-
strate that the presence of the ZnSe/CdS charge-
separating interface facilitates the spatial separation
of photoinduced charges and is critical for suppressing
their backward recombination. In particular, we show
that photoinduced holes become confined within the
ZnSe domain in less than 2 ps, while electrons take
approximately 15 ps to transition into a Pt tip. Imme-
diately following the charge separation in ZnSe/CdS/Pt
heteronanocrystals, Pt-localized electrons become
available for a catalytic reaction, while photoinduced
holes still need to be advanced to the surface of the
nanocrystal for a sacrificial regeneration. In this study
we employ fluorescence intensity decay measure-
ments to estimate the hole activation time to be
greater than 420 ps. The implications of the observed
exciton dynamics to photocatalytic function of ZnSe/
CdS/Pt heteronanocrystals are discussed.

RESULTS AND DISCUSSION

A detailed description of the three-step procedure
involved in the preparation of ZnSe/CdS/Pt colloidal
heteronanocrystals has been reported previously?®
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Figure 1. Steady state absorption and emission spectra
(a—d) of nanoparticles fabricated at intermediate stages
during the three-step synthesis of ZnSe/CdS/Pt heterona-
nocrystals. (a) ZnSe NCs; (b) ZnSe/CdS nanorods grown from
ZnSe NC seeds; (c) ZnSe/CdS nanorods after deposition of
the Pt catalyst; (d) ZnSe/CdS nanorods grown from large-
diameter ZnSe/CdS core shell NC seeds. The corresponding
TEM images (e—h) are shown in the right panel of the figure.

and is provided in the Experimental Section. In brief,
small-diameter ZnSe NCs, prepared using hot-injection
routes®* were overcoated with a thin shell of CdS (ca.
1—3 monolayers). The resulting ZnSe/CdS core/shell
heterostructures (or “bare” ZnSe NCs) were then used
as nanoparticle seeds for nucleating the growth of CdS
nanorods. The length and the thickness of ZnSe/CdS
nanorods were controlled by tuning the amount and
the diameter of ZnSe/CdS seeds, respectively. In the
final step, Pt tips were grown preferentially onto one of
the CdS facets using a methodology reported in ref 29.

Figure 1 shows steady-state optical spectra (a—d)
and characteristic transmission electron microscope
(TEM) images (e—h) of fabricated heteronanocrystals
corresponding to the successive stages of the ZnSe/
CdS/Pt growth protocol. ZnSe NCs, fabricated in the
first step of the procedure (Figure 1e), were 2.7 nm in
diameter with a typical size dispersion of 7%. To initiate
the growth of CdS nanorods, either “bare” ZnSe or
core/shell ZnSe/CdS NCs (Supporting Information,
Figure SF1) were used as nanoparticle seeds. The effect
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of an intermediate CdS shell on the ultimate shape of
ZnSe/CdS nanorods can be seen through the compar-
ison of Figure 1 panels h and f. Growth of the CdS
nanorods from uncoated ZnSe seeds results in cylind-
rical ZnSe/CdS structures with a narrow diameter (d <
4.5 nm). Conversely, when nanorods are nucleated at
large-diameter ZnSe/CdS core/shell NCs, the resulting
heterostructures are tapered from the location of the
original seed (see Figure 1h). The average length of
grown nanorods used in the spectroscopic measure-
ments was 25.5 nm, with a standard length dispersion
of 11%. Lastly, the deposition of Pt onto ZnSe/CdS
heteronanocrystals resulted in the growth of ca.
2.2—2.9-nm metal tips (Figure 19g), forming primarily
on one side of the nanorods. Such anisotropic growth
of Pt was first demonstrated by Mokari et al.?° and was
attributed to the fact that the wurtzite crystalline
structure of CdS leads to uneven rates of Pt nucleation
on Cd- and S-rich nanorod facets. The elemental
composition and crystallographic structure of ZnSe/
CdS/Pt heteronanocrystals was analyzed using energy
dispersive X-ray and X-ray powder diffraction methods,
respectively (see Supporting Information, Figure SF2).

