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Double Heterojunction Nanowire Photocatalysts for
Hydrogen Generation

P. Tongying,” F. Vietmeyer,* D. Aleksiuk,” G. J. Ferraudi,” G. Krylova™ and M.
Kuno ™

Charge separation and charge transfer across interfaces are key aspects in the design of efficient
photocatalysts for solar energy conversion. In this study, we investigate the hydrogen generating
capabilities and underlying photophysics of nanostructured photocatalysts based on CdSe
nanowires (NWs). Systems studied include CdSe, CdSe/CdS core/shell nanowires and their Pt
nanoparticle-decorated counterparts. Femtosecond transient differential absorption
measurements  reveal how  semiconductor/semiconductor metal/semiconductor
heterojunctions affect the charge separation and hydrogen generation efficiencies of these hybrid
photocatalysts. In turn, we unravel the role of surface passivation, charge separation at
semiconductor interfaces and charge transfer to metal co-catalysts in determining photocatalytic
H, generation efficiencies. This allows us to rationalize why Pt nanoparticle decorated
CdSe/CdS NWs, a double heterojunction system, performs best with H, generation rates of
~434.29 + 27.40 pmol h™' g under UV/Visible irradiation. In particular, we conclude that the
CdS shell of this double heterojunction system serves two purposes. The first is to passivate
CdSe NW surface defects, leading to long-lived charges at the CdSe/CdS interface capable of
carrying out reduction chemistries. Upon photoexcitation, we also find that CdS selectively
injects charges into Pt NPs, enabling simultaneous reduction chemistries at the Pt NP/solvent

and

interface.

Pt nanoparticle decorated CdSe/CdS NWs thus enable reduction chemistries at not

one, but rather two interfaces, taking advantage of each junction’s optimal catalytic activities.

Introduction

Hydrogen is an attractive alternative to fossil fuels that can help
reduce CO, emission linked to climate change. It is a
sustainable clean energy source if produced using renewable
energy resources rather than through fossil fuels. For H,-based
technologies to address our future energy needs, lower cost,
more efficient ways of generating hydrogen in a carbon-neutral
fashion are needed.! One long sought after goal involves
photocatalytic hydrogen generation, using sunlight to split
water.”™

Efficient photocatalytic hydrogen generation, however,
requires that photocatalysts meet certain stringent criteria.
Namely, their conduction (Ecg) and valence bands (Eyg) must
possess appropriate electrochemical potentials (Ecg < -0.41 V
and Eyg > +0.82 V versus normal hydrogen electrode at pH =
7). Furthermore, the catalyst’s band gap (Ey) must be ideally
positioned within the visible part of the solar spectrum where
sunlight is most intense (i.e. E, ~1.7-3.1 eV). Long carrier
lifetimes are also needed to ensure that desired chemical

This journal is © The Royal Society of Chemistry 2013

reactions effectively compete with native photocatalyst charge
recombination processes.

Semiconductor nanostructures are promising systems for
photocatalytic hydrogen generation.*® As examples, CdSe
nanobelts (NBs)® and quantum dots (QDs)® suspended in
aqueous solutions of hole-scavengers actively produce H, under
visible light irradiation with rates of ~0.44 and ~1.15 mmol h™'
g, respectively. By contrast, bulk CdSe is inactive as a
photocatalyst.’

Additional advantages of nanoscale materials include the
ease by which their chemical, physical, optical and electrical
properties can be tailored through size-, shape- and
dimensionality. Nanostructure  hydrogen  generation
efficiencies can also be enhanced by implementing nanoscale
semiconductor/semiconductor  heterointerfaces.'®!! Such
junctions significantly increase carrier lifetimes and enhance H,
generation rates. For example, 10-fold photocatalytic hydrogen
generation rate enhancements have been reported for CdSe QDs
overcoated with CdS (~10.39 mmol h' g").” Analogous
enhancements have been observed for dot-in-rod nanostructures
such as CdSe QDs embedded in CdS nanorods (NRs).?
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Adding to abovementioned systems, nanostructures which
feature metal/semiconductor heterojunctions (e.g. with noble

metals such as Pt or Pd) possess enhanced photocatalytic

12-17

hydrogen generation activities. This is because in many

cases metal co-catalysts act as acceptors for photogenerated

15,17-19

electrons and simultaneously possess suitable proton

2021 In the specific case of Pt, its low H*

binding energies.
chemisorption energies make it a particularly effective co-
this, Pt
nanoparticle (NP) decorated CdS NRs have recently shown

