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The increasing energy demand in the near future will force us to seek environmentally clean alternative
energy resources. The emergence of nanomaterials as the new building blocks to construct light energy
harvesting assemblies has opened up new ways to utilize renewable energy sources. This article discusses
three major ways to utilize nanostructures for the design of solar energy conversion devices: (i) Mimicking
photosynthesis with donetacceptor molecular assemblies or clusters, (ii) semiconductor assisted photocatalysis
to produce fuels such as hydrogen, and (iii) nanostructure semiconductor based solar cells. This account
further highlights some of the recent developments in these areas and points out the factors that limit the
efficiency optimization. Strategies to employ ordered assemblies of semiconductor and metal nanoparticles,
inorganic-organic hybrid assemblies, and carbon nanostructures in the energy conversion schemes are also
discussed. Directing the future research efforts toward utilization of such tailored nanostructures or ordered
hybrid assemblies will play an important task in achieving the desired goal of cheap and efficient fuel production
(e.g., solar hydrogen production) or electricity (photochemical solar cells).

The Energy Challenge U.S. seen in 1970 followed this predicted curve thus giving the

The economic growth in many parts of the world during the credibility to his model. His projected growth for the worldwide

: oil prediction was modified (Figure 1) by Campldéif and
past decade was able to be sustalneq because O.f .the affordabl effeyes!® According to this prediction, the peak production
energy prices. The dependence on oil and electricity has made . . s

: will be attained within the next decade.
energy a vital component of our everyday needs. The recent .
hike in oil and gas prices has prompted everyone to take a !N the near term, we are not about to run out of oil, but the
careful look at the issues dealing with our energy supply and production will attain the peak. Of the 2000 billion barrels of
demand. In the 20th century, the population quadrupled and net global oil reserve, we have already found 1800 billion barrels

our energy demand went up 16 times. The exponential energy®f Which 875 billion barrels have been CO“SU’ﬁ@m_’r every

demand is exhausting our fossil fuel supply at an alarming billion barrels of new oil discovered, we are consuming 4 billion
ratel2 About 13 terawatts (TW) of energy is currently needed barrels.. Undou_btedly, new technqlogies can facilitatg the
to sustain the lifestyle of 6.5 billion people worldwide. By year €xtraction of oil from hard to obtain areas and sustain the

2050, we will need an additional 10 TW of clean energy to production of each site longer, bgt it WiII.have no impact on
maintain the current lifestyle. the reserves themselves. Extraction of oil from tar sands and

The End of Cheap Oil. Emergence of more than a billion shale will not l_ae chea_per as it will demand additional energy
new consumers from 20 developing countries with a newly for the extraction of oil from these sources. Coal and _natural_
acquired spending capacity is increasing globab @®ission gas are Ilke_ly to _supplement the energy needs but this fossil
at an alarming ratéFor example, China and India, two countries fu€l production will follow the Hubbert peak before the end of
with the largest numbers of new consumers have been addingthis century. The flow of energy supply by various sources in
new cars at an average annual increase of 19% and 149 Sustaining the population g_rowth from 1600 to 2_200 is shown
respectively. Motor vehicles alone account for more than 50% [N Figure 2. The role of oil and gas as per this model will
of air pollution in these countri€sWhereas the consumer have a significant impact as a major energy source for only a
growth in the developing countries is a good marker for Shortduration. Diversification of our energy supply and polit-
predicting a brighter global economic outlook, it undermines ical and social compromise for conservation will become
the demand for additional energy resources and the overallinevitable if we need to maintain a healthy global economic
impact on the environment. According to Hubbert, the growth!211.12
exponential growth we have seen in the last centunyriaresient Green House Gas EmissionAnother important consider-
phenomenaorand the fossil fuel production will follow the trend  ation of increasing the energy production based on fossil fuels
of a bell shaped curve. The peak oil production in the mainland is its impact on the environment. Global warming from the fossil
fuel greenhouse gases which contribute to the climate changes
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demand. Despite this vast resource, the energy produced from
solar remains less than 0.01% of the total energy demand.
Although renewable energy such as solar radiation is ideal
to meet the projected demand, it requires new initiatives to
harvest incident photons with greater efficied&y?The single-
crystal silicon based photovoltaic devices that are commercially
available for installation deliver power with a 15% efficiency.
These first generation devices suffer from high cost of
manufacturing and installation. Tisecond generatiodevices
consisting of CulnGaS€CIGS) polycrystalline semiconductor
thin films can bring down the price significantly, but their
efficiency needs to be enhanced in order to make them
practically viable. Now being aimed are tlieird generation
devices that can deliver high efficiency devices at an economi-

) ) ) cally viable cost. Our ability to design nanostructured semi-
Prashant V. Kamat is currently a Professor of Chemistry and Biochem- . 4,,ct0rs, organieinorganic hybrid assemblies, and molecular
istry, a Senior Scientist at Radiation Laboratory, and a Concurrent bli desi h third .
Professor in the Department of Chemical and Biomolecular Engineering, 25S€Mblies opens up new ways to design such third generation
University of Notre Dame. A native of Binaga, India, he earned his light energy conversion devices.
masters (1974) and doctoral degrees (1979) in Physical Chemistry from
the Bombay University, and carried out his postdoctoral research at )
Boston University (19791981) and University of Texas at Austin Nanotechnology to the Rescue?

(1%8‘1_'t'19t83)'thHe jhOi?eO: Ntc)trehDameIRadia'}iont.Labofratory in 3985" During the past decade, nanomaterials have emerged as the
and initiated the photoelectrochemical investigation of semiconductor N - :
nanoparticles. Dr. Kamat's research has made significant contributions "€ building blocks to construct light energy harvesting

to three areas : (1) photoinduced catalytic reactions using semiconductor@ssemblies. Organic and inorganic hybrid structures that exhibit
and metal nanoparticles, nanostructures and nanocomposites, (2)mproved selectivity and efficiency toward catalytic processes
advanced materials such as inorgaroeganic hybrid assemblies for  have been designed. Size dependent properties such as size
utilizing renewable energy resources, and (3) environmental remedlatlonquamization effects in semiconductor nanoparticles and quan-

using advanced oxidation processes and chemical sensors. He ha . . - - .
directed DOE funded solar photochemistry research for more than Zoﬁzed charging effects in metal nanoparticles provide the basis

years. He has published more than 300 peer-reviewed journal papersfor developing new and effective systeAis?® These nano-
review articles, and book chapters. He has edited two books in the structures provide innovative strategies for designing next
B O el e 125 i of Jaban Socet for generation energy conversion devigés: Recent efforts t0
2006 Honda-Fujishima Lectureship award by the Japan PhotochemicalSymh(':‘slz,e nanostructures with Welljdefmed geometrlcgl shapes
Society. (e.g., solid and hollow spheres, prisms, rods, and wires) and

their assembly as 2- and 3-dimensional assemblies has further

out a higher global mean surface temperature and melting of @xpanded the possibility of developing new strategies for light
arctic ice. The surface temperature of Atlantic Ocean today is €Nergy conversiof 4°

higher than it has been for at least a millennium making the  There are three major ways that one can utilize nanostructures
tropical storms and hurricanes stronger than ever. The Unitedfor the design of solar energy conversion devices (Figure 3).
Nations Framework Convention on Climate Change calls for The first one is to mimic photosynthesis with dorarcceptor
“stabilization of greenhouse-gas concentrations in the atmo- molecular assemblies and clusters. The second one is the
sphere at a level that would prevent dangerous anthropogenicsemiconductor assisted photocatalysis to produce fuels such as
interference with the climate system 10 TW (%010'2 watts) hydrogen. The third and most promising category is the
of carbon-emission-free power needs to be produced by the yeananostructure semiconductor based solar cells. This account

2050, almost equivalent to the power provided by all of today’s highlights some of the recent developments in these areas and
energy sources combine#*15 points out the factors that limit the efficiency optimization.

