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1. Introduction

Colloidal semiconductor nanocrystals are well known for
their remarkably tunable optical properties, which
depend on structural parameters, most notably nanocrys-
tal size.[1–3] Nanocrystal photophysics – the behavior and
dynamics of their photoexcited states – has been a subject
of intense research for three decades.[4–14] This work has
uncovered many notable phenomena, such as robust pho-
toluminescence useful for biological labeling[15–17] and
multiple exciton generation that could increase efficien-
cies of solar cells.[12,18–20] Recent years have witnessed
a growth in research exploring nanocrystal photochemis-
try, particularly in the case of II-VI chalcogenides, such as
CdX and ZnX where X=S, Se, and Te.[21–43] Processes of

interest for this review use photoexcited electrons and
holes to reduce and oxidize, respectively, species on the
nanocrystal surface or in solution (Figure 1a). Ideally,
photochemistry occurs without chemical changes to the
nanocrystal. For this reason, the term photocatalytic[44] is
often employed to describe such reactions.[45–47] The pho-
tocatalytic reactions we discuss herein are characterized
by favorable thermodynamics (i.e. , sufficient driving
force for reduction and oxidation) and kinetic competi-
tiveness with electron–hole recombination pathways (Fig-
ure 1b).

Several characteristics of II-VI semiconductor colloidal
nanocrystals make them particularly interesting photoca-
talysts: (i) They absorb in the visible region, so they are
able to harvest a significantly higher portion of the solar
spectrum than the UV-absorbing oxides. (ii) Chalcogenide
nanocrystals are strong light absorbers, with molar ab-
sorptivities of about 105–107

m
�1 cm�1.[38,48–50] (iii) Their

band edges, redox potentials, and absorption spectra are
readily tunable. These parameters are determined by
nanocrystal composition, size, and shape. (iv) At the size
scale of several nanometers, photoexcited carriers have
facile access to the surfaces where they can be utilized.
(v) Nanocrystal surfaces can be capped with a rich variety
of ligands, enabling either aqueous or organic solubility
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Figure 1. (a) Schematic representation of a photocatalytic reaction
mediated by a semiconductor nanocrystal. Photoexcited electrons
migrate to the surface and reduce an electron acceptor (A), while
the holes oxidize an electron donor (D). This process is in competi-
tion with electron–hole recombination pathways. (b) Energy level
diagram for a photocatalytic reaction, indicating energetic require-
ments for valence and conduction band edges (EVB and ECB) with
respect to reduction potentials of the donor and acceptor (E(D+/D)
and E(A/A�)).
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and providing selectivity of functional groups for interac-
tion with molecular species in solution.[51] These qualities
are being employed in nanocrystal-based photocatalytic
systems that generate fuels,[23,26,29,33] as well as for the
light-driven synthesis of nano-heterostructures.[21–32]

Photochemical redox reactions of nanoscale semicon-
ductors have been studied since the early 1980s.[52] Exam-
ples from that time period include photoreduction of viol-
ogens mediated by CdS nanoparticles,[53–57] generation of
H2 and/or O2 from H2O using CdS colloidal systems cou-
pled to small metallic particles,[53,58–60] and a demonstration
that quantum confinement in small semiconductors can
enhance photoredox chemistry.[61] It was quickly recog-
nized that particle degradation by photo-oxidation pre-
sented a major challenge for the field of nanoscale semi-
conductor photocatalysis.[55,62–64] This problem was previ-

ously well known in bulk chalcogenides.[65–67] Improve-
ments in the understanding of excited-state properties
and advances in synthetic methods achieved throughout
the last three decades[4–14,51,68–73] provide new opportunities
for the exploration of nanocrystal photocatalysis.

This review focuses on the developments in photocatal-
ysis mediated by colloidal II-VI chalcogenide nanocrys-
tals (composed of CdX and ZnX, where X=S, Se, and
Te) that have occurred in the last five years. We specifi-
cally consider solution-synthesized, solution-phase II-VI
chalcogenide nanocrystalline materials in the quantum
confinement size regime. We omit discussion of photoca-
talysis using nanoscale but not colloidal chalcogenides, as
well as the use of oxide photocatalysts. These topics have
been reviewed elsewhere.[45,74–79] First, we briefly overview
insights into nanocrystal photocatalysis obtained from
measurements of charge-transfer dynamics between nano-
crystals and well-known electron donors or acceptors.
Next, we focus on the use of nanocrystals for photocata-
lytic fuel formation under visible irradiation. This process
is enabled by coupling inorganic or biological co-catalysts
to light-harvesting nanocrystals. Finally, we describe how
photocatalytic metal deposition can be used as a synthetic
tool.

2. Insights from Nanocrystal Charge-Transfer
Dynamics

Photocatalytic reactions that are of potential practical im-
portance, such as fuel generation, are complex multielec-
tron processes. Their overall kinetics depend not only on
the nanocrystal properties but also on the kinetics of cat-
alysis. To isolate the role of nanocrystal properties in pro-
cesses relevant to photocatalysis, it is useful to study the
dynamics of relatively simple one-electron redox reac-
tions that have products with spectroscopic signatures in
the visible wavelength range. Examples include measure-
ments of rates of electron transfer (ET) to acceptors such
as rhodamine B,[80–83] anthraquinone (AQ),[84–87] methylene
blue (MB+),[88–90] and viologens–most commonly methyl
viologen (MV2+).[91–101] Acceptors with spectroscopic sig-
natures for the oxidized species, used to measure rates of
hole transfer (HT), include phenothiazine[102,103] and p-
phenylenediamine.[104] In addition, important insights
have been obtained from measurements of ET dynamics
from nanocrystals to metal oxides.[105–111]

The charge-transfer rates discussed in this section are
most commonly measured by ultrafast transient absorp-
tion (TA)[112,113] and time-resolved photoluminescence
(PL).[114] The charge-transfer reactions compete with in-
ternal electron–hole recombination pathways and shorten
carrier lifetimes. For II-VI nanocrystals, signals associated
with photoexcited electrons are considerably easier to
detect than those that correspond to the holes. The band-
gap bleach in the visible region, which is a very promi-
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nent spectroscopic feature in nanocrystal TA, is primarily
due to electron population in the 1S conduction-band
state.[8,12] To deduce hole dynamics, one can compare TA
and PL decay signals because the PL signal strength re-
flects both the electron and hole populations.[115,116] Hole
signals can also be detected directly by intraband transi-
tions in the IR region.[117–119] In combination with such ex-
periments, the spectroscopic signature of an oxidized dye
can be used to monitor the hole dynamics upon transfer
out of the nanocrystal.[102–104] In this section, we describe
the theoretical framework for understanding charge-
transfer dynamics in nanocrystals, discuss examples of
how such processes depend on electronic coupling and
driving force, and illustrate how band engineering can be
used to control charge-transfer efficiencies. We end with
a comparison of reported charge-transfer rates and the
rates of other carrier decay processes in nanocrystals,
demonstrating the feasibility of nanocrystal photocataly-
sis.

2.1. Theoretical Framework for Charge Transfer from
Photoexcited Nanocrystals

To understand the factors that control the rates of charge
transfer from photoexcited nanocrystals, Marcus theory
of ET[120,121] is commonly invoked.[10,83,85,86,97,99,108,122–124]

Within this framework, the rate constant for ET (kET)
from an electron donor (D) to an electron acceptor (A) is
given by Equation (1):

kET ¼
2p

�h
HDAj j2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plkBT
p Exp

�ðlþ DGÞ2
4lkBT

� �

ð1Þ

The key parameters in this expression are HDA, the
electronic coupling between D and A; l, the reorganiza-
tion energy (energy cost of having the D–A pair in the
nuclear geometry of the charge-separated state); and DG,
the driving force (the free energy difference between the
photoexcited D–A pair and the charge-separated state).
Equation (1) is suitable to describe ET from the lowest
lying 1S conduction-band state of the nanocrystal to
LUMO levels of molecular acceptors (Figure 1b). For ET
into metal oxide conduction bands, the density of accept-
or states is accounted for in a more complex formulation
of Equation (1).[108,122] Similar modifications may be
needed for HT from more densely spaced nanocrystal va-
lence-band states. The nanocrystal contribution to l is
thought to be small because the nuclear positions are not
strongly perturbed by ET, while the acceptor contribution
can vary widely, depending on the choice of the acceptor
and the solvent.[83,85,86,97,108] The ability to control both the
surface chemistry and the band-edge potentials of nano-
crystals allows for tuning of HDA and DG, and therefore,
control of charge-transfer rates.

2.2. Effect of Electronic Coupling on Measured ET Rates

The electronic coupling, HDA, between a nanocrystal
donor and a charge acceptor can be tuned by controlling
their binding interaction. The interaction can range from
direct adsorption onto the crystal surface to attachment
through a molecular linker, which can act as a tunneling
barrier. Electron injection rates from CdSe quantum dots
(QDs) to TiO2 were found to be three times faster when
the two were attached by direct adsorption rather than
through a molecular linker.[109] In a system consisting of
CdS QDs linked to TiO2 by mercaptocarboxylate (S��
(CH2)n�COO�) bridges, faster charge transfer was ob-
served with fewer CH2 units in the chain.[110] Similarly, in
thin films made from CdSe QDs bound to poly(viologen)
by S��(CH2)n�COO� linkers, ET rates decreased with in-
creasing chain length.[100] The extent of electron delocali-
zation in the linker molecule can also affect ET rates. For
example, the rates of ET from CdS QDs to TiO2 through
3-mercaptopropionic and 4-mercaptobenzoic acids were
comparable, indicating that the increased electronic cou-
pling through the phenyl group compensated for the
larger spacing between the donor and acceptor.[111] Simi-
lar dependence of electronic coupling on both the dis-
tance and electronic properties of the linker material has
been seen for electron injection from molecular adsor-
bates to TiO2 nanoparticles.[122] These examples suggest
that nanocrystal–acceptor interfaces can be designed to
facilitate strong electronic coupling and optimize ET
rates.