improved H, generation rates of ~ 5 mmol h™' g™'."*

catalyst for hydrogen generation. Supporting

In a previous study’?, we have described strategies for
producing nanowire-based photocatalysts, containing both

semiconductor/semiconductor and metal/semiconductor

heterojunctions. These materials were created to explore the
effects of introducing such heterointerfaces on nanowire H,
generation efficiencies. The four systems studied were CdSe
NWs, CdSe/CdS core/shell NWs, and their Au NP decorated
counterparts. Resulting hydrogen generation efficiencies were
found to increase in the order: CdSe < CdSe/Au NP <
CdSe/CdS/Au NP < CdSe/CdS NWs with the largest H,
generation rates found for CdSe/CdS core/shell NWs. Adding
Au NPs to either CdSe or CdSe/CdS NWs led to no systematic
enhancement of their H, generation efficiencies. This suggests
that Au NPs might not be an active co-catalyst for hydrogen
generation, despite studies which claim small Au NPs to be
highly catalytically active®® or even responsible for plasmonic
enhancements of catalytic efficiencies.?**

In this CdSe
photocatalysts which incorporate Pt nanoparticles.

nanowire-based
This is
motivated by the fact that Pt possesses attractive properties for

study, we synthesize

carrying out photocatalytic reactions when compared to other
metal co-catalysts.®!'*!7 Namely, a combination of three factors
makes Pt NPs optimal for H, photogeneration: (i) when placed
in direct contact with photoexcited semiconductors, Pt NPs

15,17,18

behave as electron sinks; (ii) electrons acquired by Pt

subsequently discharge to surface adsorbed species due to Pt’s

18,26

low electrochemical impedance; (iii) favorable proton

binding energies make Pt highly active for proton reduction
reactions.’

In what follows, we use hydrogen evolution tests in concert
with spectroscopic transient differential absorption (TDA)
measurements to investigate how CdS, CdSe and Pt interact
within Pt NP decorated CdSe and CdSe/CdS NWs during
photocatalytic hydrogen generation reactions. Electron transfer
both

metal/semiconductor heterojunctions are followed to identify

events  across semiconductor/semiconductor  and

where H, is evolved and the role each heterojunction plays in
determining a system’s overall efficiency.

Results and Discussion

Preparation of materials

2| J. Name., 2012, 00, 1-3

CdSe and CdS NWs were synthesized using Solution-Liquid-
Solid (SLS) growth.”’** Resulting CdSe and CdS NWs were
crystalline with mean diameters of 14+2.4 nm and 12+1.5 nm,
Mean
diameters and standard deviations were determined by sizing
100 separate nanowires for both CdSe and CdS. Details about
the synthesis along with low and high magnification TEM
micrographs of obtained CdSe (Fig. Sla-bt) and CdS (Fig.
Slc-df) NWs can be found in the Electronic Supplementary
Informationt (ESIT).

CdSe NWs were subsequently overcoated with CdS to

respectively; lengths exceeded 10 um in each case.

create core/shell NWs.*'** Resulting wires consist of a CdSe
core surrounded by a ~5 nm shell of CdS nanoparticles.
Corresponding low and high magnification TEM images of the
Additional details about the
synthesis of core/shell nanowires can be found in the ESIT.
CdS, CdSe, and CdSe/CdS core/shell NWs were decorated
h***  The
process entails mixing a NW suspension in dichlorobenzene

wires are provided in Fig. S27.

with Pt NPs using a thermal deposition approac

(approximate conc. ~1.44 x 1071 M for all NW samples) with
Pt(acac), [(10 mg, 0.025 mmol)] and leaving it to stir overnight.
CdSe NW concentrations were estimated by assuming a mean
diameter of 14 nm, a ~10 pm length and a molar extinction
coefficient of &0 om = 2.34 x 10'° Mlem. CdS NW
concentrations were similarly estimated using a mean diameter
of 12 nm, a 10 um length and a molar extinction coefficient of
€450 nm = 3.10 x 10'® Mlem™ . All extinction coefficients were
obtained from model expressions for NW absorption cross
sections.>*?® Details about these concentration estimates can be
found in ESIf.

To initiate Pt NP deposition, NW mixtures were injected
into a solution of diphenyl ether, oleylamine and oleic acid at
200 °C under N,.
seven minutes to obtain wires coated with ~3-5 nm diameter Pt

The subsequent reaction was stopped after

NPs. Notably, Pt nanoparticles of this size are highly active co-
catalysts for photocatalytic H, generation as demonstrated by
H, generation rates of ~40 mmol h™'g”' obtained from 3 nm Pt
NP-tipped ~ CdSe/CdS 117
Additional details about the Pt NP decoration can be found in
the ESI.

dot-in-rod heterostructures.