The character of electron—hole localization in fabri-
cated heteronanocrystals was substantiated based on
their respective optical properties. For ZnSe NCs dis-
persed in chloroform, the absorption spectrum con-
tained a sharp excitonic feature around 4 = 360 nm,
corresponding to the lowest energy 1S(e)—1Ss.(h)
transitions in these nanoparticles. No band gap emis-
sion was detected in this case. The subsequent growth
of CdS nanorods nucleated at ZnSe seeds was accom-
panied by the onset of a strong absorbing transition at
the CdS band edge (4 =~ 455 nm) along with a smaller
feature centered at A = 525 nm. The origin of the latter
peak is attributed to a “spatially-indirect” recombina-
tion of carriers, 154(CdS) < 1S,,(ZnSe), a process com-
monly observed in type Il semiconductor hetero-
nanocrystals.”23° The spectral position of this feature
(marked with a red arrow in Figure 1b) is in good
agreement with the “spatially-indirect” emission peak
in ZnSe/CdS nanorods (red curve), which is red-shifted
by only a few nanometers from its corresponding
absorbing transition (a relative alignment of electron
and hole energies in ZnSe/CdS nanorods is illustrated
in Supporting Information, Figure SF5). The interdo-
main (CdS(e) — ZnSe(h)) character of the “spatially-
indirect” emission in ZnSe/CdS nanorods was likewise
manifested by the relatively low energy of correspond-
ing photons, which falls below the band gap of both
CdS and ZnSe semiconductor domains. Further sup-
port of the interdomain carrier recombination in ZnSe/
CdS nanorods is provided by the enhanced FL lifetime
of the 15.(CdS) — 15,,(ZnSe) emission band (7 = 75 ns,
see Supporting Information, Figure SF3), which ex-
ceeds the typical lifetime values of binary semicon-
ductor nanocrystals (e.g., 7 (CdSe) < 15 ns).3" This is
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attributed to a weak spatial overlap of carriers residing
in ZnSe and CdS domains.

The temporal dynamics of excited charge carriers in
ZnSe/CdS/Pt heteronanocrystals was investigated
using femtosecond transient absorption (TA) spectros-
copy. This approach is rapidly becoming the method of
choice for decoding ultrafast behavior of excitons in
semiconductor heteronanocrystals owing to its com-
petitive temporal resolution and the straightforward
correspondence of the observed spectral (bleach)
dynamics with electronic transitions in nanocrystals.
In recent years both femtosecond and picosecond
TA pump—probe spectroscopy have been used to
measure the rates of exciton dissociation in a number
of donor—acceptor heteronanocrystals, including CdSe/
CdTe>%®  CdSe/CdS,”?®  ZnSe/CdS***°  CdSe/
ZnTe,* and CdTe/CdS*' systems. The primary outcome of
these investigations was the demonstration of a fast
photoinduced charge transfer across semiconductor—
semiconductor interfaces with typical transition times
ranging from 300 fs to 100 ps. The exact transfer rate
was found to be dependent both on the type of the
charge carrier and the nature of the donor—acceptor
interface. Despite a wealth of experimental reports on
ultrafast electron phenomena in semiconductor nano-
crystals, to date, there have been no experimental
accounts on the charge transfer dynamics in donor—
acceptor heteronanocrystals appended with catalyti-
cally active domains, such as Pt nanoparticles. More-
over, there is some controversy regarding the effect of
a metal tip on charge carrier dynamics in a single-
phase semiconductor. For instance, it has been re-
ported that metal-semiconductor colloids can trap
both photoinduced charges at hybrid interfaces, such
as in the case of CdS nanorods capped with large-
diameter Au domains,*? exhibit a very slow semicon-
ductor to metal carrier injection as was reported in the
case of ultralong nanorods,**or form a long-lived
charge separated state.**

The structure of ZnSe/CdS/Pt heteronanocrystals
selected for this study was chosen to be similar to
the morphology of photocatalytically active nanocom-
posites reported earlier.?”2® Specifically, the size of the
Pt domain was kept below 3 nm to suppress the
unwanted trapping of photoinduced charges at metal—
semiconductor interfaces. Such small-diameter Pt tips
were previously shown to drive an efficient generation
of H, by CdS/Pt composites with an associated quan-
tum yield of up to 4%.°° To better understand the
unique role of each of the three domains (ZnSe, CdS,
Pt) participating in the charge-separating process, TA
measurements were performed on four types of het-
erostructures including CdS nanorods, ZnSe/CdS dot-
in-a-rod structures, Pt-tipped CdS, and Pt-tipped ZnSe/
CdS heteronanocrystals. To suppress the spectral distor-
tions of TA traces associated with the Stark effect,***®
relatively low excitation intensities, corresponding to the
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Figure 2. Comparison of the transient absorption spectra of all-CdS (a,b) and ZnSe-seeded CdS (c,d) nanorods. The
wavelength of the pump beam was set to 330 nm. Both structures exhibit a strong TA bleach at 1 = 455 nm corresponding
to the 1S3/,(h) —1S(e) transition in CdS (labeled as A;), as well as small-amplitude photoinduced absorption features labeled
B, and B, (see text). The TA spectra of ZnSe/CdS heteronanocrystals contain the second bleach feature (A;) attributed to the
spatially indirect absorption, 15,(ZnSe)—1S.(CdS). (e) The temporal evolution of the 1S;,,(h)1S(e) bleach for the all-CdS and

ZnSe/CdS nanostructures.

linear power dependence regime were used (P < 1.5 uJ
per pulse, beam diameter ~ 300 um). We also note that
the contribution of photoinduced electrons into the
observed transient absorption spectra is expected to
be greater than that of holes*” due to comparatively
low effective masses of positive charges in bulk
Cds,*®*° as well as the high degeneracy of hole states
in CdS NCs.