2.3. Effect of DG on Measured ET Rates

While the reduction potential of a particular electron ac-
ceptor is often fixed, changing the size of the nanocrystal
alters its band-edge potentials.[2,4,125] When not directly
measured,[126] nanocrystal redox potentials are most com-
monly estimated by applying quantum confinement cor-
rections to the bulk band-edge potentials of the materials
in question.[3,82,99,102,106,108,123] In the materials discussed
herein, most of the band-gap shift is allocated to the con-
duction-band levels because electrons are considerably
lighter than holes. The shift of band-edge potentials with
nanocrystal size and the corresponding change in DG for
the example of ET from CdSe to MV2+ are depicted in
Figure 2a. The resulting effects on charge-transfer rates
have been demonstrated for ET from CdSe QDs to mo-
lecular species such as an adsorbed Re–bipyridyl com-
plex,[127] adsorbed MV2+,[99] and covalently linked thiol-
functionalized fullerene.[123] The rate of ET to MV2+ has
an exponential dependence on DG as predicted by Equa-
tion (1) (Figure 2b).[99] Likewise, the electron injection
rate from CdSe QDs to molecularly linked TiO2 increased
exponentially with decreasing QD size (Figure 3a).[106]

The direct adsorption of CdSe QDs on TiO2, SnO2, and
ZnO led to more complex behavior due to stronger elec-
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tronic coupling (Figure 3b).[108] As expected from the ob-
servations described in Section 2.2., ET rates range be-
tween 1010 and 1012 s�1 for directly adsorbed acceptors
(Figure 3b) compared with 107–1010 s�1 for molecularly
linked acceptors (Figure 3a). Figure 3b illustrates the role
of the density of acceptor states in the highly coupled
regime. For smaller values of DG, the rate of ET behaved
according to the traditional exponential form of a molecu-
lar Marcus picture. As DG increased, however, the rate
of ET transitioned to being dominated by the density of
acceptor states, resulting in a deviation from the behavior
predicted by Equation (1).[108] For this reason, the Marcus
inverted region was not observed and an additional driv-

ing force over 200 meV did not significantly improve or
diminish ET rates.

2.4. Use of Wavefunction Engineering to Control ET Efficiency

Wavefunction engineering, achieved by epitaxial combi-
nation of two different semiconductors into one hetero-
structure nanocrystal,[68,69,128,129] provides a method for
controlling charge-transfer efficiencies. Nano-heterostruc-
tures can be designed to control internal electron–hole re-
combination rates and increase the probability density of
a particular carrier at the nanocrystal surface. In core/
shell heterostructures with type-I band alignment, where
the valence and conduction band levels of the core mate-
rial are sandwiched inside those of the shell, photoexcited
electrons and holes are funneled to the core material
(Figure 4a, top).[68,128,130] The shell acts as a barrier to ET,
as demonstrated for CdSe/CdS,[96] ZnSe/ZnS,[95] and
CdSe/ZnS[85,97] core/shell structures. In contrast, a type-II
band alignment, where the valence and conduction band
levels of the two semiconductors are staggered (Figure 4a,
bottom), leads to relatively long-lived charge-separated
states upon photoexcitation.[131–136] This can increase the
ratio of charge-transfer rate to the electron–hole recombi-
nation rate.[86,87] This effect was demonstrated by a com-
parison of charge transfer and recombination dynamics
between CdSe, CdTe, type-I CdSe/ZnS, and type-II CdTe/
CdSe core/shell nanocrystals and the electron acceptor
AQ (Figure 4).[86] In Section 3, we describe how type-II
nano-heterostructures are utilized to improve charge sep-
aration and increase the yields of photocatalytic reac-
tions.

2.5. Feasibility of Nanocrystal Use in Photocatalysis

The experiments described in this section demonstrate
that charge transfer out of nanocrystals, when compared
with electron–hole recombination, can occur fast enough
to make photocatalysis feasible. Electron–hole recombi-
nation rates in nanocrystals are typically in the range of
107–109 s�1.[27,90,93] The charge-transfer rates from nano-
crystals to acceptors, discussed above, cover a broad
range, but are generally high.[137] Rates of ET to adsorbed
acceptors on the order of 109–1012 s�1 have been report-
ed.[82,85,86,97,98,101,109] For covalently linked acceptors, those
rates are 109–1010 s�1.[106,109] HT can take place on fast
timescales as well, with reported rates ranging from 108 to
1011 s�1.[102–104,116] ET rates can even be competitive with
exciton–exciton annihilation,[90,94,101,115] which is usually
observed with rates on the order of 1010–1011 s�1.[12,138,139]

Remarkably, hot-electron transfer from CdSe QDs to ad-
sorbed MV2+ was also competitive with electron cool-
ing,[97] which occurs on a 1012 s�1 timescale.[140–142] Such
rapid ET rates suggest not only that charge transfer for
photocatalytic reactions can be competitive with recombi-
nation processes, but also that, provided there is strong

Figure 2. a) Schematic representation of how changes in CdSe QD
sizes affect DG for ET in the CdSe�MV2 + system. With the decrease
in nanocrystal size, the electron and hole become more confined,
widening the band gap and shifting the band-edge potentials. (b)
The dependence of measured ET rates on DG. The rates on the left
axis (data marked with the blue arrow) have been adjusted to ac-
count for the surface area of differently sized CdSe QDs. Rates on
the right axis (red arrow) have been adjusted for the average
number of MV2+ molecules per CdSe area. Both data sets follow
the exponential dependence on DG predicted by Eq. (1). Adapted
with permission from Ref. [99]. Copyright 2011, Wiley.

Figure 3. (a) Measured ET rates from CdSe QDs of various sizes to
molecularly linked TiO2 as a function of DG illustrate the exponen-
tial dependence predicted by Eq. (1). Reproduced with permission
from Ref. [106]. Copyright 2007, ACS. (b) Measured ET rates from
CdSe QDs of various sizes to three metal oxides as a function of
DG. Due to increased electronic coupling and the density of metal
oxide acceptor states, the rate of ET demonstrates an exponential
dependence on DG for lower values of DG, but transitions to
a non-exponential dependence at higher values of DG. Adapted
with permission from Ref. [108]. Copyright 2011, PNAS.
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electronic coupling, even hot electrons and multiple exci-
tons may be usable in photocatalysis.

3. Photocatalytic Fuel Generation

A particularly intriguing use of nanocrystal photocatalysis
is the harvesting of solar photons to drive chemical reac-
tions that produce fuels. Solar fuel generation is an ex-
tremely challenging scientific and technological problem,
with a high potential impact on our overall renewable
energy portfolio.[143–146] The highly tunable optical and sur-
face properties of semiconductor nanocrystals make them
potential candidates for the light-harvesting components
of fuel-generating systems. The photoexcited carriers
could then be delivered to redox co-catalysts, which are

usually necessary to reduce the barriers for the multi-ET
half-reactions involved in fuel generation.

In recent years, there have been several reports of col-
loidal II-VI nanocrystals used as components in photoca-
talytic systems for reactions such as H+ and CO2 reduc-
tion.[26,34–43] These reactions follow a general scheme that
involves (i) absorption of visible photons to produce pho-
toexcited electrons and holes, (ii) transfer of electrons to
reduction co-catalysts where they are utilized, and (iii)
scavenging of holes to replenish the electrons used for re-
duction and to prevent nanocrystal degradation caused by
the oxidizing holes. An energy level diagram for an exam-
ple of this process is shown in Figure 7b below. As dis-
cussed in Section 2, the charge-transfer processes are in
direct competition with electron–hole recombination.
Nanocrystal–catalyst interactions that facilitate efficient
ET are critical for the kinetics of the overall photochemi-
cal process. The ability of the catalyst to utilize the elec-
trons delivered also plays a determining role. In this sec-
tion, we review recent examples of fuel generation by
nanocrystal photocatalysis. Our discussion is organized
according to the nature of the co-catalyst employed, start-
ing with Pt nanoparticles, continuing onto other inorganic
co-catalysts, and ending with biological and bioinspired
catalysts. As a means of comparison between the differ-
ent systems described, we emphasize the quantum yield
(QY) of the photocatalytic product. This quantity de-
scribes the ability of a given system to utilize absorbed
photons for photocatalysis. It illustrates the competitive-
ness of excited-state processes that lead to fuel generation
with electron–hole recombination pathways. The QY is
not directly related to solar-power conversion efficiency
because it does not take into account the fraction of the
solar spectrum that can be absorbed and the amount of
energy stored in the products.

Figure 4. (a) CdSe/ZnS (type-I) and CdTe/CdSe (type-II) band-edge
potentials and electron and hole radial probability density func-
tions calculated for spherical core/shell nanocrystals. The type-I
band alignment of CdSe/ZnS leads to the localization of both the
electron and the hole in the CdSe core, whereas the type-II band
alignment of CdTe/CdSe leads to the localization of the electron in
the CdSe shell and the hole in the CdTe core. (b) Table of time con-
stants for selected processes for the CdTe-AQ, CdSe-AQ, CdSe/ZnS-
AQ, and CdTe/CdSe-AQ systems. The time constant for ET to AQ is
denoted by t1/2,CS, recombination of the electron in AQ with the
hole in the nanocrystal is denoted by t1/2,CR, and internal electron–
hole recombination in the nanocrystals is denoted by t1/2,R. Note
that time constants are inverse of decay rates. The ratio of ET and
internal electron–hole recombination rates, that is, t1/2,R/t1/2,CS, is
largest for the type-II CdTe/CdSe nanocrystals. Adapted with per-
mission from Ref. [86]. Copyright 2011, ACS.