To ensure subsequent comparability between samples, nanowire
solutions of identical concentration, quality and size distribution
were studied. In practice, this involved preparing a large CdSe NW
ensemble from which all samples were derived. Specifically, half of
a given CdSe NW stock was overcoated with CdS. Resulting core
and core/shell nanowire suspensions were then split into two equal
parts, half of which was decorated with Pt. In this fashion, four NW
solutions were obtained: CdSe NWs, Pt NP decorated CdSe NWs
(CdSe/Pt NP), CdSe/CdS core/shell NWs, and Pt NP decorated
core/shell wires (CdSe/CdS/Pt NP). Additional CdS NWs and their
Pt NP decorated counterparts (CdS/Pt NP) were made as controls. In
all cases, Pt loading in samples was adjusted to maintain the Pt NP
surface area exposed to reactants approximately equal. The total
estimated surface area of Pt in these samples differed by less than
8%. Details of Pt loading adjustment are provided in ESIT (Fig. S6).

This journal is © The Royal Society of Chemistry 2012
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Low and high magnification TEM images of all three
metal/semiconductor hybrid systems: CdS/Pt NP, CdSe/Pt NP, and
CdSe/CdS/Pt NP NWs are shown in Fig. 1 as well as in Fig. S3-S57.

Fig. 1 Low and high magr-;i-t“;;tion TEM images of Pt NP decorated
(a-b) CdSe, (c-d) CdS and (e-f) CdSe/CdS core/shell NWs.

Correlated H, generation efficiency and transient differential
absorption measurements

All NW samples were tested for their photocatalytic H,
generation activities using two excitation sources. The first
involved broadband UV/Visible excitation from a 450 W Xe
arc lamp (Age = 320 nm, 0.01 M CuSO, filter). With this
source, both the CdSe core and the CdS shell (where present)
were excited given their respective band edges of 683 nm (1.82
eV) and 450 nm (2.76 eV). Fig. S7+ shows the spectral profile
of the Xe arc lamp following the CuSO, filter. The second
excitation source was a high power 520 nm green light emitting
diode (LED, 200 mW) that selectively excited CdSe but not
CdS. By comparing the response of each system under these
two excitation conditions, we separately probed the role of a
CdS shell in determining the performance of NW-based
photocatalysts.

All experiments were conducted by irradiating NW
suspensions for 15 hours in aqueous solutions of 0.1 M Na,S
and 0.1 M Na,SOj; (1:1 ratio). Large sample optical densities
were used to prevent any possible absorption changes during

This journal is © The Royal Society of Chemistry 2012
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irradiation from influencing observed hydrogen generation
yields. Additional details of the photocatalytic H, generation
measurements can be found in the ESIf. A summary of H,
generation rates from both broadband (solid blue bars) and 520
nm (shaded red bars) excitation experiments is shown in Fig. 2.

We find that bare CdSe NWs under broadband illumination
possess an estimated H, generation rate of ~1.76 + 0.48 pmol h”
' ¢!, This value agrees with that found in our previous study,
1.98 + 0.55 umol h™" g'.** Under 520 nm LED excitation, bare
CdSe NWs show a lower H, generation rate of ~0.30 + 0.08
umol h™' g”!. The apparent difference in rates stems from the
different number of photons absorbed by the wires in the
broadband versus 520 nm experiment. As an illustration, the
product of the absorption cross section at 520 nm (G539 yp=1.85
x 10" cm® um™) with the 520 nm, incident power 200 mW
(photon flux = 5.25 x 10" s™') yields a photon absorption rate
of 9.71 x 10° cm®* um™ s'. The analogous product of the
integrated broadband cross section (Gygoag~1.30 X 10 cm? um’
") and the white light incident power (11.7 W) gives a
broadband photon absorption rate of 5.48 x 10® cm? pm™ s™'.
This latter value is ~50 times larger than the corresponding 520
nm rate and consequently rationalizes observed differences in
H, generation rates. Additional information about the estimate
can be found in the ESI+.

1000 -l Broadband
- Il 520 nm LED

-
o
o

Produced H, (umol h™ g™
)

-
TTTT

CdSe CdSe/PtNP  CdSe/CdS CdSe/CdS/Pt NP
Fig. 2 Photocatalytic H, generation rates of CdSe, CdSe/CdS
core/shell NWs and their Pt NP decorated counterparts in aqueous
solutions of Na,S and Na,SO; under broadband (solid blue bars) and
520 nm (shaded red bars) excitation.