First, we investigate the charge carrier dynamics in
all-semiconductor CdS heterostructures fabricated
with and without the use of ZnSe NC seeds. Figure 2
shows the two sets of chirp-corrected transient absorp-
tion spectra resulting from the UV excitation
(A = 330 nm) of CdS (Figure 2a,b) and ZnSe/CdS
(Figure 2¢,d) nanorods. A strong TA bleach (labeled
as A;) near A =~ 455 nm, observed for both structures,
was attributed to the excitation-induced state filling of
the lowest-energy 15(e)—1S3,,(h) transitions in the CdS
domain. In addition to A,;, both structures contain
derivative-like spectral distortions labeled as B; and
B,. The former feature, B,, is seen as a superposition of
the A; negative bleach with a positive transient ab-
sorption shoulder. This excitation is relatively short-
lived (r < 0.6 ps for both CdS and ZnSe/CdS) and was
previously attributed to the effect of hot excitons,
whose presence shifts the 15(e)1S5/,(h) exciton band
to lower energy.*® The B, feature has a lifetime com-
parable to that of A; and reflects the interaction of
15(e)1S5/5(h) excitons with other exciton bands.>' Fi-
nally, the TA spectrum of ZnSe/CdS contains an addi-
tional bleach signal labeled as A,. This feature is not
present in pure CdS structures, and is attributed to the
151(ZnSe) — 1S(CdS) spatially indirect absorbing tran-
sitions in ZnSe/CdS nanorods.

A comparison of the exciton dynamics for the 1S(e)-
1S3,2(h) band (labeled A;) between CdS and ZnSe/CdS
heterostructures (Figure 2) indicates that the excited
state population tends to deplete quicker in CdS
nanorods. Indeed, the half-life of the bleach in CdS
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nanorods is approximately 180 ps, while for ZnSe/CdS
nanoparticles the recovery of the same transition takes
over 1000 ps. A possible cause of this difference can be
linked to the existence of the charge separating inter-
face in ZnSe/CdS heteronanocrystals, which reduces
the spatial overlap between electrons and holes. A less
extensive overlap gives rise to a slower recombination
of carriers in these nanoparticles resulting in a delayed
bleach recovery. It could be argued that trapping of
photoinduced holes on dangling bonds of all-CdS
nanorods can provide a similar type of hole localization
as does the ZnSe domain in ZnSe/CdS NCs. This could
potentially cause carriers in both structures to decay with
similar rates. However, in the case of ZnSe/CdS hetero-
nanocrystals, electrons are forced away from the hole
localization site by the interfacial offset of the potential
energy. Meanwhile, in all-CdS nanorods, an electron wave
function is delocalized over the entire structure, and thus
can have a significant overlap with a trapped hole.

Further evidence supporting a correlation between
the slower recovery of 15(e)1Ss3,,(h) excitons in ZnSe/
CdS nanorods and the existence of a charge-separating
interface (ZnSe/CdS) is provided by the dynamics of B
bleach. As was demonstrated previously, the onset of
the B, feature at longer pump—probe times (10 ps <7<
1000 ps) can be attributed to the existence of a long-
lived charge separated state.** In CdS nanorods, the B,
feature disappears within 0.6 ps and is absent for the
rest of the observation time window. For ZnSe/CdS
heteronanocrystals, a weak B, feature reappears after
7 > 20 ps (see Supporting Information, Figure SF4), as a
clear modification of the red-shifted half of the A,
bleach signal. This points toward the presence of a
charge-separated state, whose electric field perturbs
1S(e)1S3/2(h) excitons causing the onset of B;. On the
basis of these observations we conclude that longer
recovery times in ZnSe/CdS NCs is likely the effect of an
enhanced electron—hole separation in these nanopar-
ticles as compared to CdS nanorods.
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Figure 3. Transient absorption spectra of Pt-tipped nanorods: (a,b) CdS/Pt and (c,d) ZnSe/CdS/Pt. The wavelength of the
pump beam was set to 330 nm. Both structures exhibit a TA bleach at A = 455 nm corresponding to the 1S3,,(h) —1S(e)
transition in CdS (A,), as well as smaller-amplitude photoinduced absorption features (B; and B,). (e) Transient absorption
spectra of ZnSe/CdS/Pt heteronanocrystals showing the onset of B, feature, reflecting the formation of the spatially separated
electron—hole pair. (f) The temporal evolution of the 1S3,,(h)15(e) bleach for ZnSe/CdS (black), ZnSe/CdS (black), and ZnSe/

CdS/Pt (red), and CdS/Pt (blue) nanostructures.