Figure 5. (a) A bar graph showing the relative quantum efficien-
cies of H2 production measured from nanorod-Pt photocatalytic
systems. Unseeded CdS rods are shown in yellow, CdS rods with
3.1 nm CdSe seeds in red, and CdS rods with 2.3 nm CdSe seeds in
green. The average CdS nanorod length is given on the x axis. The
highest H2 production efficiency was achieved with the smallest
seeds and longest seed–Pt distance due to the best charge separa-
tion in such structures. (b) Normalized H2 production over time
from Pt-tipped seeded rods (red) and unseeded rods (black), illus-
trating improved stability when the CdSe seed was present. Repro-
duced with permission from Ref. [35]. Copyright 2010, ACS.
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3.1. Nano-heterostructures Based on the CdS�Pt Interface

Photocatalytic H+ reduction using bulk CdS as the light
absorber and Pt as the electron acceptor and reduction
catalyst was first studied in the early 1980s.[60,147,148] Analo-
gous colloidal CdS�Pt nano-heterostructures, forming
a direct, strongly coupled charge-transfer interface, can
be synthesized by thermal or photochemical meth-
ods,[23,25,28] as discussed in detail in Section 4. ET from
photoexcited CdS to Pt is very efficient, as suggested by
quenching of CdS PL[25] and demonstrated by two recent
direct measurements of charge-transfer dynamics.[26,27] In
Pt-decorated CdS nanorods obtained by photodeposition,
ET occurred at rates faster than electron–hole recombina-
tion.[26] More recently, charge-transfer dynamics were
measured for CdS�Pt nano-heterostructures produced by
thermal deposition of Pt on the ends of CdS nanorods.[27]

ET from photoexcited CdS to Pt was very fast (�3 ps)
and extremely competitive with electron–hole recombina-
tion. Furthermore, the charge-separated state was very
long-lived (�1 ms) because of hole trapping at the CdS
surface, which reduced the electron–hole wavefunction
overlap and therefore the recombination rate. Efficient
and long-lived charge separation indicates that CdS�Pt
structures are well suited for photocatalysis.

Amirav and Alivisatos demonstrated photocatalytic H2

generation with colloidal nanocrystals based on the CdS�
Pt interface, using isopropanol as the hole scavenger
(Figure 5).[35] They compared the behavior of CdS nano-
rods and CdSe/CdS core/shell nanorods, both functional-
ized with one Pt nanoparticle. CdSe/CdS nanorods have
type-II or quasi-type-II band alignment, depending on the
size of the CdSe core.[149–153] This results in localization of
the photoexcited hole in the core and provides spatial
separation between the hole and the electron, which
quickly transfers to Pt. Thus, the charge-separated state
in CdSe/CdS�Pt is expected to be longer-lived than that
in CdS�Pt. As a consequence, CdSe/CdS�Pt nanocrystals
produced significantly more H2 than CdS�Pt structures
(Figure 5a). The highest QY of H2 production, 20% (l=
450 nm), was recorded for CdSe/CdS�Pt structures that
utilized a small CdSe core and had the furthest separation

between CdSe and Pt components. The more quantum-
confined CdSe has higher-lying conduction band levels,
ensuring minimal electron density in the core. This effect,
along with the spatial separation of the CdSe core from
the Pt particle, is expected to provide particularly long-
lived charge-separated states. Furthermore, core/shell-
based heterostructures exhibited superior long-term sta-
bility during H2 generation (Figure 5b).[35] This suggests
that, although the photoexcited holes were localized in
the CdSe core upon photoexcitation, they were scavenged
by isopropanol between excitation events, preventing
semiconductor degradation. A similar advantage of the
CdSe/CdS core/shell nanorods was demonstrated in the
example where ET from CdS to Pt was mediated by
MV2+ to produce H2.

[43]

In addition to nanocrystal properties, the size of the Pt
nanoparticles plays an important role in photocatalysis.[23]

This was demonstrated for H2 generation mediated by
CdS nanorods containing small Pt clusters deposited
along the sidewall. Additional growth of a single 5 nm Pt
particle did not improve the H2 yield, indicating that
smaller particles which use less Pt may be better suited
for photocatalysis. Similar utility of small Pt dots was ob-
served for photocatalytic reduction of MB+ in CdSe�Pt
structures.[89]

CdS nanorods decorated with Pt clusters were also
used to ascertain the importance of hole-scavenging effi-
ciency in solution.[33] Four sacrificial electron donors were
tested, listed here in order of increasing driving force for
hole scavenging: methanol, disodium ethylenediaminete-
traacetic acid, triethanolamine, and sodium sulfite. Both
H2 generation efficiency and nanocrystal stability im-
proved with increasing driving force.[33] These results sug-
gest that hole scavenging could be engineered and con-
trolled to maximize the photocatalytic capacity of a given
nanocrystal–catalyst system.

Hole scavenging can even be carried out by the nano-
crystal surface-capping ligands. This was demonstrated in
the example of ZnX/CdS nanocrystals, where X=Se or
Te, functionalized with a Pt tip at the CdS end and
capped with mercaptocarboxylic acid ligands
(Figure 6).[36] ZnSe/CdS and ZnTe/CdS are type-II hetero-

Figure 6. Energy level diagrams and schematic representations of charge-transfer processes in semiconductor–metal nano-heterostructures
containing (a) ZnSe/CdS/Pt and (b) ZnTe/CdS/Pt. A comparison of (a) and (b) illustrates that a hole in ZnTe is less energetic than the one in
ZnSe, and is unable to oxidize the surface ligand MPA. (c) H2 production using ZnSe/CdS/Pt (blue) and ZnTe/CdS/Pt (red) nano-heterostruc-
tures, showing that heterostructures which cannot oxidize the surface ligand produce significantly less H2. Reproduced with permission
from Ref. [36]. Copyright 2011, ACS.
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structures, favoring photoexcited electron density on CdS
(and subsequently Pt), and hole localization in ZnX. Pho-
tocatalytic H2 generation was carried out in an 8 :1 water/
methanol mixture, so that the alcohol could serve as
a hole scavenger. While ZnSe/CdS/Pt structures were ca-
pable of significant H2 generation, ZnTe/CdS/Pt nanocrys-
tals with the same surface-capping ligands produced sev-
eral orders of magnitude less H2 (Figure 6c). This differ-
ence was attributed to the role of the surface-capping
ligand as a more efficient hole scavenger than methanol.
The holes in the ZnTe cores were not energetic enough
to transfer to the ligand (Figure 6b). In accordance with
this hypothesis, after the photocatalysis rate slowed for
the ZnSe/CdS/Pt nanocrystals, an addition of excess
ligand molecules to the nanocrystal solution resulted in
recovered H2 generation rates.

3.2. Nanocrystals with Alternative Inorganic Catalysts

With the high cost of Pt as a motivation to reduce its use,
efforts are emerging to integrate nanocrystals with alter-
native inorganic catalysts. Pd-based materials are catalysts
for methane combustion, alcohol oxidation, and water re-
duction.[154–156] CdS nanorods functionalized with Pd4S
and PdO have demonstrated photocatalytic H2 produc-
tion.[40] CdS�Pd4S structures were formed by a combina-
tion of metal reduction and cation exchange, resulting in
Pd4S regions inside the nanorod. In contrast, PdO islands
nucleated heterogeneously along the nanorod sidewalls.
Both types of structures produced H2 with QY values in
the single digits,[40] comparable to those previously mea-
sured for CdS�Pt.[35] Molybdenum sulfide species have
also been explored as co-catalysts for CdSe/CdS type-II
nanorods because of their H+ reduction catalytic activity
and relatively low cost.[42] Nanorods coated with amor-
phous MoS3 produced H2 with an apparent QY of 10 %
(l=450 nm), which was about half of the efficiency mea-
sured for Pt-tipped CdSe/CdS.[35] These examples illus-
trate that increased efforts to identify inexpensive co-cat-
alysts to serve as alternatives to Pt may lead to exciting
new materials for photochemical fuel generation.

There are also several examples of photocatalytic sys-
tems based on CdSe, rather than CdS, which produce
H2.

[157–160] For example, quantum-confined CdSe QDs with
Cd metal clusters on their surfaces are capable of photo-
catalytic H2 generation with sodium sulfite as a hole scav-
enger.[159] Remarkably, the dependence of H2 production
on CdSe size, and therefore, the conduction-band energy
and DG for H+ reduction, followed the exponential de-
pendence expected from Marcus theory. This is consistent
with the results described in Section 2.3. Another unique
example is that of extremely quantum-confined CdSe
nanoribbons with a band gap of 2.7 eV, which can pro-
duce H2 even without a co-catalyst, with a QY of 9 %
(l=440 nm). Use of an MoS2 co-catalyst notably in-
creased the photocatalytic activity. Interestingly, no im-

provement over CdSe alone was observed with a Pt co-
catalyst because Pt was poisoned by free sulfide and Se in
solution.[158] This observation suggests that sulfide-based
co-catalysts may be better suited for a chalcogenide-rich
environment where catalyst poisoning is a concern.