In either experiment, low overall H, generation efficiencies
stem from the unfavorable competition that exists with native
This is
demonstrated using femtosecond TDA experiments. Details of
the TDA experiments can be found in the ESI{. In this regard,
transient differential absorption spectroscopy is an important
tool for probing the semiconductor
nanostructures because it allows one to spectroscopically
follow the kinetics of excited carriers.’” For II-VI materials
such as CdS and CdSe, observed TDA bleaches reflect the
population of excited conduction band electrons given their

charge recombination processes in bare CdSe NWs.

photophysics  of

J. Name., 2012, 00, 1-3 | 3
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smaller effective mass relative to those of corresponding
holes.”” Thus, by monitoring the temporal evolution of TDA
bleaches, electron transfer reactions in II-VI nanostructures as
well as their kinetics can be studied.

Fig. 3a shows both the linear absorption (top) and
corresponding transient differential absorption spectrum
(bottom) of CdSe NWs taken 4.4 ps after excitation (A..=387
nm). A bleach is observed at 683 nm and correlates well with
the absorption edge of the wires. The associated maximum
fractional absorption change is IAAI/A = 0.599 and shows that
most of the excited charge carriers relax to the CdSe band edge.
A bleach is also seen at 560 nm and is associated with the CdSe
split off transition.*® Corresponding TDA spectra of control
CdS NW specimens are shown in Fig. S8+.

By following the temporal evolution of CdSe’s TDA
bleaches, we find characteristic timescales for charge relaxation
and recombination in this system. Specifically, exponential fits
to the band edge bleach growth show that intraband relaxation
within CdSe NWs occurs with a ~1.45 ps time constant. This
agrees with prior results acquired on CdSe NWs and nanorods,
showing intraband relaxation timescales ranging from 0.6 - 3
ps.> 3940 The rise of the CdSe NW band edge bleach and its
associated kinetic fit can be found in Fig. S9+.
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Fig. 3 (a) Linear absorption spectra (top panel) of CdSe, CdSe/CdS
and CdSe/CdS/Pt NP NWs as well as their corresponding (A = 387
nm) TDA spectra (bottom panel). Numbers in parentheses indicate
when TDA spectra were acquired. (b) Comparison of CdSe,
CdSe/CdS and CdSe/CdS/Pt NP NW band edge bleach kinetics
when excited at Ay, = 387 nm. (c) Comparison of CdSe and
CdSe/Pt NP NW band edge bleach kinetics when excited at A =
387 nm.

Subsequent decay of the band edge bleach (Fig. 3b) reveals
three distinct relaxation timescales. Namely, triexponential fits
to the data show a 23 ps component (43% contribution), a 91 ps
component (45% contribution) and a longer 791 ps component
(12% contribution).
rapid nonradiative recombination in the NWs.

The two fast components likely reflect
41 It may also

reflect Auger processes, especially when carrier densities are

4| J. Name., 2012, 00, 1-3

394244 For the d=14 nm CdSe nanowires studied, an

large.
estimate using an absorption cross section®>?% of ¢35, = 4.07 x
10" ¢cm® um™ and a 20 pJ cm™ pump fluence, results in an
initial e-h carrier density [n(0)] of 1.0 x 10" cm?
[n(0)=jo’/hvV, where j is the pump fluence, Av is the 387 nm
photon energy, and V is the nanowire volume]. This initial
carrier density is on the low end of reported bimolecular and
three-carrier Auger recombination thresholds [n(0) > 10" cm’3,
and n(0) ~ 7 x 10'® cm™, respectively]. Consequently, Auger
effects are not considered in what follows.

The long 791 ps decay reflects slow electron trapping into
defect states.*! Fits to the TDA kinetics show that CdSe NWs
retain ~4% of their initial bleach signal at 1 ns (Fig. 3b). This
is consistent with previous TDA results on bare CdSe NWs
where an 8% retention of the initial bleach magnitude was
found at 1 ns.”> These long lived charges are of relevance to
photocatalysis since they are likely responsible for the
reduction chemistries of interest. However, the data clearly
shows that the majority of initially photogenerated carriers
recombine nonradiatively. We therefore conclude that fast
nonradiative recombination decreases the number of long-lived
electrons, capable of carrying out desired reduction chemistries.
As a consequence, low overall photocatalytic efficiencies
result.