Meeting Clean Energy Demand.In order to meet the Strategies to employ ordered assemblies of semiconductor and
increasing energy demand in the near future, we will be forced metal nanoparticles, inorganic-organic hybrid assemblies, and
to seek environmentally clean alternative energy resot#dés’ carbon nanostructures in the energy conversion schemes are
Three major options are at our disposal to tackle the 10 TW discussed in the following sections.
clean energy generation in the coming years. These include 1. Donor—Acceptor Hybrid Assemblies
carbon neutral energy (fossil fuel in conjunction with carbon  In photosynthesis, light energy is converted into chemical
sequestration), nuclear power, and renewable energy. If we havesnergy by green plants. The essential roles of chlorogyll
to produce 10 TW energy using fossil fuels without affecting (Chla) are to capture solar energy, transfer the excitation energy
the environment, we need to find secure storage for 25 billion to special locations, the reaction centers, and bring about the
metric tons of CQ produced annually (equal to the volume of charge separation for the subsequent electron-transfer processes.
12500 kn# or the volume of Lake Superior!). Should nuclear Based on the principle of photosynthesis, a variety of denor
power be the alternate source of energy, we will require acceptor dyads and triads have been synthesized as light
construction of a new 1 GW (gigawatt)-electric nuclear fission harvesting assemblié&:53 Of particular interest has been the
plant everyday for the next 50 years somewhere on this planet.study of donof-acceptor systems containing @rnd porphy-
Renewable energy can be tapped from the available resourcestins that can mimic the photoinduced electron-transfer process
hydroelectric resource (0.5 TW), from all tides & ocean currents of natural photosynthesis. Despite the success of achieving long-
(2 TW), geothermal integrated over all of the land area (12 TW), lived charge separation, the use of dyads and triads in solar
globally extractable wind power 24 TW), and solar energy  cells is rather limited®5456 A better understanding of the
striking the earth (120,000 TW). Among these options solar underlying physical principles of light absorption, energy
energy stands out as the most viable choice to meet our energytransfer, radiative and nonradiative excited-state decay, electron
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Figure 1. Left: Discovery trend. Oil discovery peaked in the 1960s, when we were finding more than we used. Now, the situation is reversed,
meaning that the historic trend of growth at about 2% a year cannot be maintained as we consume our inheritance from past discovery. Right:
World production of oil. Production has to mirror discovery, starting and ending at zero, with a peak in between at the halfway point. Production
matched the theoretical curve well until the oil shock of the 1970s meaning that peak is lower and later than would otherwise have been the case,
but decline is inevitable given a finite total. (From ref 4. Reprinted with permission from Springer.)

HUMAN POPULATION devices?® Gold nanoparticles are widely used as probes for
bimolecular labeling and as immunoprot3&g!

7000 'The species?of E!nergy Man o == Organized inorganic-organic nanohybrids, with hierarchical
5 i _ %Mw superiority in architecture, can be developed by assembling
6000 : T 1 % monolayers of organic molecules containing functional groups,
5000 , {11 ||| Wackeae on such as amines, thiols, isothiocynate, and silanes, on to the three-
- y dimensional surface of metal nanopartid2&Such monolayer
S 4000 11 1T | W Pt protected metal clusters (MPCs) prepared by adopting the “two-
% 5600 ] | / ; & phase extraction” procedufg“ can be functionalized with
[ / chromophores by “place exchange” reactiéng? For example,
2000 HHHH-HH E iR porphyrin-alkanethiolate monolayer protected-gold nanoclusters
|| Lot £ f iﬁ_ (H.POOWMPC) form spherical shape clusters that can be em-
L it : 35 = ployed as light harvesting antenna (Figure 4). They exhibit
o . i | EE efficient light-harvesting capability and suppress undesirable
1600 1700 1800 1800 2000 2100 2200 |‘=wehm=t energy transfer quenching of the porphyrin singlet excited-state

by the gold surface relative to the bulk gold.
Figure 2. Sustaining the population with different energy resources. y 9 9

Each source of energy supports a corresponding population. The impact a. Excited State Inter.actlonS.T_he (_:Iose vicinity of a metal
on population of oil and gas has been dramatic but is short-lived. (From Nanocore alters the excited deactivation pathways of the surface-

ref 4 Reprinted with permission of Springer.) bound molecules. For example, Drexhage and co-workers have
observed a distance-dependent quenching of excited states of
transfer, proton-coupled electron transfer, and catalysis arechromophores on metal surfacEsOne of the noticeable
important in designing molecular assemblies for energy conver- properties of the fluorophore molecules when bound to metal
sion5” New approaches have to be considered to harvest thesurfaces is the decrease in singlet lifetime as a result of energy
separated charges in a don@cceptor molecular system. transfer from. excited dye molecgles to bulk metal filffis?t
Tailoring the optoelectronic properties of metal nanoparticles Total quenching of the singlet-excited-state of the chromophores

by organizing chromophores of specific properties and functions cant_h:mt t_he aptpllriauton Qf cgromophorz-latk)]elted _metaltna_nlo-
on gold nanoparticles can yield photoresponsive organic particles In ‘optoelectronic devices and photonic matenais.
. . X . N Interestingly, recent studies on the photophysical properties of
inorganic nanohybnd_matenals. The org_anlzatlon of a d_ensely chromophore-linked gold nanoparticles from our gféa# and
packed photoresponsive shell encapsulating the nanoparticle COrQiherd8-94 have suggested a dramatic suppression in the
offers exciting opportunities for the design of novel photon-

. . I Ko guenching of the singlet-excited-state when these chromophores
based devices for sensing, switching, and drug delfety are densely packed on Au nanoparticle surfaces. A better

Metal hybrids of organic molecules assembled as two- or three- ngerstanding of the excited-state processes will enable effective
dimensional architectures provide routes to the design of ytjlization of chromophore-functionalized metal nanostructures
materials with novel electrical, optical, and photochemical for |ight-harvesting and other specialized applications. Possible
properties having potential applications in nanophotonics, deactivation pathways of the photoexcited fluorophore bound
lithography, and sensir§:°#%° The possibility of tailoring the  to a gold nanoparticle, viz., (A) intermolecular interactions, (B)
optoelectronic properties of metal nanoparticles by organizing energy transfer, (C) electron transfer, and (D) emission from
chromophores of specific properties and functions on gold the chromophores bound on the metal nanoparticles, are
nanoparticles prompts one to design photoresponsive organic summarized in Figure 5.

inorganic nanohybrids. Such an organization of a densely packed In the case of hybrid assemblies having metal nanoparticles
photoresponsive shell encapsulating the nanoparticle core offersas the core, the energy transfer depends critically on the size
exciting opportunities for the design of light energy conversion and shape of the nanoparticles, the distance between the dye
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Figure 3. Strategies to employ nanostructured assemblies for light energy conversion.

(c)

D = NHOO— (CH,}—SH

(n=511)

Figure 4. Examples of gold nanoparticles functionalized with (a) porphyrin, () &d (c) pyrene (from ref 29).

molecule and the nanoparticle, the orientation of the molecular the diameter of Au nanoparticle 2 nm. Using the principle
dipole with respect to the dysnanoparticle axis, and the overlap  of energy transfer, attempts are being made to develop biosen-
of the chromophore emission with the nanoparticle absorftion. sors101.102

Energy transfer processes were found to dominate the deactiva- |, photoinduced Electron Transfer. Semiconductor nano-

tion of the excited-state in fullerene-functionalized gold clusters particles are known to accept electrons from an excited sensitizer