3.3. Biomimetic Nanocrystal–Catalyst Assemblies

Photosynthesis – nature�s process for storing solar energy
inside chemical bonds – provides inspiration and some
design principles for solar fuel generation.[161–164] In photo-
synthesis, light absorption and catalysis are performed by
light-harvesting proteins and enzymes, respectively, and
the two processes are coupled through a finely tuned
series of ET steps. While energy conversion efficiencies
of natural photosynthesis are relatively low,[161] coupling
excellent light absorbers, such as nanocrystals, to fast en-
zymatic catalysts that can utilize photoexcited charges
may teach us how to design more efficient artificial sys-
tems. Hydrogenases, formate dehydrogenases, and CO
dehydrogenases catalyze fuel-forming reactions with high
selectivities.[163,165–178] Herein, we describe how nanocrys-
tals and enzymes have been combined for photocatalytic
fuel generation. In addition to photocatalytic QY, we dis-
cuss two more metrics that are commonly used in enzyme
catalysis: turnover frequency (TOF) and turnover
number (TON). The former denotes the rate of product
formation and is indicative of catalytic efficiency upon
delivery of electrons to the enzyme, whereas the latter
quantifies how many turnovers the catalyst achieves
before ceasing activity.

King and co-workers described a biomimetic approach
for coupling [FeFe]-hydrogenase from Clostridium aceto-
butylicum (CaI) to CdTe nanocrystals.[37] CaI is capable of
operating at very high TOFs, up to 21000 H2 molecules
per enzyme per second.[179] In vivo, electron delivery to
CaI occurs via the redox-shuttle ferredoxin, which docks
in a positively charged pocket on the enzyme.[180,181] A
similar electrostatic interaction between CdTe and CaI
was enabled by the use of the 3-mercaptopropionate
(MPA) ligand, which attached to the nanocrystals through
thiolate groups and presented negatively charged carbox-
ylate groups to the enzyme. Upon illumination of these
complexes with visible light, ET from CdTe to CaI led to
H2 production, while the holes were scavenged by ascor-
bate in solution. The QY of H2 generation was 9 % (l=
532 nm) under optimized sample conditions.

Further mechanistic insights into photochemical H2

production by nanocrystal–CaI complexes were derived
from a study of CdS nanorod–CaI biohybrids
(Figure 7).[38] These heterostructures reduced H+ to H2

with a QY of 20 % (l=405 nm). This value is an order of
magnitude higher than the QY of H2 generation mea-
sured for similar CdS nanorods with Pt as the co-catalyst
(Figure 5a).[35] This increase may be due to the high effi-
ciency and catalytic selectivity of CaI. H2 production effi-
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ciency by the CdS�CaI heterostructures was linear with
photon flux (Figure 7c). This indicated that H2 generation
was limited by the availability of electrons (photon flux �
efficiency of ET), and not by the turnover capacity of the
enzyme. H2 production rate slowed after 30 min and
ceased after 4 h (Figure 7d), with the overall TON on the
order of 106. Cessation was attributed to deactivation of
the enzyme by small amounts of free MPA molecules
photo-oxidized off the nanocrystal surface (Figure 7d).
CdS nanorods were not significantly changed during H2

generation and neither precipitation nor degradation of
nanocrystals was observed.

[NiFe]-hydrogenases are another catalytically interest-
ing family of enzymes because, while naturally less effi-

cient for H+ reduction, they are more O2 tolerant than
the [FeFe] family.[167,172–175,182,183] Complexes of [NiFe]-hy-
drogenase from Thiocapsa roseopersicina (Tr) electrostat-
ically coupled to MPA-capped CdTe QDs produced H2

under visible light.[41] The maximum QY of H2 production
was 4% (l=527 nm) with a TON of 92. Some of the re-
duced efficiency and lower TON, when compared with
nanocrystal–CaI systems, can be attributed to the catalyt-
ic bias of [NiFe]-hydrogenases in the direction of H2 oxi-
dation. Insights into the utilization of photoexcited elec-
trons by the enzyme were obtained from an FTIR study
of the catalytic states under H2 production conditions. Ac-
cumulation of redox intermediates associated with slow
turnover was not observed, indicating that ET from CdTe
to the enzyme active site was conducive to efficient catal-
ysis. This suggested that the overall yield of H2 was limit-
ed by the availability of electrons and the competitiveness
of the ET process with recombination pathways.

In addition to natural catalysts, molecular mimics of
the hydrogenase active site are being investigated as H+

reduction catalysts that could be synthetically mass-pro-
duced.[184–188] Molecules containing an artificial [FeFe]
active site have been coupled with CdTe nanocrystals for
photocatalytic H2 generation.[39] The optimized system
produced H2 with a TOF of 0.83 s�1 and a TON of 505.
Although these numbers are significantly lower than
those measured for the natural [FeFe]-hydrogenase,[38]

they are roughly consistent with the much lower TOF ca-
pabilities of the molecular mimics.[184–188]

In addition to H2 generation, nanocrystal–enzyme com-
plexes have been used to photocatalyze the more catalyti-
cally challenging CO2 reduction reaction.[34,164] Carbon
monoxide dehydrogenases (CODHs) catalyze the inter-
conversion of CO2 and CO at high TOF, while bypassing
a challenging intermediate product.[34,168] Complexes of
Carboxydothermus hydrogenoformans CODH with CdS
nanocrystals reduced CO2 to CO under visible illumina-
tion.[34] The average photoreduction TOF for CODH cou-
pled to CdS nanorods was about 1 s�1, which is a relatively
high value for a photocatalytic CO2 reduction, but well
below the maximum capability of the enzyme. TON
values were about 104 for assemblies of CODH with both
nanorods and QDs. The photocatalytic activity of this
system appeared limited by the ability to deliver electrons
from photoexcited CdS because of the competing recom-
bination of photogenerated charges.

A general trend has emerged for nanocrystal–enzyme
complexes, suggesting that photocatalytic efficiency is
usually not limited by the turnover capacity of the
enzyme, but rather by electron flux from the nanocrystal
to the enzyme active site. This suggests that improve-
ments can be achieved by maximizing ET efficiencies
through increased electronic coupling between the two
components and the use of type-II nanocrystals with
long-lived excited states.

Figure 7. (a) Schematic representation of photocatalytic H2 pro-
duction by CdS�CaI complexes. CdS and CaI are drawn to scale,
while MPA molecules are enlarged by about five-fold. (b) Energy
level diagram for H2 generation. Photoexcited electrons transfer to
CaI, while the holes are scavenged by ascorbate (AA). The compet-
ing electron–hole recombination pathways are denoted as kCdS. (c)
H2 generation rate, expressed as a TOF, has a linear dependence
on 405 nm photon flux. (d) Total H2 generated over time (solid
line) and the corresponding relative CaI activity values (triangles).
The data illustrates enzyme deactivation during H2 production.
Adapted with permission from Ref. [38]. Copyright 2012, ACS.
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4. Photochemical Deposition of Metals on
Colloidal Semiconductor Nanocrystals

Photocatalytic synthetic reactions, which reduce and oxi-
dize species in solution to deposit new material onto
a nanocrystal, may lead to unique products and provide
a new synthetic methodology. In the last five years, there
have been several reports of photochemical deposition of
nanoparticles of metals, such as Pt, Pd, and Au, on CdS
and CdSe/CdS nanocrystals.[21–25] The basic photochemical
reaction scheme follows the three-reactant approach used
on CdS powders in the 1980s: light-absorbing semicon-
ductor; molecular precursor containing the metal in the
oxidized form; and an electron donor, such as an alcohol
or an amine.[147,189,190] Photoexcited electrons reduce the
metal, depositing it on the semiconductor surface, while
the holes oxidize the sacrificial electron donor. The mech-
anisms of such reactions are likely to be more kinetically
complicated than those of the model reactions described
in Section 2 because they involve multiple charge-transfer
events. Herein we briefly describe recent examples of
photochemical metal deposition on CdS and CdSe/CdS
nanocrystals, with special emphasis on mechanistic in-
sights such as factors that determine the location of the
metal deposits and the contrast between photochemical
and thermal reactions.

4.1. Photodeposition of Pt and Pd on CdS- and CdSe-Based
Nanocrystals

In 2008, Alivisatos and co-workers reported the photo-
chemical deposition of Pt nanoparticles on colloidal CdS
and CdSe/CdS core/shell nanorods capped with long-
chain phosphonate surface-coordinating ligands.[25] The

reaction utilized an organic-soluble Pt precursor (1,5-cy-
clooctadiene)dimethylplatinum(II), while tertiary amines
were used as hole scavengers. The illumination wave-
length was chosen to excite only CdS and prevent homo-
geneous nucleation of Pt particles. Exposure to 458 nm
light resulted in deposition of small Pt nanoparticles (di-
ameter <3 nm) distributed heterogeneously along the
nanorod length (Figure 8a). Unlike the one-electron
charge-transfer processes described in Section 2, reduc-
tion of PtII to Pt0 with concurrent amine oxidation is ki-
netically complicated, and therefore, relatively slow. For
that reason, nucleation of Pt particles occurred at the lo-
cations of relatively long-lived carrier trap states on the
nanocrystal surface (e.g., unpassivated Cd2+ sites). Subse-
quent growth of particles occurred by fast ET from CdS
to the Pt islands, followed by reduction of additional pre-
cursor. This mechanism illustrates the importance of the
locations (i.e. , probability densities) of the photoexcited
electrons and holes in determining the final product.