Next, we have analyzed the H, generation efficiencies of
CdSe/CdS core/shell NWs. We find a significant increase in
activity under broadband excitation. A corresponding H,
generation rate of ~80.92 + 6.52 pmol h™! g is found, which is
~46 times larger than the performance of bare CdSe NWs (Fig.
2). This agrees with our previous study where we found a
CdSe/CdS NW H, generation rate of 58.06 + 3.59 umol h™' g~
22 Differences from our previous result likely stem from
The trend
holds when selectively exciting the CdSe core with 520 nm
light. Under these conditions, CdSe/CdS NWs exhibit a H,
generation rate of ~33.51 + 2.63 umol h™' g'. This is ~100
times larger than the efficiency of bare CdSe NWs under the

batch-to-batch variations of NW structural defects.

same conditions.

We attribute these enhancements to increased carrier
lifetimes that result from improvements to the nanowire surface
passivation by adding a CdS shell. The porous CdS shell
partially covers CdSe and compensates for surface dangling
bonds that can act as charge trapping/charge recombination
sites.””> Suppression of non-radiative charge recombination via
shell passivation is supported by photoluminescence quantum
yield (QY) increases of CdSe/CdS core/shell NWs compared to
their bare CdSe NW counterparts as previously reported by
Goebl et al.*® and Li et al.*' In the latter study, CdSe NWs
coated with 6 (10) monolayers of CdS possess a QY of 0.25%
(0.46%), a 79% (229%) increase in efficiency over that of bare
CdSe NWs (0.14%).

The conclusion is also supported by corresponding TDA
measurements (Aq. = 387 nm) where sizable enhancements of
band edge carrier lifetimes are observed. Specifically, Fig. 3a
shows the TDA spectrum of core/shell wires, which exhibits
two bleaches, one at ~450 nm and a second at ~683 nm

This journal is © The Royal Society of Chemistry 2012
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(maximum |IAAI/A = 0.391). The former stems from carriers in
CdS while the latter arises due to carriers that have relaxed to
the CdSe conduction band edge. Based on a comparison to the
maximum band edge bleach IAAI/A of bare CdSe nanowires
(IAAI/A = 0.599), we conclude that a comparable band edge
charge density is generated in CdSe/CdS nanowires. The rise
time associated with the core CdSe bleach is ~1.32 ps, which is
near identical to that observed in bare CdSe NWs (~1.45 ps).
This indicates that intraband relaxation in CdSe does not
change significantly upon overcoating it with CdS.

By subsequently following the (A.. = 387 nm) band edge
bleach recovery kinetics of the CdSe core, we find two distinct
relaxation timescales. Namely, biexponential fits to the data
show a fast 101 ps component (60% contribution) as well as a
slow 2.04 ns component (40% contribution). When compared
to the bare CdSe NW bleach recoveries discussed earlier, we
find that slow component lifetimes increase as well as their
relative weights. This trend is maintained when only the core is
excited using a 560 nm pump. Specifically, a triexponential
(best) fit to the resulting decay yields decay contributions of 36
ps (27% contribution), 180 ps (54% contribution) and 15.14 ns
(19 % contribution), revealing a sizable long timescale tail (see
Fig. S107).

From a photocatalytic standpoint, what is important is that
the fraction of long lived charges in the CdSe core at 1 ns
increases to ~25% (Aex. = 387 nm, Fig. 3b) [19% (A = 560
nm)]. This is again consistent with TDA results from our
previous study, which showed a similar long-lived charge
fraction at 1 ns [33% (Aexe = 387 nm); 16% (hexe = 560 nm)].>
Consequently, we conclude that increased electron lifetimes in
core/shell NWs primarily stem from improvements to the
surface passivation of CdSe. This, in turn, removes competing
non-radiative charge recombination pathways and helps
rationalize improved CdSe/CdS NW H, generation rates. In
this regard, given that Fig. 2 shows that H, generation rates do
not change significantly when core/shell wires are excited with
broadband or 520 nm light, we conclude that a sizable fraction
This is
aided by the above long carrier lifetimes and by the fact that the
22

of the reduction chemistry occurs at the CdSe core.

nanocrystalline CdS shell is porous.