The ultrafast dynamics of CdS/Pt and ZnSe/CdS/Pt
heteronanocrystals containing a Pt tip is analyzed in
Figure 3. We first consider the TA dynamics of CdS/Pt
structures excited at Ae = 330 nm. According to
Figure 3, the spectra of CdS/Pt nanoparticles exhibit
all three TA features found in all-CdS nanorods: A, B,
and B, (Figure 3a,b), but the recovery of these excita-
tions in now modified by the presence of the Pt tip. The
most evident distinction between the decay dynamics
of CdS and CdS/Pt structures is the difference in the
rate of A; recovery. Notably, the half-life of 15(e)1Ss,(h)
excitons in CdS is 180 ps, while in Pt-tipped CdS
structures, the A; bleach recovers in just 3.1 ps
(Figure 3f). This dramatic increase in the decay rate
reflects the transfer of excited electrons (and possibly
holes) from the CdS domain into the Pt tip*** (or Pt
islands that tend to form along the surface of CdS) as
was previously observed for CdS/Pt heteronanocrys-
tals. Such charge transfer mechanism is consistent with
a significant driving force for both carriers in CdS to fill
the Fermi level states of Pt, and is often manifested
through the effect of the fluorescence suppression in
metal tipped semiconductors.>? It should be noted that
the transfer of photoinduced holes into a metal tip
could also play a role in depleting the excited state
population, as can be inferred from the negative energy
of the 1S(h) state with respect to the Pt Fermi level.

O'CONNOR ET AL.

However, this process does not contribute equally to the
TA bleach signal and thus cannot be distinguished from
the dominant electron transfer contribution.

The increased rate of exciton dissociation caused by
the presence of a Pt domain was also observed in the
case of ZnSe/CdS/Pt heteronanocrystals (Figure 3¢, d).
For ZnSe-seeded structures, the recovery of the band
gap bleach in the CdS domain (A;) occurred within 15
ps (Figure 3f), which is substantially faster than the
recovery of the corresponding bleach signal in bare
ZnSe/CdS nanorods (z > 1000 ps). Similar to the case of
CdS/Pt nanocrystals, the enhanced recovery rate was
attributed to the transfer of photoinduced charges into
the Pt domain. The transfer of an electron away from
the semiconductor component has also caused a faster
recovery of the A, transition, (7 (A,) = 35 ps), attributed
to the depletion of 1S, population in CdS, and the B,
feature, which amplitude is proportional to A; bleach.

The difference in the exciton dissociation times
between CdS/Pt (3.1 ps) and ZnSe/CdS/Pt (15 ps)
heteronanocrystals was ascribed to the existence of
the charge-separating interface in ZnSe/CdS/Pt nano-
particles. As was demonstrated above, the presence of
ZnSe seeds in CdS nanorods affects the subnano-
second carrier dynamics (20 < 7 < 1000 ps) in ZnSe/
CdS heterostructures manifested as a slower recovery
of the A, bleach. A similar trend is observed here for
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Figure 4. (a) Recovery of the TA bleach for the two spectral bands in ZnSe/CdS/Pt nanorods associated with 1S,,(CdS) —
1S.(CdS) (green curve) and 1S,(ZnSe) — 1S.(CdS) (red curve) transitions. (b) Steady state absorption spectra of ZnSe/CdS/Pt
heteronanocrystals showing the onset of spatially indirect absorbing transition, 1S,(ZnSe) — 15S.(CdS). (c) TA spectra of ZnSe/
CdS/Pt nanorods highlighting the 15,(ZnSe) — 15.(CdS) bleach near 1 = 525 nm. (d) TA spectra confirming the lack of the
spatially indirect 1S,,(ZnSe) — 1S.(CdS) bleach in single-phase CdS nanorods appended with a Pt tip. (e) Temporal evolution of
the TA bleach centered near the 15,,(ZnSe) — 1S.(CdS) transition. The early time increase in the bleach strength is attributed to
a hole transfer from CdS into ZnSe (see text). (f) Schematic representation of the hole transfer process in ZnSe/CdS/Pt

heteronanocrystals.

Pt-tipped heteronanocrystals on a picosecond time scale.
The presence of the ZnSe seed within a CdS rod results in
a slower transfer of photoinduced electrons from CdS
into Pt. This could be attributed to the electron—
hole attraction. Indeed, it is expected that the electron—
hole interaction in ZnSe/CdS/Pt structures will cause
the electron density to increase near the ZnSe domain
(where the hole is localized) and to consequently
decrease at the tip of the nanorod. As a result, an
overlap between excited electron wave functions and
conduction states of the Pt nanoparticle will be smaller
for ZnSe/CdS/Pt heteronanocrystals, leading to a
slower transfer. We note that in all-CdS structures, a
trapped hole can also enhance the electron density near
its location. However, in this case, the location of the hole
may likely be near the Pt tip, where most traps are being
produced due to Pt deposition. This would result in
enhanced electron density near the tip, and consequently
faster electron transfer into Pt, as seen in Figure 3f.