The photochemical metal deposition mechanism is in
stark contrast to thermal deposition of Pt on CdS nano-
rods.[28] In the thermal reaction, the metal precursor is de-
composed in the presence of CdS nanorods and a reducing
agent at 200 8C, resulting in Pt particle growth at the
nanorod ends. Such growth is attributed to preferential
metal nucleation on the end facets, which have higher sur-
face energies due to less complete passivation.[71]

A similar photochemical approach has been used for
deposition of Pt and Pd nanoparticles on both CdS nano-
rods and teardrop-shaped CdS1-xSex nanocrystals (Fig-
ure 8b).[22] The latter structures had a graded composition
ranging from CdSe-rich at the thick end to CdS-rich at
the thin end.[30] Pd photodeposition on these nanocrystals
showed notable excitation wavelength dependence. When

Figure 8. (a) TEM image of CdS�Pt nano-heterostructures synthesized by photochemical deposition of Pt on CdS nanorods. Scale bar:
20 nm. Inset: high-resolution TEM image of a nanorod section and the attached particle. Scale bar: 1 nm. Adapted with permission from
Ref. [25]. Copyright 2008, Wiley. (b) Results of photodeposition of Pd on teardrop-shaped CdSe/CdS nanostructures. With higher excitation
wavelengths, nucleation near the thick CdSe-rich regions is more common, while lower excitation wavelengths led to preferential nuclea-
tion near the thin CdS-rich regions. Scale bar: 5 nm. Reproduced with permission from Ref. [22]. Copyright 2011, ACS. (c) HAADF-TEM
image of structures resulting from photodeposition of Pt on water-soluble CdS nanorods. The image shows one Pt nanoparticle per nano-
rod and many small Pt clusters. Scale bar: 5 nm. Reproduced with permission from Ref. [29]. Copyright 2011, Wiley. (d) TEM image of CdS�
Au nano-heterostructures resulting from photochemical deposition of Au on CdS nanorods with suppression of thermal reactions. Scale
bar: 20 nm. Reproduced with permission from Ref. [21]. Copyright 2009, ACS.
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illuminated at wavelengths that could be absorbed by
both CdS and CdSe, Pt deposition was selective for the
CdS-rich ends of the nanocrystals. This was attributed to
a higher concentration of surface trap states at the thin-
ner CdS ends. With longer wavelengths absorbed mostly
by CdSe, there was a strong preference for metal deposi-
tion near CdSe-rich regions. This example supports the
notion that photochemical metal deposition reactions are
governed by the probability distributions of the photoex-
cited electrons and holes.

A somewhat different mechanistic pathway was ob-
served in the case of Pt photodeposition on CdS nanorods
under aqueous conditions (Figure 8c).[23] Water-soluble
CdS nanorods were obtained by ligand exchange from
phosphonic-acid capped nanostructures to d-,l-cysteine
hydrochloride. The metal precursor was H2PtCl6, while
both triethanolamine and ascorbic acid were used as elec-
tron donors. In the initial stages of photodeposition, small
Pt clusters formed along the nanorod length. At later
stages, in the presence of ascorbic acid, an additional
single Pt nanoparticle was observed per nanorod. The for-
mation of the single Pt nanoparticle was attributed to one
metal cluster on each nanorod randomly attracting more
photoexcited CdS electrons than the other clusters. This
resulted in further Pt deposition onto that cluster, with
preferential ET amplified as the cluster grew into a parti-
cle. The use of these particles for photocatalytic H2 gener-
ation was described in Section 3.

4.2. Photochemical and Thermal Au Deposition Pathways on
CdS and CdSe/CdS Nanocrystals

Banin and co-workers described an explicit comparison
of thermal and photochemical pathways in the deposition
of Au on CdS and CdSe/CdS core/shell nanorods.[21] Phos-
phonic-acid capped nanocrystals were mixed with AuCl3,
organic amines, and dodecyldimethylammonium bromide
in toluene. The amines serve both as surface-capping li-
gands and as hole scavengers. Thermal reduction of Au3 +

resulted in small Au nanoparticles along the nanorod
length, which nucleated as a result of defects induced by
missing surface-capping ligand molecules.[31] This thermal
growth could be suppressed by lowering the reaction tem-
perature, causing the ligands to be less dynamic, their sur-
face coverage to increase, and access of Au precursor to
the nanocrystal surface to be inhibited. Illumination re-
sulted in additional formation of one large Au nanoparti-
cle at the sulfur-rich end of each nanorod. This site specif-
icity is attributed to the attraction of the positively
charged Au precursor to the negative sulfur dangling
bonds, and to the strong driving force for the formation
of an Au�S bond. Additionally, photoexcited CdS elec-
trons may preferentially transfer to the specific Au parti-
cle located at the nanorod end.[24] With an Au particle
present at the nanorod end, further growth occurred
through ET from the photoexcited nanocrystal to the Au

island. Reducing the temperature of the photochemical
reaction to suppress the thermal pathway resulted in par-
ticles with only one Au nanoparticle at the nanorod end
(Figure 8d).[21]

It is noteworthy that, in the case of Au, the thermal
pathways deposit the metal on the nanorod sides and
photochemical reaction locates the metal at the nanorod
end, while the opposite is true for Pt deposition. The
reason for this contrast is unclear, but it may be related
to the particular strength of the Au�S bond and the exis-
tence of a sulfur-rich facet on one of the nanorod ends.
Nevertheless, the examples of photochemical metal depo-
sition described above demonstrate the potential of nano-
crystal photocatalysis to serve as a synthetic tool comple-
mentary to thermal methods.

5. Summary and Outlook

In this review, we described recent progress in the photo-
catalysis of II-VI semiconductor nanocrystals and some of
the guiding principles emerging from the expanding liter-
ature on the subject. Measurements of charge-transfer
rates from photoexcited nanocrystals to directly adsorbed
or chemically linked electron/hole acceptors demonstrate
that extraction of the photoexcited charges can be com-
petitive with recombination pathways. The rates and effi-
ciencies of charge transfer can be controlled through
donor–acceptor electronic coupling and the driving force
for the process. Both parameters are synthetically tuna-
ble. Type-II nano-heterostructures with long-lived charge-
separated states can improve the kinetic competitiveness
of charge-transfer processes, as seen in both the case of
charge transfer to redox dyes and photocatalytic H2 gen-
eration.

Nanocrystals can mediate H2 production under visible
irradiation when coupled with inorganic or biological and
bioinspired co-catalysts. Reasonably high QYs of H2 gen-
eration indicate that the processes that lead to H+ reduc-
tion can be competitive with electron–hole recombination
and other decay pathways. Long-lived charge-separated
states in type-II nano-heterostructures can improve both
H2 generation QY and long-term photocatalytic activity.
In nanocrystal–enzyme complexes, the largest gains may
be achieved by improving electronic coupling to increase
the efficiency of ET between the light absorber and cata-
lyst.

Considering the observations made to date about fuel
generation mediated by nanocrystals, we know little
about the kinetic bottlenecks that make photocatalytic
processes less efficient than the very fast charge transfer
observed for one-electron processes. The overall photoca-
talytic rate is a delicate balance of the rates of excitation,
charge transfer, recombination, electron utilization by the
catalyst, back-ET, and hole scavenging. Time-resolved
spectroscopy may provide a means of deconvoluting
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these various rates. Perhaps most pressingly, the behavior
of photoexcited holes is far from understood. HT is criti-
cal in three ways: as the process that replaces the elec-
trons transferred from the nanocrystal, as the means of
preventing semiconductor degradation, and as a way to
perform the oxidation half-reaction. It would be desirable
to learn how to couple nanocrystals to oxidation catalysts
such that photoexcited holes could be quickly removed
from the semiconductor and used for processes such as
water oxidation. Two different nanocrystalline materials
could be coupled into a Z-scheme analogous to photosyn-
thesis. In addition, information is needed about back-re-
actions of intermediates or recombination of products on
these very small particles. Challenges notwithstanding,
nanocrystals are remarkably tunable through synthesis,
are well-defined soluble crystalline materials, and are
amenable to spectroscopic studies of processes involved
in photocatalysis. Thus, they present an excellent model
system to understand the kinetic issues involved in com-
plicated light-driven reactions.

Finally, we described deposition of metals on semicon-
ductor nanocrystals as another application of nanocrystal
photocatalysis. Because these photochemical reactions
are guided by the probability distributions of photoexcit-
ed carriers and the locations at which they are trapped,
their products can be quite different from those of ther-
mal deposition reactions. While our current understand-
ing of how to control photochemical synthetic reactions is
rudimentary, further efforts in this area could lead to the
ability to create more complex nano-heterostructures.
Ideally, the reach of this synthetic methodology will go
beyond metal reduction and include oxidation processes
or more complex reactions to deposit semiconductors or
oxides.

Acknowledgements

Our work on the photochemistry and photocatalysis of II-
VI nanocrystals has been supported by the following
sources: startup funds from the University of Colorado
Boulder; seed funding from the Renewable and Sustaina-
ble Energy Institute; the University of Colorado Innova-
tive Seed Grant Program; NSF CAREER award no.
CHE-1151151; and AFOSR grant no. FA9550-12-1-0137.
We thank our collaborators K. Brown, N. Damrauer, P.
King, and H-W. Tseng for valuable contributions in this
research area.

References

[1] A. I. Ekimov, A. A. Onushchenko, J. Exp. Theor. Phys.
Lett. 1981, 34, 345.

[2] L. Brus, J. Phys. Chem. 1986, 90, 2555.
[3] R. Rossetti, S. Nakahara, L. E. Brus, J. Chem. Phys. 1983,

79, 1086.