_R—G— 96 _ R—G— i i
(Ceo—R—S—Au). Clusters_of G—~R—S—Aucan t_)e visualized  5n transfer the electrons to another acceptor molecule bound
as antenna systems containing a gold nanoparticle as the centrgl, e grface. The demonstration of semiconductor particle

hanocore a_nd appended fullerene .mo_ietie.s as the photoreceptiv%ediated electron transfer between donor and acceptor mol-

hydrophobic sheII..@)—R—SH emission is totally quenchec_i ecules bound to its surface was demonstrated in our early

when the fullerene is anchored to the gold nanocore. Near field  103-105 : :
studies! The nonmetallic property of ultrasmall metallic

optical microscopy further aids in elucidating the photoinduced . - ;
b Py 9 P particles can also be utilized to capture electrons from an excited

energy transfer to metal particl&s:%° " ) )
9y . P ) . . sensitizer and thus mediate a photoinduced electron-transfer
The low singlet as well as triplet yields of the fullerene moiety process

in excited Go—R—S—Au nanohybrids confirm that most of the ) )
Go y In polar solvents, pyrene-linked Au nanoparticles-{iRy—

excited-state energy is quickly dissipated to the Au core via e - :
energy transfer. Dulkieth et &.isolated the resonant energy S —AU) exhibit noticeably lower yields compared to unbound

transfer rate from the decay rates of excited lissamine dye Pyrene thiol (Py-Ri—SH)2 Transient absorption experiments
molecules by chemically attaching them to gold nanoparticles USing pulsed laser irradiation (337 nm) of P;—S—Au

of different size. The increase in lifetime with decreasing particle Nanoparticle, in polar solvents such as tetrahydrofuran or
size (particle diameter range of-B0 nm) was indicative of acetonitrile confirm the electron transfer between gold nano-
decreased efficiency of energy transfer in smaller size particles.particle and pyrene Figure 6). The charge-separated states in
Heeger and co-workef®investigated the role of energy as well Py—Ri—S—Au assemblies are fairly long-lived as indicated by
as electron transfer in the quenching of emission of conjugatedthe longer lifetime of the pyrene cation radical (48). These
polymers in the presence of gold nanopatrticles of varying size. observations demonstrate the ability of gold nanoparticles as
They concluded that resonance energy transfer dominates wherelectron acceptors.
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Figure 5. Photoexcitation of the chromophore bound to gold nanopatrticles followed by its deactivation via energy transfer, electron transfer, and
intermolecular interactions (from ref 29).
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Figure 7. Modulation of photoinduced charge transfer in a pyrene
modified gold particles linked to Ti©film cast on an optically
transparent electrode (OTE). (From ref 83.)

Figure 6. Modulation of photoinduced electron transfer between

excited chromophore and gold nanoparticles (from ref 83). ticles. The quantized charging effects studied with organic-

capped gold nanoparticles suggest that the potential shift

Controlled charging of the Au nanoassembly enables one to amounts to about 0.1 V per accumulated electfnThe
modulate the excited-state interaction between the gold nanocoreelectron transfer from excited pyrene molecules to gold nanocore
and a surface-bound fluorophorf&$’ For example, a bifunc-  experiences a barrier as we charge them with negative electro-
tional surface-linking molecule such as mercaptopropionic acid chemical bias.
was used to link the gold nanoparticle to the T8Drface (thiol The photoinduced electron-transfer mechanism in chlorophyll
group to gold and carboxylic group to Ti#D Spectroelectro- a bound gold nanoparticles was also confirmed from the
chemical experiments carried out using a thin layer electro- electrochemical modulation of fluorescence of CHldn the
chemical cell showed the emission spectra of pyrene modified absence of an applied bias, Chloroptatlast on gold particulate
gold particles which were linked to TiOfilm cast on an films, as a result of electron transfer, exhibits a very weak
optically transparent electrode (OTE/LHI©OOC-R,—S— fluorescence emission. However, upon negatively charging the
(Au)—S—R;—Py) and subjected to different applied potentials gold nanocore by external bias, the fluorescence intensity
(Figure 7). As the electrode is biased to negative potentials, anincreases. Charging the gold nanoparticles increases the energy
increase in the emission yield was observed. The overall shapebarrier and thus suppresses direct electron transfer. This
of the emission band remains the same suggesting that thesuppressed electron-transfer pathway at negative bias increases
photoactive molecule contributing to the emission is unper- in radiative process. In addition to this indirect evidence for
turbed. At potentials more negative thaii.0 V, 90% of the the electron transfer between excited chloroplayhnd gold
guenched emission is restored by charging the gold nanopar-nanoparticles, direct evidence for electron transfer was also
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Figure 8. Photocatalytic splitting of water following the band gap excitation of the semiconductor nanopatrticle (left) and a photoelectrolysis cell
based on a nanostructured semiconductor film electrode (right).

TABLE 1: Influence of Metal on the Hydrogen Evolution metal and the photocatalytic activity for the generation of
Rates in TiO, Assisted Water Splitting Reaction (from ref NH; from azide ions has been made for metallized ;TiO
121) systems3? For more than two decades, a number of research
catalyst H,ul/hr  catalyst H,ul/hr  catalyst H,ul/hr groups are involved in modifying the photocatalytic properties
PH/TiO, 7.7 Ru/TiQ 0.2 Ni/TiO, 0.1 of TiO, and other semiconductor materials using metal
Pd/TIO, 6.7 Sn/TiQ 0.2 TiO, <0.1 deposits!7:120.122,133137

RA/TIO, 28 Doping of TiG; nanostructures with transition metal ions has

been probed by several researchers to improve the photocatalytic
properties of semiconductor nanopatrticles (see for example refs
138 and 139). Effort was made to incorporate metal ions to
extend the photoresponse of Bifims into the visiblel40.141

d Doping of TiO, with anions such as nitrogen and sulfur has
been found to be effective in extending the photoresponse to
the visible42-151 There has been significant activity in recent
years to utilize new nanophotocatalysts that respond in the
visible 141.152-155 The splitting of water under visible light with

a catalyst consisting of a solid solution of gallium and zinc
nitrogen oxide (Ga xZny)(N1-xOx) has recently been reported

2. Catalysis with Semiconductor/metal Nanocomposites using modifications_witrg nanoparticles of a mixed oxide of
Semiconductor nanoparticles when subjected to band gaprhod|u_m f"md cr_lrorplun#? N
excitation undergo charge separation. Because of the small size While investigating the effect of metal deposition on the
of particles and high recombination rate, only a fractio®%) photoelectrochemical properties, Nakato and Tsubumora ob-
of these charges can be utilized to induce redox processes aperved unusually high open-circuit voltages for n-Si electrodes
the interface. The photocatalytic processes using i@ other ~ Modified with metal island$*"***Gold film deposition on a
semiconductors have demonstrated the need to overcome théingle-crystal TiQ electrode on the other hand led to a decrease
limitations in achieving higher photoconversion efficiencies. Of in the photopotentiaf>®®°An unusual photoelectrochemical
particular interest is the use of semiconductor nanostructures€ffect has also been reported for Ni/fiGhanocomposite
for solar hydrogen production by the photocatalytic spliting of films.*°* The photoelectrochemical performance of Tims
water47:197110 The principle of photocatalysis for producing is influenced by the adsorption of gold nanoparticles from a
solar hydrogen is presented in Figure 8. toluene solutiort37:162-164 Metal nanoparticle deposition was
Efforts to employ semiconductesemiconductor or semi- found to promote the interfacial charge-transfer process in these
conductormetal composite nanoparticles have been explored COmposite systems. A40% enhancement in the hole transfer
to facilitate charge rectification in the semiconductor nanostruc- €fficiency was confirmed in the laser flash photolysis study of
tures and improve the charge separation efficieA&y1® For gold capped Ti@ nanoparticles. The size of nanoparticles as
example, the deposition of a noble metal on semiconductor Well as the mode of deposition of metal nanoparticles becomes
nanoparticies is beneficial for maximizing the efficiency of crucial while tailoring the properties of semiconductor f||Fﬁ%
photocatalytic reactiorfg120-125 Similarly, interfacial changes seen when subjected to UV
During the early years of photocatalysis, it was shown that irradiation also influence the overall photocatalytic activity of
the photoinduced deposition of noble metals such as Pt, Pd, orsémiconductormetal composite&2°1¢7
Ir on semiconductor nanoclusters enhance their photocatalytic Chemical, electrochemical, and photolytic methods are com-
activity 121125131 One of the early studies (Table 1) highlighted monly used for the deposition of noble metals on semiconductor
how different metals influence the semiconductor-assisted nanoparticles. One simple way to deposit metal on,Tig&xo
hydrogen productio#?! A basic understanding of the energetics choose a metal ion that electrostatically binds to the oxide
and electron-transfer process at the semiconductor-metal intersurface'3”168The gold capped Ti©nanoparticles for example
face is crucial to design new and efficient catalyst materials. can be prepared by first synthesizing a T&dspension in water
The noble metal (e.g., Pt), which acts as a reservoir for (stabilized at pH 1.5) and then capping these particles with
photogenerated electrons, promotes an interfacial charge-transfefAuCl,4]~. The positively charged Ti©core acts as a support
process. A direct correlation between the work function of the to bind [AuCL]~ ions that are subsequently reduced by chemical

obtained using nanosecond laser flash experiments. Taking
advantage of these properties of gold nanoparticles, a photo-
electrochemical cell based on @rdnd gold nanoparticles has
been constructed.