An important role of the ZnSe/CdS interface in the
charge-separation dynamics of Pt-tipped nanorods is
further exemplified by the temporal evolution of the B,
photoinduced absorption (PA) feature. As stated above,

O'CONNOR ET AL.

the onset of B, at longer pump—probe delay (r > 20 ps)
corresponds to the formation of the charge separated
state. Here, the B, feature is much more prominent in
the case of ZnSe-seeded structures (see Figure 3e),
indicating a stronger electric dipole associated with an
electron—hole pair for these nanoparticles. Consequently,
the spatial separation of charges is more extensive when
ZnSe seed is present within CdS rods. We note that the
extent of spatial charge separation is an important prop-
erty of photocatalytic structures as it helps suppressing
the backward recombination of charges.

To understand the dynamics of photoinduced holes
in ZnSe/CdS/Pt heteronanocrystals, we focus on the A,
feature (1 = 525 nm) that was previously identified as
the spatially indirect absorbing transition at the ZnSe/
CdS interface® involving both electron and hole states
(see the insert in Figure 4b). Similar to A, the recovery
of A, bleach is accelerated by the presence of the Pt tip;
however, the rate of the recovery is only half that of A;.
To identify electronic processes underlying the decay
of A,, the wavelength of the excitation pulse was set to
400 nm. In this case, the direct excitation of band edge
excitons in ZnSe is energetically inaccessible, such that
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the only transition contributing into A, bleach is the
excitation of valence electrons occupying the ZnSe
domain into the conduction band of CdS. One can
expect that due to the subsequent CdS — Pt electron
transfer, these interdomain excitons will be quickly
depleted. However, the temporal dynamics of the
integrated bleach area shows a distinct rise at early
probe times (r < 2 ps). The delayed enhancement of
the 1S,(ZnSe)—1S.(CdS) bleach amplitude strongly
suggests that the carrier population in one of the
involved states, either 1S,(ZnSe) or 15.(CdS), is grow-
ing for several picoseconds after the excitation pulse.
Since the 1S, state of CdS cannot be repopulated due
to the lack of excited electrons with energies above
that of 15.(CdS) (since A,ump =400 nm), the rise in the
population of interdomain excitons was attributed to
the energetically accessible transfer of photoinduced
holes from 1S;,(CdS) into 1S;,(ZnSe) state. Indeed, the
transition of holes from CdS into ZnSe domain is exo-
thermic and is expected to produce a delayed repo-
pulation of the ZnSe valence band, which in turn
would result in the enhancement of the 1S,(ZnSe)—
15¢(CdS) bleach amplitude (4 = 525 nm), as shown in
Figure 4e. It should be stressed that a contribution
of holes into AA is less than that of electrons, as
expected due to high hole-to-electron effective mass
ratios, but it is not zero. For instance, hole-induced
bleaching of the above-the-pump-energy transitions
has been observed previously in CdSe/CdS hetero-
structured nanocrystals.?’

The transient absorption measurements indicate
that the internal separation of photoinduced charges
across ZnSe/CdS/Pt nanorods occurs in less than 15 ps.
Upon completion of this cycle, electrons become
localized in the Pt tip and are ready to perform their
respective catalytic functions. Photoinduced holes, on
the other hand, still remain confined within the ZnSe
domain, which is catalytically inactive. Previous works
have shown that the energy of the oxidizing hole can
be effectively dissipated if it is expelled to the surface of
the structures via a ligand-to-semiconductor electron
transfer.?’>3 In particular, the use of hydrophilic MUA
or 3-mercaptopropionic acid (MPA) ligands facilitate
the transfer of the hole to the surface where it is picked
up by a scavenger, typically methanol.

The average time associated with the ZnSe-to-ligand
hole transfer was determined in this study from the
measurements of the fluorescence intensity decay of
spatially indirect excitons (1S.(CdS) — 1S,(ZnSe)) in
MUA-capped ZnSe/CdS nanorods. To ensure that
quenching of the emission occurs due to the removal
of the valence hole from the ZnSe, and not due to the
transfer of photoinduced electrons away from the
conduction band of CdS, nanorods were not appended
with a Pt tip. In this case the FL lifetime, 7¢, is determined
primarily by the competition of two processes: a slow-
rate radiative decay (I'r) and a nonradiative decay,
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1k MUA-capped ZnSe/CdS nanorods

Fluorescence intensity

0 10 20
Time (ns)