[4] A. P. Alivisatos, J. Phys. Chem. 1996, 100, 13226.
[5] C. Burda, X. B. Chen, R. Narayanan, M. A. El-Sayed,

Chem. Rev. 2005, 105, 1025.
[6] A. J. Nozik, Annu. Rev. Phys. Chem. 2001, 52, 193.
[7] G. D. Scholes, G. Rumbles, Nat. Mater. 2006, 5, 920.
[8] V. I. Klimov, J. Phys. Chem. B 2000, 104, 6112.
[9] D. E. Gomez, M. Califano, P. Mulvaney, Phys. Chem.

Chem. Phys. 2006, 8, 4989.
[10] K. E. Knowles, M. T. Frederick, D. B. Tice, A. J. Morris-

Cohen, E. A. Weiss, J. Phys. Chem. Lett. 2012, 3, 18.
[11] P. Kambhampati, Acc. Chem. Res. 2011, 44, 1.
[12] V. I. Klimov, Annu. Rev. Phys. Chem. 2007, 58, 635.
[13] M. Nirmal, L. Brus, Acc. Chem. Res. 1998, 32, 407.
[14] M. G. Bawendi, M. L. Steigerwald, L. E. Brus, Annu. Rev.

Phys. Chem. 1990, 41, 477.
[15] X. Michalet, F. F. Pinaud, L. A. Bentolila, J. M. Tsay, S.

Doose, J. J. Li, G. Sundaresan, A. M. Wu, S. S. Gambhir, S.
Weiss, Science 2005, 307, 538.

[16] M. Bruchez, M. Moronne, P. Gin, S. Weiss, A. P. Alivisatos,
Science 1998, 281, 2013.

[17] T. L. Doane, C. Burda, Chem. Soc. Rev. 2012, 41, 2885.
[18] G. Nair, L. Y. Chang, S. M. Geyer, M. G. Bawendi, Nano

Lett. 2011, 11, 2145.
[19] M. C. Beard, J. Phys. Chem. Lett. 2011, 2, 1282.
[20] A. J. Nozik, M. C. Beard, J. M. Luther, M. Law, R. J. El-

lingson, J. C. Johnson, Chem. Rev. 2010, 110, 6873.
[21] G. Menagen, J. E. Macdonald, Y. Shemesh, I. Popov, U.

Banin, J. Am. Chem. Soc. 2009, 131, 17406.
[22] M. G. Alemseghed, T. P. A. Ruberu, J. Vela, Chem. Mater.

2011, 23, 3571.
[23] M. Beer, A. Vaneski, A. S. Susha, J. Rodr�guez-Fern�ndez,

M. Dçblinger, F. J�ckel, A. L. Rogach, J. Feldmann, Appl.
Phys. Lett. 2010, 97, 093108.

[24] L. Carbone, A. Jakab, Y. Khalavka, C. Sçnnichsen, Nano
Lett. 2009, 9, 3710.

[25] G. Dukovic, M. G. Merkle, J. H. Nelson, S. M. Hughes,
A. P. Alivisatos, Adv. Mater. 2008, 20, 4306.

[26] M. J. Berr, A. Vaneski, C. Mauser, S. Fischbach, A. S.
Susha, A. L. Rogach, F. Jackel, J. Feldmann, Small 2012, 8,
291.

[27] K. Wu, H. Zhu, Z. Liu, W. Rodr�guez-C�rdoba, T. Lian, J.
Am. Chem. Soc. 2012, 134, 10337.

[28] S. E. Habas, P. D. Yang, T. Mokari, J. Am. Chem. Soc.
2008, 130, 3294.

[29] A. Vaneski, A. S. Susha, J. Rodriguez-Fernandez, M. Berr,
F. Jackel, J. Feldmann, A. L. Rogach, Adv. Funct. Mater.
2011, 21, 1547.

[30] T. P. A. Ruberu, J. Vela, ACS Nano 2011, 5, 5775.
[31] A. E. Saunders, I. Popov, U. Banin, J. Phys. Chem. B. 2006,

110, 25421.
[32] S. F. Wuister, A. van Houselt, C. de Mello Doneg�, D. Van-

maekelbergh, A. Meijerink, Angew. Chem. Int. Ed. 2004,
43, 3029.

[33] M. J. Berr, P. Wagner, S. Fischbach, A. Vaneski, J. Schneid-
er, A. S. Susha, A. L. Rogach, F. Jackel, J. Feldmann, Appl.
Phys. Lett. 2012, 100, 223903.

[34] Y. S. Chaudhary, T. W. Woolerton, C. S. Allen, J. H.
Warner, E. Pierce, S. W. Ragsdale, F. A. Armstrong, Chem.
Commun. 2012, 48, 58.

[35] L. Amirav, A. P. Alivisatos, J. Phys. Chem. Lett. 2010, 1,
1051.

[36] K. P. Acharya, R. S. Khnayzer, T. O�Connor, G. Diederich,
M. Kirsanova, A. Klinkova, D. Roth, E. Kinder, M. Imbo-
den, M. Zamkov, Nano Lett. 2011, 11, 2919.

1012 www.ijc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Isr. J. Chem. 2012, 52, 1002 – 1015

Review G. Dukovic et al.

http://www.ijc.wiley-vch.de


[37] K. A. Brown, S. Dayal, X. Ai, G. Rumbles, P. W. King, J.
Am. Chem. Soc. 2010, 132, 9672.

[38] K. A. Brown, M. B. Wilker, M. Boehm, G. Dukovic, P. W.
King, J. Am. Chem. Soc. 2012, 134, 5627.

[39] F. Wang, W. G. Wang, X. J. Wang, H. Y. Wang, C. H. Tung,
L. Z. Wu, Angew. Chem. Int. Ed. 2011, 50, 3193.

[40] Y. Shemesh, J. E. Macdonald, G. Menagen, U. Banin,
Angew. Chem. Int. Ed. 2011, 50, 1185.

[41] B. L. Greene, C. A. Joseph, M. J. Maroney, R. B. Dyer, J.
Am. Chem. Soc. 2012, 134, 11108.

[42] M. L. Tang, D. C. Grauer, B. Lassalle-Kaiser, V. K. Ya-
chandra, L. Amirav, J. R. Long, J. Yano, A. P. Alivisatos,
Angew. Chem. Int. Ed. 2011, 50, 10203.

[43] H. Zhu, N. Song, H. Lv, C. L. Hill, T. Lian, J. Am. Chem.
Soc. 2012, 134, 11701.

[44] Strictly speaking, the term photocatalytic refers to sponta-
neous reactions, where photon energy is used to overcome
the activation energy. When the photon energy is used to
drive non-spontaneous reactions, such as fuel generation,
the term photoelectrosynthetic is preferred. (For more in-
formation, see A. J. Bard, L. R. Faulkner, Electrochemical
Methods: Fundamentals and Applications, 2nd ed., Wiley,
New York, 2001, p. 736). However, in recent literature,
photocatalysis has been used to describe the use of semi-
conductor particles for both spontaneous and non-sponta-
neous light-driven reactions, and such use is adapted
herein.

[45] X. B. Chen, S. H. Shen, L. J. Guo, S. S. Mao, Chem. Rev.
2010, 110, 6503.

[46] A. Kudo, Y. Miseki, Chem. Soc. Rev. 2009, 38, 253.
[47] F. E. Osterloh, Chem. Mater. 2008, 20, 35.
[48] W. W. Yu, L. H. Qu, W. Z. Guo, X. G. Peng, Chem. Mater.

2003, 15, 2854.
[49] C. D. Donega, R. Koole, J. Phys. Chem. C 2009, 113, 6511.
[50] J. S. Kamal, A. Omari, K. Van Hoecke, Q. Zhao, A. Van-

tomme, F. Vanhaecke, R. K. Capek, Z. Hens, J. Phys.
Chem. C 2012, 116, 5049.

[51] D. V. Talapin, J. S. Lee, M. V. Kovalenko, E. V. Shevchen-
ko, Chem. Rev. 2010, 110, 389.

[52] A. Henglein, Chem. Rev. 1989, 89, 1861.
[53] D. Duonghong, J. Ramsden, M. Gratzel, J. Am. Chem. Soc.

1982, 104, 2977.
[54] R. Rossetti, L. E. Brus, J. Phys. Chem. 1986, 90, 558.
[55] L. Spanhel, H. Weller, A. Henglein, J. Am. Chem. Soc.

1987, 109, 6632.
[56] P. V. Kamat, T. W. Ebbesen, N. M. Dimitrijevic, A. J.

Nozik, Chem. Phys. Lett. 1989, 157, 384.
[57] A. Henglein, Pure Appl. Chem. 1984, 56, 1215.
[58] S. Kambe, M. Fujii, T. Kawai, S. Kawai, F. Nakahara,

Chem. Phys. Lett. 1984, 109, 105.
[59] M. M. T. Khan, R. C. Bhardwaj, C. M. Jadhav, J. Chem.

Soc. Chem. Commun. 1985, 1690.
[60] K. Kalyanasundaram, E. Borgarello, D. Duonghong, M.

Gratzel, Angew. Chem. Int. Ed. Engl. 1981, 20, 987.
[61] J. M. Nedeljkovic, M. T. Nenadovic, O. I. Micic, A. J.

Nozik, J. Phys. Chem. 1986, 90, 12.
[62] A. Henglein, Top. Curr. Chem. 1988, 143, 113.
[63] A. Henglein, J. Phys. Chem. 1982, 86, 2291.
[64] L. Spanhel, M. Haase, H. Weller, A. Henglein, J. Am.

Chem. Soc. 1987, 109, 5649.
[65] R. Williams, J. Chem. Phys. 1960, 32, 1505.
[66] H. Gerischer, J. Electrochem. Soc. 1966, 113, 1174.