The examples discussed above show the ability of gol
nanoparticles to accept electrons from excited chromophores.
Such a photoinduced electron-transfer process occurs only with
small size €5 nm diameter) particles. The unique electron
storage property of gold nanoparticles are yet to be explored
fully for facilitating charge separation and charge transport in
light harvesting systems.
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Figure 9. Synthetic strategy for preparing semiconductor-gold nanoparticles. TEM images of gold cappperigles prepared using (A) Chemical
reduction and (B) UV-irradiation are shown. (From refs 168 and 169.)
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Figure 10. Design of semiconductor-metal nanocomposites using (a) coupled and (b)sbetegeometry.

reductiort®® or using UV irradiationts® The principle for charged semiconductor nanostructure or nanoparticle, the Fermi
preparing such metalsemiconductor nanocomposites is shown levels of the two systems equilibraie.177-180
in Figure 9. Similar methodology has also been adopted to One factor that can potentially influence the electronic
deposit silver clusters on anatase Ti@anorods’%171 These properties of the nanocomposite is the size of the metal particle.
Ag—TiO; nanorods show the possibility of enhancing photo- For example, Haruta and co-work&#s!82 demonstrated that
catalytic activities by way of morphology and the size of silver gold nanoparticles in the-25 nm range show unusually high
clusters. catalytic activities. Goodman and co-workers have demonstrated
Fundamental understanding of the photoinduced interactionsthe influence of gold nanoparticle deposition on the overall
between a semiconductor and metal as well as the interfacialenergetics and catalytic activity of titariigg:184Similarly, size-
charge-transfer process in nanocomposites is important todependent quantized conductance at metal nanocontacts has also
elucidate the role of noble metals in semiconductor assistedbeen demonstratéd®
photocatalysis. A better understanding of the energetics of such The Au-mediated electron transfer to an electron acceptor
nanocomposite systems is important for tailoring the properties such as @ can be followed by introducing Au nanopatrticles
of next-generation nanodevices. The mediating role of noble to UV-irradiated TiQ suspensiorig0.186
metals in storing and shuttling photogenerated electrons from

the semiconductor to an acceptor in a photocatalytic process TiO, + hv — TiO, (ecg + hyg) (1)
can be understood by designing composite structures with
coupled and coreshell geometry (Figure 10). TiO, (e-s + hyg) + C,H.OH— TiO, (e) + *C,H,OH

a. TiO,—Gold Composite Nanoparticles.The realization 2 (e s 2 24 2 (2)

of catalytic properties of ultrasmall gold nanoparticles has

created a great deal of interest in its utilization and understanding The spectra andb in Figure 11 were recorded before and after
of its size-dependent properties in photocatalytic reactions. the addition of Au nanoparticles to the UV-irradiated %iO
Electrochemical/2-174 photochemica?17>and spectroelectro-  suspension. The decreased blue coloration of the UV-irradiated
chemicaf®17¢experiments have shown that the gold nanopar- TiO, suspension shows the transfer of electrons to Au nano-
ticles capped with organic molecules exhibit unusual redox particles as the two particles undergo charge equilibration
activity by readily accepting electrons from a suitable donor or (reaction 3). Upon addition of 4g solution to the equilibrated

an electrode. If such metal particles come in contact with a TiO,/Au(e) suspension (viz., the solution corresponding to
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Figure 11. Absorption spectra of deaerated Fi(®.5.mM) suspension after UV irradiatioan & 300 nm) for 120 min: (a) before and (b) after
addition of 0.6 mM Au nanoparticles (8 nm diameter). After equilibrating.Té@d Au system, known amounts oggSolution (deaerated) was
syringed into the sample and reference cells. The concentrationg of e sample cell were (c) 5.9, (d) 11.7, (e) 17.5, and (f) 28R (From
ref 180.)

spectrumb) one can observe the formation o§C from the
absorption band at 1075 nm (spect+ in Figure 1J). The TiO,/Au
increase in 1075 nm absorption quantitatively represents the
formation of Go~ as a result of electron transfer (reaction 4).

TiO,(e) + Au — TiO,—Au(e) ®) ™
TiO,—Au (€) + Cgo— TiO,~Au + Cqy (4) Redox

couple

Noble metal mediated photocatalytic reduction reactions dem-
onstrated in earlier studies (see for example, refs 20 and 187)
can now be understood by isolating the individual electron-
transfer steps (viz., Tige) — Au(e) — Ceo). The ability to
probe such individual electron-transfer steps is an important
aspect toward understanding the factors that dictate the noble
metal mediated catalytic reduction processes. Figure 12. Schematic representation of shift in Fermi level of the
Murray and co-workers have demonstrated that Au nanopar- composite as a result of electron storage. (From ref 180.)
ticles possess the property of storing electrons in a quantized
fashion!06.172 The double-layer charging around the metal level for each accumulated electron in smaller size Au nano-
nanoparticle facilitates storage of the electrons within the gold particles than the larger ones. For example, a shift of 0.1
nanoparticle. When the semiconductor and metal nanoparticlesV/electron has been reported fer2 nm Au nanoparticle’/?
are in contact, the photogenerated electrons are distributedThus, the composite catalyst with smaller Au nanoparticles is
between TiQ and Au nanoparticles (Fermi level of Aa+0.45 expected to be more active catalytically than that composed of
V versus NHE). The transfer of electrons from the excited,TiO larger Au particles. These observations parallel the size-
into Au continues until the two systems attain equilibration. dependent catalytic properties of gold nanoparticles deposited
Since the electron accumulation increases the Fermi level of on titania in earlier studie’$? By probing the photoinduced
Au to more negative potentials, the resultant Fermi level of the electron-transfer process in a stepwise manner, it is possible to
composite shifts closer to the conduction band of the semicon- demonstrate the effect of gold nanoparticle size on the overall
ductor. This observed shift in the Fermi level of the composite energetics of the Ti@-Au composite system.
system is in agreement with the observations made in the case If indeed, such a particle size effect influences the energetics
of ZnO—Au systems7517°The negative shift in the Fermi level by shifting the Fermi level to more negative potentials; it should
is an indication of better charge separation and more reductivebe possible to translate this beneficial effect to the photoelec-
power for the composite system. Figure 12 illustrates the shift trochemistry of nanostructured semiconductor films. Whernp TiO
in the Fermi level of the composite as a result of charge and TiG—Au films are deposited on conducting glass electrodes
equilibration between semiconductor and metal nanoparticles.used as photoanode in a photoelectrochemical cell, they reflected
The particle size effect on the shift in apparent Fermi level the same trend. Photocurrents at different applied potentials
was determined from thegg yield using different size Au recorded under UV illumination are presented in Figure 14.
nanoparticles (Figure 13). The smaller Au particles induce  The zero-current potential in these traces correspond to

E- —Apparent Fermi Level before photoexcitation

E* —Apparent Fermi Level after photoexcitation

greater shift in ¥ than the larger particles. A-60 mV shift apparent flat band potential of the nanostructured semiconductor
in the flat band potential was achieved using 3 nm diameter film. At this applied potential, all of the photogenerated electrons
gold nanoparticles as compared to-20 mV shift for 8 nm and holes recombine without producing any net current flow.