Figure 5. Fluorescence intensity decay of MUA-capped
ZnSe/CdS nanorods (red circles) along with the instrument
response time (blue curve). The observed FL lifetime of
excited carriers is approximately equal to the average time
associated with the transfer of holes from ZnSe to MUA.

which includes a slow-rate component associated with
charge trapping (I'Ng°) and a fast-rate component
associated with the transfer of holes to surface ligands
(Tiansfen) \ith these considerations, the fluorescence
lifetime of the spatially indirect emission of MUA-

capped ZnSe/CdS nanorods, 7, can be expressed as

I'g
TR tral
FR + r}\‘rgnsfer + FNRp

TrL = m
where 7 is the radiative lifetime of 15.(CdS)15,,(ZnSe)
excitons in ZnSe/CdS heteronanocrystals. If we assume
that trapping of carriers is slow (IN&®> — 0), then the
average hole transfer time, Tyanster, Can be expressed as
(see Supporting Information for details):

Ttransfer — TFL/“ + (TFL/TR)) (2)

The equation stipulates that the radiative lifetime of
15.(CdS)15,(ZnSe) excitons should be known in order
to estimate the hole transfer time. Since the FL lifetime
of MUA-capped nanorods, tg (~400 ps), is much
smaller than the corresponding radiative lifetime
(>100 ns),® a good approximation of 7 can be derived
from the FL lifetime of TOPO-capped nanocrystals. To
illustrate this point, we refer to Figure 5 showing the FL
intensity decay of MUA-capped ZnSe/CdS nanorods in
water. The emission lifetime (z =420 ps) in this case is 2
orders of magnitude shorter than the fluorescence
lifetime of spatially indirect excitons in TOPO-capped
ZnSe/CdS (75 ns, see Supporting Information, Figure
SF3). As a result, the average time involved in the
transfer of photoinduced holes to the MUA surface
ligand is estimated to be Tyansfer & 420 X (1 4 0.420/75) ~
4223 ps. If the radiative lifetime happens to be sub-
stantially greater than the FL lifetime of TOPO-coated
NCs then the actual 7y,ansfer Would become just slightly
shorter than 4223 ps and lie somewhere in the
420—422.3 ps range.
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Upon the completion of the hole transfer to the
surface ligand, the ZnSe/CdS/Pt system becomes re-
generated with both charges exiting the semiconduc-
tor portion of the structure. While the ZnSe/CdS
domain returns to the ground state in approximately
0.42 ps, the spatial proximity of exited charges may still
affect the dynamics of the secondary excitations. In
particular, the presence of an electron in a Pt tip may slow
down the transfer of an additional electron needed for H,
production. Likewise, the presence of a positive charge
on the nanorods surface is likely to produce electrostatic
screening effects, whereby altering the electric field at
the ZnSe/CdS interface. Future work will be necessary to
understand the effect of stored charges on the carrier
dynamics in ZnSe/CdS/Pt heteronanocrystals.

CONCLUSION

Transient absorption spectroscopy was employed to
investigate the ultrafast dynamics of photoinduced

EXPERIMENTAL SECTION

Chemicals. Oleylamine (tech., 70%, Aldrich), sulfur (99.999%,
Acros), 1-octadecene (ODE, tech., 90%, Aldrich), cadmium oxide
(CdO, 99.99%, Aldrich), octadecylamine (ODA, 90%, Fisher),
oleic acid (OA, tech., 90%, Aldrich), tri-n-octylphosphine (TOP,
97%, Strem), tri-n-octylphosphine oxide (TOPO, 99%, Aldrich),
n-octadecylphosphonic acid (ODPA, 98%, PCl Synthesis),
n-hexylphosphonic acid (HPA, 98%, PCl Synthesis), hexadecyla-
mine (HDA, tech, Fluke), 1,2-hexadecane diol (TCl), 11-mercap-
toundecanoic acid (MUA, 95%, Aldrich), platinum(ll) acetyl-
acetonate (97%, Aldrich), tellurium powder (Te, -200 mesh,
99.8%, Aldrich), diethylzinc (Et,Zn, 15% wt, 1.1 M solution in
toluene, Aldrich), selenium powder (Se, 200 mesh, Acros),
hexane (anhydrous, 95%, Aldrich), methanol (anhydrous,
99.8%, Aldrich), ethanol (anhydrous, 95%, Aldrich), tert-butanol
(99.7%, Aldrich), and toluene (anhydrous, 99.8%, Aldrich) were
used as purchased. All reactions were performed under argon
atmosphere using the standard air-free Schlenk technique
unless otherwise stated. CdS nanorods (NRs) were synthesized
using a seeded-type approach by introducing small-diameter
seed nanocrystals (NCs) into the reaction mixture for nucleating
the growth of CdS extensions.