[67] H. Gerischer, B. O. Seraphin, in Solar Energy Conversion,
Vol. 31 (Ed.: B. O. Seraphin), Springer, Heidelberg, 1979,
p. 115.

[68] P. D. Cozzoli, T. Pellegrino, L. Manna, Chem. Soc. Rev.
2006, 35, 1195.

[69] C. D. Donega, Chem. Soc. Rev. 2011, 40, 1512.
[70] Y. Yin, A. P. Alivisatos, Nature 2005, 437, 664.
[71] R. Costi, A. E. Saunders, U. Banin, Angew. Chem. Int. Ed.

2010, 49, 4878.
[72] S. G. Kwon, T. Hyeon, Acc. Chem. Res. 2008, 41, 1696.
[73] C. B. Murray, C. R. Kagan, M. G. Bawendi, Annu. Rev.

Mater. Sci. 2000, 30, 545.
[74] H. L. Zhou, Y. Q. Qu, T. Zeid, X. F. Duan, Energy Envi-

ron. Sci. 2012, 5, 6732.
[75] M. R. Hoffmann, S. T. Martin, W. Choi, D. W. Bahnemann,

Chem. Rev. 1995, 95, 69.
[76] A. L. Linsebigler, G. Q. Lu, J. T. Yates, Chem. Rev. 1995,

95, 735.
[77] A. Hagfeldt, M. Gratzel, Chem. Rev. 1995, 95, 49.
[78] P. V. Kamat, K. Tvrdy, D. R. Baker, J. G. Radich, Chem.

Rev. 2010, 110, 6664.
[79] F. E. Osterloh, Chem. Soc. Rev. 2013, DOI: 10.1039/

C2CS35266D
[80] A. B. Fischer, I. Bronstein-Bonte, J. Photochem. 1985, 30,

475.
[81] P. C. Beaumont, D. G. Johnson, B. J. Parsons, J. Photochem.

Photobiol. A 1997, 107, 175.
[82] A. Boulesbaa, A. Issac, D. Stockwell, Z. Huang, J. Huang,

J. Guo, T. Lian, J. Am. Chem. Soc. 2007, 129, 15132.
[83] A. Boulesbaa, Z. Huang, D. Wu, T. Lian, J. Phys. Chem. C

2009, 114, 962.
[84] C. Burda, T. C. Green, S. Link, M. A. El-Sayed, J. Phys.

Chem. B 1999, 103, 1783.
[85] H. Zhu, N. Song, T. Lian, J. Am. Chem. Soc. 2010, 132,

15038.
[86] H. Zhu, N. Song, T. Lian, J. Am. Chem. Soc. 2011, 133,

8762.
[87] S. Jin, J. Zhang, R. D. Schaller, T. Rajh, G. P. Wiederrecht,

J. Phys. Chem. Lett. 2012, 3, 2052.
[88] R. Costi, A. E. Saunders, E. Elmalem, A. Salant, U. Banin,

Nano Lett. 2008, 8, 637.
[89] E. Elmalem, A. E. Saunders, R. Costi, A. Salant, U. Banin,

Adv. Mater. 2008, 20, 4312.
[90] J. Huang, Z. Huang, Y. Yang, H. Zhu, T. Lian, J. Am.

Chem. Soc. 2010, 132, 4858.
[91] S. Logunov, T. Green, S. Marguet, M. A. El-Sayed, J. Phys.

Chem. A 1998, 102, 5652.
[92] J. J. Ramsden, M. Gr�tzel, Chem. Phys. Lett. 1986, 132,

269.
[93] C. Harris, P. V. Kamat, ACS Nano 2009, 3, 682.
[94] V. V. Matylitsky, L. Dworak, V. V. Breus, T. Basch�, J.

Wachtveitl, J. Am. Chem. Soc. 2009, 131, 2424.
[95] V. V. Matylitsky, A. Shavel, N. Gaponik, A. Eychmuller, J.

Wachtveitl, J. Phys. Chem. C 2008, 112, 2703.
[96] L. Dworak, V. V. Matylitsky, V. V. Breus, M. Braun, T.

Basch�, J. Wachtveitl, J. Phys. Chem. C 2011, 115, 3949.
[97] Z.-J. Jiang, D. F. Kelley, J. Phys. Chem. C 2011, 115, 4594.
[98] A. J. Morris-Cohen, M. T. Frederick, L. C. Cass, E. A.

Weiss, J. Am. Chem. Soc. 2011, 133, 10146.
[99] F. Scholz, L. Dworak, V. V. Matylitsky, J. Wachtveitl,

ChemPhysChem 2011, 12, 2255.
[100] M. Tagliazucchi, D. B. Tice, C. M. Sweeney, A. J. Morris-

Cohen, E. A. Weiss, ACS Nano 2011, 5, 9907.

Isr. J. Chem. 2012, 52, 1002 – 1015 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1013

Colloidal II-VI Nanocrystals

http://www.ijc.wiley-vch.de


[101] H. M. Zhu, N. H. Song, W. Rodriguez-Cordoba, T. Q. Lian,
J. Am. Chem. Soc. 2012, 134, 4250.

[102] J. Huang, Z. Huang, S. Jin, T. Lian, J. Phys. Chem. C 2008,
112, 19734.

[103] Z.-J. Jiang, V. Leppert, D. F. Kelley, J. Phys. Chem. C 2009,
113, 19161.

[104] S. N. Sharma, Z. S. Pillai, P. V. Kamat, J. Phys. Chem. B
2003, 107, 10088.

[105] P. V. Kamat, J. Phys. Chem. C 2008, 112, 18737.
[106] I. Robel, M. Kuno, P. V. Kamat, J. Am. Chem. Soc. 2007,

129, 4136.
[107] I. Robel, V. Subramanian, M. Kuno, P. V. Kamat, J. Am.

Chem. Soc. 2006, 128, 2385.
[108] K. Tvrdy, P. A. Frantsuzov, P. V. Kamat, Proc. Natl. Acad.

Sci. USA 2011, 108, 29.
[109] D. R. Pernik, K. Tvrdy, J. G. Radich, P. V. Kamat, J. Phys.

Chem. C 2011, 115, 13511.
[110] R. S. Dibbell, D. F. Watson, J. Phys. Chem. C 2009, 113,

3139.
[111] R. S. Dibbell, D. G. Youker, D. F. Watson, J. Phys. Chem.

C 2009, 113, 18643.
[112] R. Berera, R. Grondelle, J. T. M. Kennis, Photosynth. Res.

2009, 101, 105.
[113] U. Megerle, I. Pugliesi, C. Schriever, C. Sailer, E. Riedle,

Appl. Phys. B: Lasers Opt. 2009, 96, 215.
[114] J. R. Lakowicz, Principles of Fluorescence Spectroscopy,

Springer, New York, 2006.
[115] R. D. Schaller, M. Sykora, S. Jeong, V. I. Klimov, J. Phys.

Chem. B 2006, 110, 25332.
[116] M. Sykora, M. A. Petruska, J. Alstrum-Acevedo, I. Bezel,

T. J. Meyer, V. I. Klimov, J. Am. Chem. Soc. 2006, 128,
9984.

[117] E. A. McArthur, A. J. Morris-Cohen, K. E. Knowles, E. A.
Weiss, J. Phys. Chem. B 2010, 114, 14514.

[118] C. Burda, S. Link, M. Mohamed, M. El-Sayed, J. Phys.
Chem. B 2001, 105, 12286.

[119] V. I. Klimov, D. W. McBranch, C. A. Leatherdale, M. G.
Bawendi, Phys. Rev. B 1999, 60, 13740.

[120] R. A. Marcus, Annu. Rev. Phys. Chem. 1964, 15, 155.
[121] R. A. Marcus, N. Sutin, Biochim. Biophys. Acta, Rev. Bio-

energ. 1985, 811, 265.
[122] N. A. Anderson, T. Lian, Annu. Rev. Phys. Chem. 2005, 56,

491.
[123] J. H. Bang, P. V. Kamat, ACS Nano 2011, 5, 9421.
[124] P. V. Kamat, J. Phys. Chem. Lett. 2012, 3, 663.
[125] L. E. Brus, J. Chem. Phys. 1984, 80, 4403.
[126] C. J. Wang, M. Shim, P. Guyot-Sionnest, Science 2001, 291,

2390.
[127] J. Huang, D. Stockwell, Z. Q. Huang, D. L. Mohler, T. Q.

Lian, J. Am. Chem. Soc. 2008, 130, 5632.
[128] A. M. Smith, S. M. Nie, Acc. Chem. Res. 2010, 43, 190.
[129] D. J. Milliron, S. M. Hughes, Y. Cui, L. Manna, J. B. Li,

L. W. Wang, A. P. Alivisatos, Nature 2004, 430, 190.
[130] V. I. Klimov, S. A. Ivanov, J. Nanda, M. Achermann, I.

Bezel, J. A. McGuire, A. Piryatinski, Nature 2007, 447, 441.
[131] D. V. Talapin, J. H. Nelson, E. V. Shevchenko, S. Aloni, B.

Sadtler, A. P. Alivisatos, Nano Lett. 2007, 7, 2951.
[132] J. Aldana, N. Lavelle, Y. Wang, X. Peng, J. Am. Chem.

Soc. 2005, 127, 2496.
[133] N. N. Hewa-Kasakarage, P. Z. El-Khoury, N. Schmall, M.

Kirsanova, A. Nemchinov, A. N. Tarnovsky, A. Bezryadin,
M. Zamkov, Appl. Phys. Lett. 2009, 94, 133113.