Au nanoparticles. This shows that we can tune the apparentFrom Figure 14, it is evident that the apparent flat band potential
Fermi level of the composite system by controlling the size of of nanostructured Ti@in 0.05 M NaOH is at—0.98 V versus
the metal nanoparticle. Since the energy levels in the gold SCE (tracea). A shift in the flat band potential to negative
nanopatrticles are discrete, we expect a greater shift in the energypotentials is seen for the TS Au composite system. The
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TABLE 2: Apparent Fermi Level of TiO , and TiO,/Au
Nanocomposite Systenig®

diameter of
Au particle [Ceo] 0 [Ceof] a E;:*b
photocatalyst (nm) (M) (uM) (mV)
TiO, - 94 36.1 —230
TiO,—Au 8 94 50.9 —250
TiO—Au 5 94 65.6 —270
TiO,—Au 3 94 76.8 —290

2 A suspension containing 5.5 mM TiGnd 0.06 mM Au in 1:1
toluene:ethanol mixture was irradiated with UV light for 30 min.
Equilibrated concentration ofgg” was determined spectrophotometri-
cally after the addition of concentratedJGolution to the preirradiated
suspension? Ef* = Ej, = —0.25+ 0.059 log [Goled[Ceo ] Where,
[Céleq = [Cea)o — [Ceo ]-

for energy viable photocatlytic conversion processes. Directing
the future research efforts toward utilization of such less
expensive noble metals as catalysts for the fuel production (e.g.,
solar hydrogen production) is important to design strategies for
attaining higher photoconversion efficiencies.

) ) ) i ) b. Ag Core—TiO, Shell Nanostructures for Storing Pho-
Figure 13. Effect of gold particle size on the photocatalytic reduction - ,40narated Electrons Despite significant advance in designing
efficiency of TiO, as monitored from g reduction. TEM images of X 194
corresponding gold nanopatrticles are also shown. (Adapted from ref m_e_tal core-semiconductor shell clust&%** the ef_forts t‘?
180.) utilize such core-shell structures as photocatalysts in the light
energy conversion systems (photoelectrochemical cells, hydro-
gen production, etc.) are limited. A coupled metsémiconduc-

7 Voltage (V) vs. SCE 12 tor structure such as the one discussed in the previous section,
. 0] . ] , . Yy , though effective, results in exposing both metal and oxide
surfaces to reactants, products, and the medium. Corrosion or
dissolution of the noble metal particles during the operation of
a photocatalytic reaction is likely to be problematic in using
noble metals such as Ag and A&#:16°A better synthetic design
would be to employ the metal as a core and the semiconductor
photocatalyst as a shell. Silica has been employed as a shell to
protect Ag and Au nanoparticles. Preparation and characteriza-
tion of Au@SiQ and Ag@SiQ core—shell clusters have been
reported for metal coreoxide shell cluster38-190.195

By capping a noble metal with a semiconductor shell, one
can design a new series of photocatalysts. For example, the
Ag@TiO, clusters are able to store electrons under UV
irradiation and discharge them on demand in the &%k’
Figure 14. Shift in flat band potential of Ti@-Au nanocomposite as ~ When such metal coresemiconductor shell composite particles
monitored by +V characteristics of Ti@and TiG—Au electrode in were subjected to UV irradiation, a blue shift in the plasmon

Reduction Efficiency (%)

i Tio,

TiO,-Au(8nm)

Current (mA)

TiO,-Au(5nm)

a photoelectrochemical configuration. (From refs 163 and 180.) absorption band from 480 to 420 nm was observed (Figure
15).
shifted apparent flat band potential is observed-at04 and The shift of 60 nm in the plasmon absorption reflects

—1.14 V versus SCE for electrodes modified with 8 and 5 nm increased electron density in the Ag core during photoirradiation.
gOId nanoparticles respectively. In other words, we can still draw Since TiQ undergoes charge separation under UV irradiation
a significant photocurrent using the T#u system at potentials  (similar to reactions 1 and 2), the photogenerated electrons are
(e.9.,—0.98 V vs SCE) that show complete recombination in transferred quickly to Ag nanocore as the two systems undergo
pristine TiQ,. Obviously, the presence of Au facilitates charge charge equilibration. Metal particles such as silver and gold with
separation and promotes interfacial electron transfer at thea favorable Fermi leveEg = 0.4 V) are good electron acceptors
e'ectr0|yte interface. It is interesting to note that the trend of and facilitate quick electron transfer from excited I|O’he
size-dependent shift of flat band potential is similar to that transfer of electrons from the excited semiconductor to the metal
obtained in the particle suspension system (Table 1). Theis an important aspect that dictates the overall energetics of the
observed photocurrents at positive bias are significantly higher composite and hence the efficiency of photocatalytic reduction
for the composite films involving Au nanoparticles. These procesd?5:179.180,198
photoelectrochemical measurements further confirm the effect  Figure 16 shows the reproducibility of the plasmon absorption
of noble metal in improving the energetics of the semiconductor peak response to the UV irradiation and air exposure in dark.
nanostructures. The plasmon absorption band shifts from 470 to 420 nm during
The property of Ti@-gold nanocomposites discussed in the 1 min UV irradiation of deaerated Ag@TiGuspension. The
above sections is an example to highlight the importance of plasmon absorption regains the original spectral features when
nanostructured assemblies for modulating the energetics ofthe stored electrons are discharged in the dark by exposure to
photocatalysts. Such composites are yet to be explored fully air. It is possible to repeat the photoinduced charging and dark
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A= 470 nm A,= 430 nm nm) is used to obtain quantitative information on the electron-
transfer yield. These metal cereemiconductor shell composite
hv GJ clusters are photocatalytically active and are useful to promote
93 9 light induced electron-transfer reactions. Exploring the catalytic
_ Ag ‘:> activity of such composite structures could pave the way for
(h) ON designing novel light harvesting systems.
( 'rioo) c. Semiconductor-Semiconductor CompositesPhotoin-
2 duced charge separation in a semiconductor nanoparticle can
ethanol be greatly improved by coupling it with another semiconductor
products . . . .
particle having favorable energetics. By selecting a short band
2 gap semiconductor, one can also harvest photons in the visible.
Semiconductors such as C#%;199.200ppS114,201 Bj,S; 114,202
CdSe?%3 and InP7which absorb light in the visible, can serve

16 as sensitizers as they are able to transfer electrons to large band
o gap semiconductors such as %i0r SnQ. Improved charge
2 1.2 separation and enhanced photocatalytic efficiency of such
E composite nanostructures have been extensively studied by our
E groupHs:118.204207 and other research groups:2°8-212 Readers
<0.8 are refered to earlier reviews to obtain charge transfer and

charge rectification in various semiconductor composite sys-
tems:'L34,l78,213,214

By controlling the particle size of quantum dots, one can vary
the energetics of the particles. Increased band energies of Q-dots

0 ! ! : : can thus be utilized to promoté? suppresg®” or rectify?03216
300 400 500 600 700 the electron transfer between two semiconductor nanostructures.
Wavelength , nm Such composite structures rectify the flow of charge carries and

Figure 15. Photoinduced charge separation and storage in an Ag core improve the photocatalytic performance or photoelectrochemical
TiO, shell nanocomposite particles. A shift in the plasmon absorption performance of nanostructure semiconductor based systems. For

can be seen upon excitation with UV light. (From ref 196.) example, nearly 10 times enhancement in the photocatalytic
efficiency has been achieved by coupling 7i@nd SnQ
systemg18.206 Similarly, composites of Zn@CdS!!2 TiO,—
SnG, 116 SNO—CdSe?l” and SnG—CdS15 have been success-
fully used to promote efficient charge separation and charge
propagation in dye-sensitized solar cells.