InSe NCs. ZnSe NCs for seeding the growth of CdS nanorods
were synthesized according to the procedure reported by
Cozzoli et al.>* Briefly, 7.0 g of ODA was degassed at 130 °C
with stirring for 90 min in a three-neck flask. After degassing, the
solution was switched to argon and heated to 300 °C. (It is
important to use a wide exhaust vent as ODA vapors will
resolidify at room temperature and clog narrow vents). At this
point, a selenium precursor prepared by dissolving 0.063 g of Se
in 2.4 mL of TOP through sonication under argon was injected
into the reaction flask containing degassed ODA. The mixture
was then reheated to 300 °C. To initiate the NC growth, 1.0 mL of
a 10% diethyl zinc solution (10% by wt in hexane) was injected
directly into the reaction flask and the temperature was allowed
to stabilize at 265 °C and was kept at this level for the duration of
the reaction. The growth was stopped in approximately 5 min
when the position of the absorbance edge in the growing
nanocrystals stopped red-shifting and “saturated” near A =
360 nm. Prolonged growth of nanocrystals sometimes resulted
in the formation of nanorods, which was not the desired
morphology for ZnSe. After the growth stage, the flask was
cooled down to 60 °C, 20 mL of methanol was added, and the
flask was reheated back to 60 °C. For the initial cleaning the
mixture must be kept at above 55 °C prior to centrifuging to
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charges in ZnSe/CdS/Pt heterostructured nanocrystals
comprising a charge-separating ZnSe/CdS semicon-
ductor component appended with a Pt catalyst. Experi-
mental data provide an estimate of charge transfer
rates associated with several sequential processes
involved in the photocatalytic cycle of proton reduc-
tion. In particular, we show upon photon absorption,
photoinduced electron—hole pairs become spatially
separated via a transfer of holes to ZnSe (r ~ 2.0 ps)
and subsequently dissociate as a result of photoin-
duced electron transfer into the Pt domain (z &~ 15 ps).
The study also demonstrates that the presence of the
ZnSe dot within CdS nanorods plays an important role
in enhancing the spatial separation of charges. Further-
more, a comparative analysis indicates that the locali-
zation of holes in the ZnSe dot slows down the
“backward” recombination of separated carriers, which
is an important prerequisite for improving the effi-
ciency of a catalytic reaction.

prevent the ODA from solidifying. NCs were precipitated with
methanol and redispersed in chloroform twice and stored in
chloroform.

Synthesis of ZnSe/CdS Core/Shell. For the growth of CdS shells
onto ZnSe seeds, a Cd precursor solution was prepared by
dissolving 0.03 g of CdO, 0.6 mL of OA, and 5.4 mL of ODE at
290 °C under argon while stirring. Once a clear solution was
obtained, the mixture was allowed to cool to room temperature.
Similarly, a sulfur solution was prepared by heating 0.0077 g of
sulfur in 6.0 mL of ODE to 200 °C under argon while stirring until
clear and cooling to room temperature. In a 3-neck flask, 1.5 g of
ODA and 6.3 mL of ODE were combined and degassed at 120 °C
for 30 min. After the flask was switched to argon, 1 mL of ZnSe
NC solution in chloroform, prepared in the first stage of the
procedure, was added into the mixture, and the temperature
was raised to 240 °C. The concentration of ZnSe seeds for the
shell growth procedure was determined by setting the absor-
bance of the NC solution at the exciton shoulder (4 ~ 360 nm) to
1.5 (as measured using a 1-mm-thick cuvette)— approximately
half the amount of NCs fabricated in the first stage. Once the
temperature of the reaction mixture reached 240 °C, 0.15 mL of
the combined mixture of Cd and S precursor solutions was
injected every 10 min. The growth of the CdS shell was
monitored by measuring the NC emission. For instance, after
the second injection, low-intensity red emission appeared due
to CdS trap states. The continuous addition of precursors
subsequently resulted in the onset of band gap emission at
A & 450 nm, and after 90 min, strong green emission (1 ~
510—520 nm) was observed, at which point the reaction was
stopped by raising the flask from the heating mantle. When the
solution temperature reached 50 °C, 18 mL of ethanol was
added to the flask and the solution was centrifuged to pre-
cipitate NCs, which were then redissolved in chloroform. After
cleaning the NCs one more time, the precipitate was dissolved
in chloroform and stored.