Having established the kinetic timescales underlying charge
relaxation/recombination in CdSe and CdSe/CdS NWs, we now
investigate the performance of both core and core/shell species
upon introducing a metal/semiconductor heterojunction. In the
case of CdSe/Pt NP NWs, we find that both their broadband
(62.15 + 4.88 umol h™' g™') and selective 520 nm (10.80 + 0.87
umol h™' ¢™') H, generation rates improve ~35- and 36-fold
These
observed enhancements also agree with literature reports which
show Pt NP decorated CdSe NRs and QDs to exhibit noticeably

improved H, generation rates compared to their undecorated
4,3,14,17

respectively relative to those of bare CdSe NWs.

counterparts. This should be contrasted to the case of
CdSe/Au NP NWs where no apparent improvement in H,
generation rates was observed.”> The difference in response
can be attributed to the favorable H* binding energies as well as

fast electron discharge kinetics of Pt.'®?® This is further

This journal is © The Royal Society of Chemistry 2012
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corroborated by the results of Bang et al. where CdSe/Pt NP
decorated NRs exhibited ~44 fold better H, generation rates
over their Au NP decorated counterparts.’S

To link the performance of CdSe/Pt NP NWs with their
underlying photophysics and to better establish the role played
by Pt, we again conduct TDA spectroscopy. In the case where
the metal of interest possesses a visible plasmon resonance,
TDA can directly report on electron transfer events at the
metal/semiconductor interface. As an example, Au’s plasmon
resonance at ~530 nm is sensitive to both thermal effects as
well as charge injection and has been used to characterize
femtosecond charge transfer dynamics in Au-tipped CdS
NRs, 1342

Pt NPs, by contrast, possess no visible plasmon resonance.
As a consequence, charge transfer to Pt in CdSe/Pt NP NWs
must be deduced indirectly through a significant shortening of
the semiconductor band edge bleach recovery. This reflects the
introduction of rapid charge transfer pathways to the metal that
compete with native charge recombination processes in CdSe.

In the current study, the (A = 387 nm) TDA band edge
bleach growth and its subsequent recovery occur very quickly
compared to bare CdSe wires (Fig. 3c). Specifically, we find a
sub picosecond rise time (t<<1 ps) followed by a fast bleach
recovery that approaches the instrument’s temporal response
function (~180 fs). What results is a near zero CdSe band edge
bleach magnitude (maximum IAAI/A = 0.012) (see Fig. S117).
As a point of reference, maximum IAAI/A values in CdSe and
CdSe/CdS NWs were previously seen to be 0.599 and 0.391.
We also find no residual bleach at 1 ns, indicating complete
extraction of electrons from the semiconductor. An identical
result is observed when exciting at 560 nm (maximum IAAI/A =
0.021) (see Fig. S117).
the introduction of Pt therefore have timescales competitive
3339 This
suggests possible hot electron transfer to Pt NPs, as previously
reported for CdS/Pt NP NRs,'> CdSe/Pt NP NRs,* and
Pt/CdSe/Pt nanodumbbells.'**

Another fast relaxation process that possibly accounts for

Relaxation processes associated with

with carrier cooling in CdSe (0.6-3 ps timescale).

ultrafast charge relaxation in CdSe/Pt NP NWs involves energy
transfer from CdSe to Pt. Although the literature suggests that
this is not a significant relaxation pathway,*> H, generation
measurements enable us to directly test the role energy transfer
plays within CdSe/Pt NP NWs. In particular, given that Pt is an
efficient hydrogen generating co-catalyst,> any charge transfer
to it will increase N'W photocatalytic hydrogen generation
efficiencies. By contrast, energy transfer is an exclusive carrier
loss mechanism that suppresses hydrogen evolution. As a
consequence, lower H, generation rates for Pt NP decorated
NWs should result if energy transfer dominates.
Experimentally, we see a strong enhancement of H,
generation rates in CdSe/Pt NP NWs under both broadband
(62.15 + 4.88 umol h' g, a 35-fold improvement over bare
CdSe NWs) and 520 nm excitation (10.80 + 0.87 umol h'! g, a
36-fold improvement over bare CdSe NWs). The same is true
of control CdS/Pt NP NWs under broadband excitation (170.59
+ 15.53 pmol h' g, a 5-fold improvement over bare CdS

J. Name., 2012, 00, 1-3 | 5
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NWs, Fig. S127F). These results therefore suggest that ultrafast
charge transfer from CdSe (or CdS) to Pt is the dominant
interaction across the metal/semiconductor heterojunction in
these hybrid systems and that efficient H, generation occurs at
the Pt NP/solvent interface.

At this point, we investigate the performance of
CdSe/CdS/Pt NP NWs, a double heterojunction system
consisting of a CdSe/CdS and a CdS/Pt interface. In principle,
this system combines the advantages of  both
semiconductor/semiconductor and metal/semiconductor
heterojunctions in terms of enhanced carrier lifetimes and the
presence of a suitable catalytically active metal. In the
experiment, we find that CdSe/CdS/Pt NP NWs exhibit a
broadband H, generation rate of ~434.29 + 27.40 umol h'' g™,
which is a 7-fold improvement over CdSe/Pt NP NWs, a 5-fold
improvement over the performance of CdSe/CdS core/shell
wires, and a ~240-fold improvement over that of bare CdSe
NWs. Interestingly, the associated 520 nm H, generation rate
(~38.07 = 2.40 pmol h™' g") is comparable to that of CdSe/CdS
NWSs (~33.51 + 2.63 pmol h™' g™).