Our early study on the Ti®-CdSe system further highlights
the importance of rectifying behavior of the composite system
and their usefulness in improving the overall performance of
nanostructured semiconductor systefigl5Recently, we were
able to establish the charge injection from excited CdSe quantum
dots into TiQ particles using emission and transient absorption
measurements?>

The transient absorption spectra representing the bleaching

recovery of the CdSe quantum dots in the absence and presence
of TiO; colloids are shown in Figure 17. In the absence of,JiO

480

460

Plasmon Absorption Peak, nm

420 the bleaching recovery of the 530 nm band occurs slowly, and

0 2 4 6 8 10 only about 30% of the bleaching is recovered in 1.5 ns. On the
other hand, the presence of Tif the suspension accelerates

Time, min the recovery and nearly 75% of the recovery in 1.5 ns. The

Figure 16. Response of plasmon absorbance peak to electron storageenhanced recovery of the 530 nm band reflects the influence of
following the UV—irradiation of deaerated Ag@Ti@olloidal suspen- TiO, in accepting electrons from the relaxéfs,'S. state.
sion in ethanol and dark discharge in air. (From refs 196 and 197.) Electron transfer from the thermally relaxed s-state occurs over
discharge cycles repeatedly and reproduce the plasmon absorpa wide range of rate constant values between 0.073 andx1.95
tion response to stored electrons (Figure 16). 10" s71.215 The injected charge carriers in a CdSe-modified
A similar but less pronounced effect was noted for Au capped TiOz film can be collected at a conducting electrode to generate
with SnG, particles!® The electrons were injected chemically a photocurrent. Another emerging area is the development of
using a reductant, NaBH Since the electrons stored in the heterostructures synthesized from CdSe and CdTe which
Ag@TIO; colloids can equilibrate with the redox couple in localizes carriers to different regions of the tetrahedral geom-
solution, it is possible to carry out a redox titration and obtain etry?8 The dynamics of carrier relaxation examined in this study
quantitative information on the stored electrons. The stored showed heterostructures having rise times and biexponential
electrons estimated by titration with thionine dye showed that decays longer than those of nanorods with similar dimensions.
one can store more than 50 electrons in the silver core andOpportunities exist to develop ordered assemblies of short and
discharged on demand. In other words, stored electrons can bdarge band gap semiconductors and harvest photons over a wide
utilized to carry out catalytic reduction in dark. The formation spectral range of the visible and infrared light with better charge
of Cgo~ with characteristic absorption in the IR region (1075 separation.
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Figure 17. (A) Absorption and emission spectra of CdSe quantum dots before and after mixing with colloidglartioles. (B) and (C) represent
bleaching recovery of MPA capped CdSe quantum dots in the absence and presencecoll®id@s respectively. Excitation was at 387 nm. (D)
Absorption recovery profiles at 530 nm recorded following the 387 nm laser pulse excitation of CdSe araT@iSErom ref 215.)

3. Photochemical Solar Cells cluster aggregates can be prepared by mixing an equimolar

Various strategies have been developed in recent years tosolution of porphyrin HPCWMPC or HP-ref and Goin toluene
construct photochemical solar cells using organized assembliesand then injecting it into a pool of acetonitri&. These optically
of nanostructure architectures. Some of the recent developmentgransparent composite clusters are stable at room temperature
in the area of assembling nanostructures as organized assembliegnd they can be reverted back to their monomeric forms by
on electrode surfaces and their role in improving the perfor- diluting the solution with toluene.
mance of solar cells are presented in this section. Many of these The absorption spectra of JHC11MPC and € in neat
systems have the potential to develop third generation solartoluene are compared with that of KPIC11MPGC-Ceo)m]
cells1® Four promising strategies will be discussed in detail here. clusters in acetonitrile/toluene (3/1, v/v) in Figure 19A. The
These include (1) donetacceptor based molecular clusters (2) composite clusters [PC11MPG-Cgo)r] in the mixed solvent
dye sensitization of semiconductor nanostructures, (3) quantum(spectrum a) exhibit much broader and more intense absorption
dot solar cells, and (4) carbon nanostructure based solar cellsin the visible and near IR regions than those of parent
The illustration of these systems are given in Figure 18. H,PC11MPC (spectrum b) and¢Xspectrum c) in toluene. The

a. Porphyrin—Fullerene Assemblies for Solar CellsCom- composite clusters absorb throughout the visible part of the solar
posites of donor and acceptor moieties (e.g., porphyrin and spectrum. This demonstrates that the composite clusters-of H
fullerene) in the form of clusters when assembled as a three-PC11MPC and g are superior light absorbers as compared to
dimensional network on a conducting surface provide a meansthe single component clusters offC11MPC or Go. A similar
to achieve efficient photocurrent generation. The supramoleculartrend is also observed for other chromophore functionalized
chemistry approach as a means of assembling donor (porphyrin)metal particles, viz., PPC5MPC and BPC15MP 221226
and acceptor (g) for light energy conversion has been  These molecular clusters prepared in mixed solvents can be
extensively studied by us in recent pap&fs22? This section  assembled on electrode surfaces using an electrophoretic deposi-
represents an overview of utilizing organized assemblies of tion technique. In a typical deposition experiment, a known
donor and acceptor moieties (viz., porphyrin angh)Cor amount of porphyrin derivatives,sg or mixed cluster solution
developing photochemical solar cells. in acetonitrile/toluene (3/1, v/v, 2 mL) is transferramla 1 cm

Electrophoretic Deposition of Molecular Cluster Films. cuvette in which two optically transparent electrodes (viz., OTE/
Porphyrin and its derivatives @R-ref and porphyrin monolayer  SnQ, and OTE) are kept at a distance of 6 mm using a Teflon
protected gold clustersH,POnMPC) and G are soluble in spacer. A DC voltage (200 V) is then applied between these
nonpolar solvents such as toluene but sparingly soluble in polartwo electrodes using a Fluke 415 power supply. The deposition
solvents such as acetonitrile. When a concentrated solution ofof the film can be visibly seen as the solution becomes colorless
Cso Or porphyrin in toluene is mixed with acetonitrile by fast with simultaneous brown coloration of the OTE/Srelectrode.
injection method, the molecules aggregate and form stable The OTE/SnQ@ electrode coated with mixed ;RONMPC
clusters of diameter 166200 nm?23-225The same strategy can  (porphyrin monolayer covered gold particles) ang €usters
be extended to prepare mixed or composite molecular clustersis referred to OTE/Sn@(H,PONMPC + Cgo)m. A quaternary
consisting of HP (or LPCZWMPC) and G molecules. Mixed organization of donoracceptor moieties on an electrode



Feature Article J. Phys. Chem. C, Vol. 111, No. 7, 2002845

Photochemical Solar Cells
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Figure 18. Strategies to utilize nanostructures in photochemical solar cells: (A) Photoinduced electron transfer+adoeptor assemblies; (B)
Charge injection from excited dye into semiconductor particles; (C) Photoinduced efebtienseparation in CdSe quantum dot semiconductor
assemblies; and (D) Carbon nanotube architectures on electrode surfaces.

surfac@?6 is shown in Figure 19B. The AFM image of the system, the porphyrin excited singlet state is expected to be
electrode consisting of donor acceptor,fHand Gg) mixed quenched by g via electron transfer in the porphyriCesg
clusters is also shown. complex rather than by gold nanocluster via energy transfer.
Photoelectrochemical Performancehe photoelectrochemical  The length of the linker molecule also influenced the IPCE.
performance of the OTE/S{H,PONMPC + Cgg)m, electrode Figure 20 shows the effect of the alkanethiolate chain length
can be evaluated by employing it as a photoanode in a on the IPCE value¥! Comparison of the photocurrent action
photoelectrochemical cell. Photocurrent measurements werespectra indicate that the higher IPCE and the broader photore-
performed in acetonitrile containing Nal (0.5 M) and(0.01 sponse are attained with the longer chain length SAGMPC.
M) as redox electrolyte using a Pt gauge counter electrode. In particular, OTE/Sn@(H,PC15MPC+ Cgo)m exhibits the
Photocurrent action spectra of fFAONMPC + Cgo)m Clusters maximum IPCE value (54%) and very broad photoresponse (up
were recorded by varying the excitation wavelength (Figure 21). to ~1000 nm), thus extending the response to the near IR region.
The incident photon to charge carrier conversion efficiency In OTE/SnQ/(H,PC15MPCHCso)m, @ long methylene spacer
(IPCE) values were calculated by normalizing the photocurrent of H,PC15MPC allows sufficient space for the insertion of
values for incident light energy and intensity (expression fullerene molecules and interact with the neighboring two