[134] N. N. Hewa-Kasakarage, M. Kirsanova, A. Nemchinov, N.
Schmall, P. Z. El-Khoury, A. N. Tarnovsky, M. Zamkov, J.
Am. Chem. Soc. 2009, 131, 1328.

[135] M. Jones, S. Kumar, S. S. Lo, G. D. Scholes, J. Phys. Chem.
C 2008, 112, 5423.

[136] F. Scotognella, K. Miszta, D. Dorfs, M. Zavelani-Rossi, R.
Brescia, S. Marras, L. Manna, G. Lanzani, F. Tassone, J.
Phys. Chem. C 2011, 115, 9005.

[137] One caveat to direct comparisons of measured charge-
transfer rates is that they depend on the number of accept-
ors associated with each nanocrystal, with higher ratios re-
sulting in faster rates. The ET rate constant for a single
QD/acceptor pair, kET, has been measured to be 2� 1010 s�1

for a CdS QD–viologen system coupled through direct
chemical attachment; see Ref. [98].

[138] V. I. Klimov, A. A. Mikhailovsky, D. W. McBranch, C. A.
Leatherdale, M. G. Bawendi, Science 2000, 287, 1011.

[139] J. A. Mcguire, J. Joo, J. M. Pietryga, R. D. Schaller, V. I.
Klimov, Acc. Chem. Res. 2008, 41, 1810.

[140] V. I. Klimov, D. W. McBranch, Phys. Rev. Lett. 1998, 80,
4028.

[141] V. I. Klimov, A. A. Mikhailovsky, D. W. McBranch, C. A.
Leatherdale, M. G. Bawendi, Phys. Rev. B 2000, 61,
R13349.

[142] R. R. Cooney, S. L. Sewall, E. A. Dias, D. M. Sagar,
K. E. H. Anderson, P. Kambhampati, Phys. Rev. B 2007,
75, 245311.

[143] N. S. Lewis, D. G. Nocera, Proc. Natl. Acad. Sci. USA 2006,
103, 15729.

[144] M. G. Walter, E. L. Warren, J. R. McKone, S. W. Boettcher,
Q. X. Mi, E. A. Santori, N. S. Lewis, Chem. Rev. 2010, 110,
6446.

[145] A. J. Nozik, Annu. Rev. Phys. Chem. 1978, 29, 189.
[146] A. J. Bard, M. A. Fox, Acc. Chem. Res. 1995, 28, 141.
[147] J. R. Harbour, R. Wolkow, M. L. Hair, J. Phys. Chem.

1981, 85, 4026.
[148] J. R. Darwent, G. Porter, J. Chem. Soc. Chem. Commun.

1981, 145.
[149] A. Pandey, P. Guyot-Sionnest, J. Chem. Phys. 2007, 127,

104710.
[150] N. J. Borys, M. J. Walter, J. Huang, D. V. Talapin, J. M.

Lupton, Science 2010, 330, 1371.
[151] J. M	ller, J. M. Lupton, P. G. Lagoudakis, F. Schindler, R.

Koeppe, A. L. Rogach, J. Feldmann, D. V. Talapin, H.
Weller, Nano Lett. 2005, 5, 2044.

[152] A. Sitt, F. D. Sala, G. Menagen, U. Banin, Nano Lett. 2009,
9, 3470.

[153] D. Steiner, D. Dorfs, U. Banin, F. Della Sala, L. Manna, O.
Millo, Nano Lett. 2008, 8, 2954.

[154] Y. Ozawa, Y. Tochihara, M. Nagai, S. Omi, Chem. Eng.
Sci. 2003, 58, 671.

[155] L. M. T. Simpl�cio, S. T. Brandao, E. A. Sales, L. Lietti, F.
Bozon-Verduraz, Appl. Catal. B 2006, 63, 9.

[156] T. L. Stuchinskaya, I. V. Kozhevnikov, Catal. Commun.
2003, 4, 417.

[157] F. A. Frame, E. C. Carroll, D. S. Larsen, M. Sarahan, N. D.
Browning, F. E. Osterloh, Chem. Commun. 2008, 2206.

[158] F. A. Frame, F. E. Osterloh, J. Phys. Chem. C 2010, 114,
10628.

[159] M. A. Holmes, T. K. Townsend, F. E. Osterloh, Chem.
Commun. 2012, 48, 371.

[160] A. Thibert, F. A. Frame, E. Busby, M. A. Holmes, F. E. Os-
terloh, D. S. Larsen, J. Phys. Chem. Lett. 2011, 2, 2688.

1014 www.ijc.wiley-vch.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Isr. J. Chem. 2012, 52, 1002 – 1015

Review G. Dukovic et al.

http://www.ijc.wiley-vch.de


[161] R. E. Blankenship, D. M. Tiede, J. Barber, G. W. Brudvig,
G. Fleming, M. Ghirardi, M. R. Gunner, W. Junge, D. M.
Kramer, A. Melis, T. A. Moore, C. C. Moser, D. G. Nocera,
A. J. Nozik, D. R. Ort, W. W. Parson, R. C. Prince, R. T.
Sayre, Science 2011, 332, 805.

[162] D. Noy, C. C. Moser, P. L. Dutton, Biochim. Biophys. Acta,
Bioenerg. 2006, 1757, 90.

[163] E. Reisner, Eur. J. Inorg. Chem. 2011, 1005.
[164] T. W. Woolerton, S. Sheard, Y. S. Chaudhary, F. A. Arm-

strong, Energy Environ. Sci. 2012, 5, 7470.
[165] M. W. W. Adams, Biochim. Biophys. Acta 1990, 1020, 115.
[166] W. J. Albery, J. R. Knowles, Biochemistry 1976, 15, 5631.
[167] F. A. Armstrong, N. A. Belsey, J. A. Cracknell, G. Goldet,

A. Parkin, E. Reisner, K. A. Vincent, A. F. Wait, Chem.
Soc. Rev. 2009, 38, 36.

[168] F. A. Armstrong, J. Hirst, Proc. Natl. Acad. Sci. USA 2011,
108, 14049.

[169] M. J. S. Dewar, D. M. Storch, Proc. Natl. Acad. Sci. USA
1985, 82, 2225.

[170] G. Fauque, H. D. Peck, J. J. G. Moura, B. H. Huynh, Y.
Berlier, D. V. Dervartanian, M. Teixeira, A. E. Przybyla,
P. A. Lespinat, I. Moura, J. Legall, FEMS Microbiol. Rev.
1988, 54, 299.

[171] J. C. Fontecilla-Camps, P. Amara, C. Cavazza, Y. Nicolet,
A. Volbeda, Nature 2009, 460, 814.

[172] W. Lubitz, E. Reijerse, M. van Gastel, Chem. Rev. 2007,
107, 4331.

[173] P. E. M. Siegbahn, J. W. Tye, M. B. Hall, Chem. Rev. 2007,
107, 4414.

[174] P. M. Vignais, B. Billoud, Chem. Rev. 2007, 107, 4206.
[175] K. A. Vincent, A. Parkin, F. A. Armstrong, Chem. Rev.

2007, 107, 4366.
[176] A. Warshel, J. Biol. Chem. 1998, 273, 27035.

[177] A. Warshel, P. K. Sharma, M. Kato, Y. Xiang, H. B. Liu,
M. H. M. Olsson, Chem. Rev. 2006, 106, 3210.

[178] D. W. Mulder, E. M. Shepard, J. E. Meuser, N. Joshi, P. W.
King, M. C. Posewitz, J. B. Broderick, J. W. Peters, Struc-
ture 2011, 19, 1038.

[179] C. Madden, M. D. Vaughn, I. D�ez-P�rez, K. A. Brown,
P. W. King, D. Gust, A. L. Moore, T. A. Moore, J. Am.
Chem. Soc. 2012, 134, 1577.

[180] M. Demuez, L. Cournac, O. Guerrini, P. Soucaille, L.
Girbal, FEMS Microbiol. Lett. 2007, 275, 113.

[181] J.-M. Moulis, V. Davasse, Biochemistry 2002, 34, 16781.
[182] M. L. Ghirardi, M. C. Posewitz, P.-C. Maness, A. Dubini, J.

Yu, M. Seibert, Annu. Rev. Plant Biol. 2007, 58, 71.
[183] J. C. Fontecilla-Camps, A. Volbeda, C. Cavazza, Y. Nicolet,

Chem. Rev. 2007, 107, 5411.
[184] R. Lomoth, S. Ott, Dalton Trans. 2009, 9952.
[185] A. Magnuson, M. Anderlund, O. Johansson, P. Lindblad,

R. Lomoth, T. Polivka, S. Ott, K. Stensjo, S. Styring, V.
Sundstrom, L. Hammarstrom, Acc. Chem. Res. 2009, 42,
1899.

[186] S. Canaguier, V. Artero, M. Fontecave, Dalton Trans. 2008,
315.

[187] G. J. Kubas, Chem. Rev. 2007, 107, 4152.
[188] F. Wang, W. G. Wang, H. Y. Wang, G. Si, C. H. Tung, L. Z.

Wu, ACS Catal. 2012, 2, 407.
[189] A. J. Frank, Z. Goren, I. Willner, J. Chem. Soc. Chem.

Commun. 1985, 1029.
[190] J. F. Reber, M. Rusek, J. Phys. Chem. 1986, 90, 824.

Received: September 14, 2012
Accepted: October 29, 2012

Published online: December 13, 2012

Isr. J. Chem. 2012, 52, 1002 – 1015 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.ijc.wiley-vch.de 1015

Colloidal II-VI Nanocrystals

http://www.ijc.wiley-vch.de