We subsequently probe the underlying photophysics of
CdSe/CdS/Pt NP NWs using TDA measurements to monitor
the flow and accumulation of electrons across the two
interfaces present. These experiments show differences as well
as similarities in the (A = 387 nm) TDA response of
CdSe/CdS/Pt NP NWs relative to those of CdS, CdSe, CdSe/Pt
NP and CdSe/CdS NWs. First, no bleach from the CdS shell is
observed unlike the case of CdSe/CdS NWs (Fig. 3a). Next,
the observed CdSe core band edge bleach magnitude
(maximum |AAI/A ~0.448) is comparable to that of either bare
CdSe or CdSe/CdS NWs under 387 nm excitation. Moreover,
it grows in over near identical timescales (~1.49 ps), unlike the
response of CdSe/Pt NP NWs.

Subsequent analysis of the CdSe band edge bleach recovery
shows rate constants similar to those of CdSe/CdS nanowires.
Specifically, biexponential fits reveal a fast 130 ps component
(72% contribution) and a slow 1.92 ns component (28%
contribution). Corresponding analysis of the A, = 560 nm
decay reveals (best fit) triexponential decay components similar
to those seen earlier in core/shell NWs: 62 ps (67%
contribution), 331 ps (21% contribution) and 4.44 ns (12%
contribution) (see Fig. S137). Long-lived charges are therefore
present within the CdSe core, resulting in charge fractions of
17% (hexe = 387 nm, Fig. 3b) and 11% (A.. = 560 nm, Fig.
S137) at 1 ns.

The above rate constants are summarized in Fig. 4 which
shows a kinetic model, constructed from rate constants
extracted from CdS, CdS/Pt NP, CdSe, CdSe/Pt NP, CdSe/CdS,
and CdSe/CdS/Pt NP NW TDA results. Using the model, we
qualitatively explain the above observations as well as the
overall performance of CdSe/CdS/Pt NP NWs as a H,
generation photocatalyst. First, we establish that based on
absorption alone (whether broadband or 520 nm excitation)
sizable difference in H, generation rates should not exist
between CdSe, CdSe/Pt NP, CdSe/CdS and CdSe/CdS/Pt NP
NWs.  Qualitatively, CdSe is the dominant absorber in all
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cases. Additional details about these absorption rate estimates
can be found in the ESI{. As a consequence, large differences
in H, generation rates between CdSe, CdSe/Pt NP, CdSe/CdS,
and CdSe/CdS/Pt NP NWs (Fig. 2) must stem from details of
the subsequent charge recombination in CdSe/CdS/Pt NP NWs.

In this regard, absence of a CdS bleach suggests lack of a
sizable CdS shell electron population due to fast electron
transfer into either CdSe or Pt (as previously seen with
CdSe/CdS and CdS/Pt NP NWs, Fig. 4, processes 1 and 2).
However, the similar maximum |AAI/A value to that of bare
CdSe NWs (IAAI/A ~0.448 versus IAAI/A ~0.599) suggests that
this absence does not stem from charge transfer to CdSe (Fig.
4, process 1). Instead, it likely reflects selective electron
extraction from CdS into Pt (Fig. 4, process 2) and is further
corroborated by the much faster overall decay of the CdS band
edge bleach in CdS/Pt NP NWs relative to that in core/shell
wires (Fig. S147). While energy transfer from CdS into Pt is
also possible, we have previously shown that observed
increases in broadband H, generation rates are more consistent
with electron transfer over energy transfer since the latter is an
exclusive carrier loss mechanism. Electrons accumulated by Pt
are subsequently discharged into the solvent and are used to
carry out desired reduction chemistries.

Pt CdS

CB edge

CdSe

-_—
X® () 12ps

-

CB edge

<5 ps

(790 ps)
1.9ns

electron traps

130 ps
E. (23 ps; 91 ps) slow (ns)*
~10 ps*
A ‘
SGOeﬁcm hole traps
VB edge

‘ )‘exc
e 387 nm

VB edge

Fig. 4 Schematic showing the relative band alignment of CdS, CdSe
and Pt as well as relevant electron transfer processes across the
CdSe/CdS/Pt NP double heterojunction. Wavy arrows represent
charge generation processes under 387 and 560 nm excitation.
Single-ended arrows indicate charge transfer processes while
double-headed arrows represent charge recombination processes.
Timescales are provided along with corresponding values for bare
CdSe (in parentheses). Arrow thicknesses are scaled to represent a
given processes’ relative kinetic rate. (*) denotes numbers taken
from ref. 41.