5)?220.221,227 porphyrin moieties (See illustration of insertion afg®etween
the porphyrin rings of PPC15MPC in Figure 203!
IPCE (%)= 100 x 1240 % |/(lj,e x 4) (5) The power conversion efficiency;) of the photochemical
solar cell can be evaluated by varying the load resistance (Figure
wherelg is the short circuit photocurrent (A/@n linc is the 21)#1 A drop in the photovoltage and an increase in the

incident light intensity (W/cr), andA is the wavelength (nm). photocurrent are observed with decreasing load resistance. The
The overall response of OTE/SH(H,PONMPC + Ceo)m OTE/SnQ/(HPC15MPC+ Ceo)m system has a much larger
parallels the broad absorption spectral features, indicating thefill factor (FF) of 0.43, open circuit voltagevgc) of 380 mV,
involvement of both PONMPC and G in the photocurrent short circuit current density4) of 1.0 mA cnt?, and the overall
generation. power conversion efficiencyy] of 1.5% at input powerWi,)

The photocurrent exhibits a clear dependence on the acceptoef 11.2 mW cnr2,
concentrattion. A maximum IPCE of 28% at 490 nm was In the above example, the gold particle provides the necessary
attained with a relative ratio of [#P]:[Csq] = 38:62. Considering foundation to organize doneicceptor moieties. Molecular
the well-established photodynamics of the porphyfirlerene architectures such as dendrimers and polypeptides can also be
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Figure 19. A. Left: Absorption spectra of (a) fPCLLMPC+ Ceo)m in acetonitrile/toluene (3/1, v/v); [#P] = 0.19 mM [Gs] = 0.31 mM, (b)
H,PC11MPC in toluene; [BP] = 18 uM, (c) Cgo in toluene; [Gg = 150uM and (d) (HPC11MPC) in acetonitrile/toluene (3 /1, viv); [{#P] =

0.19 mM (From ref 221) B. lllustration of high-order organization of po
(HoPCLIMPCH Ceo)m and (b) (HPC11IMPCin, AFM image of (c) OTE/S
ref 226.)
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Figure 20. Photocurrent action spectra (presented in terms of IPCE)
OTE/SnQ/(HPONMPC + Cgo)m electrode (HP = 0.19 mM; (a)n =

5, [Csq) = 0.31 mM; (b)n = 11, [Csg] = 0.31 mM; (c)n = 15, [Csq

= 0.31 mM; (d)n = 15, [Csg] = 0.38 mM. Electrolyte 0.5 M Nal and
0.01 M |, in acetonitrile. The scheme (right) shows the organization of
porphyrin and & on gold particle and the influence of the linker
molecule chainlength in maximizing charge transfer interaction. (From
ref 221.)

used to organize donemacceptor molecules. An example of
porphyrin octamer with a polypeptidic backbone (B#b) is
shown in Figure 22. Such assemblies have been utilized to
construct porphyrirfullerene assemblies for solar ceif$The
OTE/SNnQ/(P(H:P) + Ceso)m System has also a large fill factor
(FF) of 0.47, open circuit voltagd/{c) of 300 mV, short circuit
current density Ig) of 0.31 mA cnt?, and the overall power
conversion efficiencyrf) of 1.3% at input powerW,) of 3.4
mW cny2.229

Photocurrent Generation Mechanisrithe primary event
responsible for photocurrent generation is the photoinduced
charge separation between excited porphyHpP'/HP+ =
—0.7 V vs NHE) and G (Cso/Cs~ = —0.2 V vs NHE). The
electron transfer fromH,P* to Cgo is completed in the
subnanosecond time scale. The reducggligjects electrons
into the SnQ (Ecs = 0 V vs NHE) nanocrystallites and the
oxidized porphyrin (HP/HP* = 1.2 V vs NHE) undergoes
electron transfer with iodide iod/I~ = 0.5 V vs NHE)?2!
The photocurrent mechanism is summarized in Figure 23. This

rphyrin apgu@its with gold nanoparticles and their TEM image of (a)
n@(HPC11MPC+ Ceo)m and (d) OTE/Sn@(H,PC11IMPCn. (From

400
o _OTE/SNO/(H,PC15MPC+Cog)
300 |
n= 1.5%
e
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g |
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Figure 21. Current-voltage characteristics of (a) OTE/Ss®-
PC15MPC + Cso)m electrode and (b) OTE/Sn@H.Pref + Ceo)m
electrode prepared from cluster solution of ff= 0.19 mM; [Gs]
= 0.38 mM) under visible light illuminationi(> 400 nm); electrolyte
0.5 M Nal and 0.01 M4 in acetonitrile; input power: 11.2 mW/cm
(From ref 221.)

approach of photoinduced charge separation is similar to the
photogalvanic mechanism proposed a few decadeZ38g§3
Because of the low dye concentration and mass transfer
limitations, the efficiency of such cells remained quite low
(<0.1%). As shown in this section, the ability to organize the
donor-acceptor system is a key for achieving better charge
separation and higher photoconversion efficiency. Many of the
donor-acceptor assemblies synthesized during last two decades
need to be explored for their application in solar cells.

b. Dye Sensitized Solar CellsThe process of utilizing
subbandgap excitations with dyes is referred as photosensiti-
zation and is conveniently employed in silver halide photography
and other imaging science applications. The dye-modified
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Figure 22. Organized assembly of porphyrin functionalizegolypeptides and fullerene clusters and photocurrent action spectra (IPCE vs wavelength)
using different peptide units. OTE/Sa@lectrodes were deposited with clusters from (a) fP)d = 0.19 mM, (b) [P(HP)] = 0.10 mM, (c)
[P(H:P)] = 0.048 mM, and (d) [P(£P)] = 0.024 mM; [Gg = 0.31 mM in acetonitrile/toluene= 3/1. (From ref 229.)

OTE/SnO/(H2PCnMPC+Co)m

Deactivation hv

OTE/SnO/(H2P™+CnMPC+Cgo™)(HoPCAMPC+Ceg)m-1

%

OTE/SnOx(e)/(HoP CnMPC+Cigg)m

. X2
™
+1

Figure 23. Mechanism of photocurrent generation at a OTE/8nO
(P(HP)X + Ceo)m €electrode. (From ref 221.)

semiconductor films provide an efficient method to mimic the
photosynthetic process. The charge separation in this case
facilitated by a semiconductor particle.

interaction between Ru(ll) polypyridyl complex and CdSe has
been investigated for the hole transfer procé&gs.