Synthesis of (dS Nanorods using ZnSe/CdS or ZnSe Nanocrystal Seeds.
Synthesis of heterostructured nanorods was carried out using a
seeded-type growth, according to ref 10. In a typical procedure,
0.120 g of S was dissolved in 1.81 mL of TOP at 200 °C and, after
being cooled to room temperature, was mixed with 1 mL of
nanocrystal seed solution in TOP. The amount of ZnSe/CdS or
ZnSe seeds for the nanorods growth step was determined by
setting the absorbance of the NC solution at the excitonic peak
to 1.0 (as measured using a 1-mm-thick cuvette). Separately, a
mixture of 0.060 g of CdO, 3.0 g of TOPO, 0.290 g of ODPA, and
0.080 g of HPA in a 50 mL 3-neck flask was exposed to vacuum at
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150 °C for 30 min. Subsequently, the system was switched to Ar
flow and heated to 300 °C until the solution turned optically
clear and colorless. At this point, 1.81 mL of TOP was added to
the flask and the temperature was raised to 380 °C. The growth
of nanorods was initiated with a swift injection of the nano-
crystal seeds/sulfur mixture at 380 °C. After the temperature
recovered to 350 °C, nanorods were allowed to grow for an
additional 7—9 min at 350 °C and the reaction was quenched by
raising the flask from the mantle. When the temperature of the
reaction mixture reached 60 °C, 14 mL of ethanol was added
and the contents were centrifuged. The precipitate was subse-
quently redissolved in 2 mL of hexane and precipitated one
more time using 8 mL of ethanol. The final product was stored in
chloroform.

Growth of Pt Tips on (dS NRs. Platinum tips were grown onto
the CdS NRs using a previously reported protocol.? In a typical
procedure, 0.2 mL of OA, 0.2 mL of OLAM, 43 mg of
1,2-hexadecanediol, and 10 mL of diphenyl ether were degassed
at 80 °Cin a three-neck flask for 1 h. Subsequently, the mixture
was switched to argon and the temperature was raised to
200 °C, at which point a mixture of heteronanorods (the entire
amount fabricated in the previous step) in chloroform and 20
mg of platinum(ll) acetylacetonate was injected. The reaction
mixture was heated for 5—7 min, until the solution color turned
black and the heat was removed from the flask. Pt-tipped
nanorods were cleaned two times by precipitating with the
methanol/chloroform (10:3) mixture, designed to separate iso-
lated Pt nanoparticles from Pt-tipped nanorods.

Ligand Exchange of Pt Tipped (dS NRs. The original hydrophobic
ligands on Pt-tipped nanorods were exchanged with hydro-
philic MUA or MPA molecules using a method reported by Costi
et al? To this end, the solution of nanorods in 10—12 mL of
chloroform was mixed with 10 mg of MUA (MPA). Subsequently,
4 mL of KOH solution (0.1 g KOH in 20 mL ultrapure water) was
added and the mixture was vigorously shaken until nanorods
were transferred into the aqueous phase. The latter was sepa-
rated and extracted one more time using 2 mL of aqueous KOH.
Finally, MUA-capped nanorods were precipitated with 10 mL of
methanol and redissolved in 4 mL of ultrapure water.

Characterization. UV—vis absorption and photoluminescence
spectra were recorded using a CARY 50 scan spectrophoto-
meter and a Jobin Yvon Fluorolog FL3-11 fluorescence spectro-
photometer. High resolution transmission electron micro-
scopy measurements were carried out using JEOL 311UHR
operated at 300 kV. Specimens were prepared by depositing a
drop of nanoparticle solution in organic solvent onto a carbon-
coated copper grid and allowing it to dry in air. X-ray powder
diffraction (XRD) measurements were carried out on a Scintag
XDS-2000 X-ray powder diffractometer. FL lifetime measure-
ments were performed using a time-correlated single photon
counting setup utilizing SPC-630 single-photon counting PCl
card (Becker & Hickle GmbH), picosecond diode laser operating
at 400 nm, as an excitation source (Picoquant), and an id50
avalanche photodiode (Quantique).

Transient Absorption Spectroscopy. The laser system for transient
absorption measurements was described in earlier reports.>®
The setup was based on a Ti:sapphire amplified laser system
(Hurricane, Spectra Physics) operating at a repetition rate of
1 kHz/90-fs (fwhm) and delivering 800-nm laser pulses. The laser
output was split into two components: one was directed to the
TOPAS-C optical parametric amplifier to produce excitation
pulses (120 fs @400 nm), and the second was focused onto a
CaF, plate to generate a white-light-continuum for broad-band
probe pulses (350—800 nm). All transient absorption data were
corrected for the group velocity dispersion of the white-light
continuum with an accuracy +25 fs by using the nonresonant
AA signals from the neat solvent. The incident excitation pulse was
attenuated before the sample position using appropriate neutral
density filters to ensure the absence of solvent contribution due to
nonlinear pump absorption at time delays equal to or longer than
At = 500 fs. Linearity of the AA was verified by plotting the
integrated bleach signal versus excitation pulse energy (400 nm
pump, 0.4—4 uJ range, A = ~0.4 at excitation wavelength).
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