Next, carriers generated directly in the CdSe core remain
unaffected by the presence of Pt. This is due to their spatial
separation, which suppresses charge transfer (Fig. 4, process 3).
Consequently, photogenerated carriers in the core relax to the
CdSe band edge on the 1-2 ps timescale as in bare CdSe or
CdSe/CdS NWs (Fig. 4, process 4). This explains the near
identical band edge bleach growth kinetics as well as similar
maximum IAAI/A values that are observed. Once at the band
edge, these carriers experience the same enhanced lifetimes that

This journal is © The Royal Society of Chemistry 2012
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stem from the surface passivation of CdSe. In turn, ns
timescale band edge bleach recoveries (akin to those seen in
CdSe/CdS NWs) result in sizable residual charge fractions at a
nanosecond.

The above kinetic model additionally presents simple
qualitative predictions that can be tested. Namely, given that
CdSe and Pt are spatially separated and do not readily
communicate with each other via charge transfer, long-lived
carriers should be present in CdSe, irrespective of whether both
the core and the shell or just the core in CdSe/CdS/Pt NP NWs
are excited. TDA experiments show exactly this, revealing ns
timescale decays when NWs are excited at either A = 387 nm
or Agye = 560 nm (Fig. S137). Furthermore, based on the weak
interaction between CdSe and Pt, the kinetic model suggests
that the H, generation efficiencies of CdSe/CdS/Pt NP and
CdSe/CdS NWs should be near identical when only the CdSe
core is excited. Indeed, Fig. 2 shows only minor differences in
H, generation rates between the two systems under 520 nm
excitation (CdSe/CdS NWs ~33.51 + 2.63 pmol h™' g’ vs.
CdSe/CdS/Pt NP NWs ~38.07 + 2.40 umol h' g™').

Finally, the kinetic model addresses Pt’s role in improving
H, generation rates since the selective charge transfer of
photogenerated charges from CdS to Pt means that this system
effectively behaves as two photocatalysts in one. Namely, the
CdS shell passivates CdSe surface defects to enhance carrier
lifetimes for charges generated directly in the core. However, it
also absorbs light and selectively injects carriers into Pt. Thus,
hydrogen is generated at both the Pt NP/solvent and CdSe/CdS
interfaces in CdSe/CdS/Pt NP NWs. It follows that the H,
generation rate of CdSe/CdS/Pt NP NWs should be similar to
the sum of those from both CdS/Pt NP and CdSe/CdS NWs.
Indeed, Figure 2 shows this, revealing that the H, generation
rate of CdSe/CdS/Pt NP NWs has the same order of magnitude
as the sum of H, generation rates from CdS/Pt NP and
CdSe/CdS NWs (CdSe/CdS/Pt NP: 434.29 umol h™' g™'; CdS/Pt
NP + CdSe/CdS NW: 251.51 pmol h™' g'). Differences in the
two values could be due to variations in electron injection
efficiencies at two structurally different interfaces: namely, the
CdS nanowire/Pt NP interface and the interface between a
nanocrystalline CdS shell and surface adsorbed Pt NPs.

Conclusions

To summarize, we have conducted a concerted study of the H,
generation ability and underlying photophysics of several CdSe
NW-based photocatalysts. Both single junction (i.e. CdSe/CdS
and CdSe/Pt NP) and double junction (i.e. CdSe/CdS/Pt NP)
systems have been investigated. From concerted H, generation
and transient differential absorption experiments, we have
established the that the
performance of these multicomponent catalysts. We find that

primary interactions govern
in the single junction case, coating a semiconductor to form
core/shell structures is beneficial since this increases carrier
lifetimes by reducing the influence of surface defects which act
In turn,

as nonradiative recombination centers. larger

photocatalytic efficiencies result. In double heterojunction

This journal is © The Royal Society of Chemistry 2012
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systems, electron transfer from the shell to the metal becomes
possible and when the metal is catalytically active, as with Pt,
sizable increases to the system’s H, generation efficiency
result. Double heterojunction systems therefore enable
reduction chemistries to be conducted at not one, but rather two
interfaces, taking advantage of each junction’s optimal catalytic

activities.
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