The charge injection from excited sensitizer into semiconduc-
tor nanoparticles is an ultrafast process occurring on the time
scale of femtoseconds to nanosecotfdd#4266272 E|ectron-
transfer kinetics in dye-sensitized Spénd TiQ, systems has
been evaluated in terms of Marcus the®$/2’“Hupp and co-
workerg”® have successfully applied this theory to probe the
recombination of conduction band electrons from Smh®an
oxidized sensitizer. Other research grotipd’’ have also
employed this model to investigate the charge recombination
kinetics. As the driving forceAG, increases, the rate of ET
increases, reaching a maximum when the driving force equals
the reorganization energy.

is Both experimental and theoretical evaluations of these cells
have been carried out, and the efficiency limiting factors have

The high porosity of mesoscopic semiconductor films enables been identified’®27° Recently, interest has been shown in
incorporation of sensitizing dyes in large concentrations. The developing ordered arrays of Ti@anotubes either by electro-

nanostructured Tigfilms modified with a ruthenium complex

chemical etching of Ti foil in a fluoride medium or depositing

exhibit photoconversion efficiencies in the range of 11%, which TiO; rods on a conducting surfaé® 28 Using this strategy,
is comparable to that of amorphous silicon-based photovoltaic nanotubé’” and nanowiré®® based DSSC have also been
cells?34-238 Bignozzi et al. have presented a supramolecular reported. The dye-sensitized cell in which the traditional

approach for designing photosensitiz&%By optimizing the

nanoparticle film is replaced by a dense array of oriented,

design of light harvesting molecules (sensitizers), it should be crystalline ZnO nanowires ensures the rapid collection of carriers
possible to suppress the interfacial charge recombination andgenerated throughout the devi€€.Compared to mesoscopic

improve the cross section for light absorption.
When the electrode is illuminated with visible light, the

semiconductor films, the ordered arrays of tubes, wires and rods
provide a well defined architecture. An improvement in the

sensitizer molecules absorb light and inject electrons into the electron transport observed in the ZnO array has been attributed
semiconductor particles (see for example some representativeto the decrease in the number of grain bound&fitghe ZnO

systems involving Sng#40Zn0 241 or Ti0,103.116.242245 These

rod array employed in one such investigation is shown in Figure

electrons are then collected at the conducting glass surface ta25.

generate anodic photocurrent. The redox couple (&dYl,")
present in the electrolyte quickly regenerates the sensftt¢er.

Over the past decade, a number of research groups have
worked toward fine-tuning the performance of electrode struc-

The quenching of the excited sensitizer by the redox couple ture, pretreatment of TiQsurface, modification of ruthenium

can be readily suppressed by the use gf usters. These &

clusters act as a relay to shuttle electrons across the intéfface.

bipyridyl complex with a variety of functional groups, regenera-
tive redox couples, and electrolyte medium. Despite this large

The charge injection between excited sensitizer and the semi-body of work, the maximum attainable efficiency has remained
conductor film can be readily modulated by applying an external in the range of 1611%. A detailed discussion on various

bias248-250 Ru(ll) trisbipyridyl-complex modified Ti@ nano-
structured films exhibit incident photon to charge carrier

aspects of dye-sensitized solar cell is beyond the scope of the
present review. Recent review articles provide more details on

generation efficiency (IPCE) of nearly 90% under optimized such dye-sensitized solar cells (DSSC) and their application in

light-harvesting conditior’8* By choosing an appropriate

constructing solar panet8t-2°4 Industrial interest in testing these

sensitizer, it is possible to tune the photoresponse of thesesystems for commercial solar panels is a bright spot in
nanostructured semiconductor films. For example, sensitizing visualizing the potential application of dye sensitized solar cells.

dyes such as chlorophyll analog#€k,25* squaraineg>5256
rhodamine?>” and oxazine¥® can extend the photoresponse of

¢. Quantum Dot Solar Cells.Ordered assemblies of narrow
band gap semiconductor nanostructures are convenient systems

SnQ films to the red-infrared region. Recently, excited-state by which to harvest visible light energy if employed as
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Figure 24. Principle of dye sensitized solar cell. The scheme shows charge injection from excited sensitizer (S*) into semiconductor electrolytes.
The design on the right shows a versatile cell assembly that is useful for electrochemical, photoelectrochemical, spectroscopic, and
spectroelectrochemical measurements.
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Figure 25. Left: Schematic representation of the ZnO-Nanorod array sensitized with Zinc porphyrin sensitizer. FESEM image of ZnO nanorod

array prepared by MOCVD is also shown. (From ref 289.) Right: FESEM images of a nanotube-array sample grown by electrochemical etching.
(From ref 290.)

electrodes in photoelectrochemical cells. The photocurrent foremost, size quantization property allows one to tune the
obtained using such nanoparticle assemblies is often low as faswisible response and vary the band offsets to modulate the
charge recombination limits photocurrent generation. By em- vectorial charge transfer across different sized particles. In
ploying composite semiconductors, however, it has been pos-addition, these quantum dots open up new ways to utilize hot
sible to improve the efficiency of charge separation through electrond!! or generate multiple charge carriers with a single
charge rectificatio® Chemically and electrochemically de- photon312313Multiple carrier generation in PbSe nanocrystals
posited CdS and CdSe nanocrystallites are capable of injectinghave shown that two or more excitons can be generated with a
electrons into wider gap materials such as 1829529 single photon of energy greater than the band §&p'4315n
SnG,115 217 and ZnO13254 generating photocurrents under order to explore the salient features of quantum dots, we have
visible light irradiation. Size quantization often becomes an assembled Ti@ and CdSe nanoparticles using bifunctional
important factor to drive the energetics to more favorable levels surface modifiers of the type H&R—COOH (Figure 26).
as in the case of TigPbS!14201TiOy/InP 117 and TiG/InAs 297 Bifunctional linker molecules (HOOER—SH) with car-
Semiconductor quantum dots (QDs) such as CdSe, InAs, PbShoxylate and thiol functional groups facilitate binding CdSe
and PbSe with its tunable band edge offer new opportunities quantum dots to Ti@ Such an approach has been used to
for harvesting light energy in the visible region of the solar successfully link TiQ nanoparticles to C#&318as well as to
spectrunt01297-299 Most studies reported to date have been gold nanoparticle&®31° Modification of the TiQ film with
limited to explorations of quantum dot photophysical proper- HOOC-R—SH can be carried out by immersing the OTE/TiO
ties?0.300-303 or their use as biological probé%:-307 Few recent electrode in an acetonitrile-based HOOR—SH [viz., mer-
studies report their use in organic photovoltaic c&lfs310The captopropionic acid (MPA), thiolacetic acid (TAA) or mercap-
blend of PPV and CdSe quantum dots, for example, facilitates tohexadecanoic acid (MDA)] solution for 4%/ The electrode
charge separation and the generation of photocurrents undemfter washing thoroughly with acetonitrile is then immersed in
visible light irradiation. a toluene suspension of CdSe quantum dots, Ti&} a strong
Specific advantages of using semiconductor quantum dotsaffinity for the carboxylate group of the linker molecules, as
as light harvesting assemblies in solar cells eX¥Eirst and demonstrated previously with a variety of sensitizing c37¢82°
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Figure 26. Linking CdSe QDs to Ti@surface with a bifunctional surface modifier. (From ref 215.)

Thiol and amine groups, on the other hand, bind strongly to
CdSe nanoparticle® 326 Figure 26 illustrates the principle
behind anchoring CdSe quantum dots onto a nanostructured
TiO> film.

Absorption spectra, recorded after linking CdSe quantum dots
to MPA-prefunctionalized Ti@films with different thicknesses
are shown in Figure 27. Both the absorption onset and the band
edge peak of the CdSe quantum dots are unaffected as a resu
of their binding to the mesoporous TiOThe similarity of the
resulting film’'s absorbance to that of 3 nm quantum dots in
solution shows that the nanocrystals retain their optical proper-
ties when bound to Ti® The dependence of the CdSe
absorbance on the TiQilm thickness shows that 3 nm CdSe
nanoparticles are capable of penetrating the porous network of
TiO, film and provide a monolayer coverage, a phenomenon
similar to the one observed for modification of Tiims with
dyes.

Figure 28 shows the photoresponse of the ;i before
and after modification with CdSe quantum dots. Anodic current
is generated upon illumination of the OTE/Li0dSe film with
visible light in a photoelectrochemical cell. A b solution
serves as the regenerative redox couple. An open circuit voltag
of 0.5 V and short circuit current of 0.14 mA is also obtained.
The photoelectrochemical response of the JJ@dSe films was
further analyzed by measuring their action spectra. The incident
photon to current conversion efficiency (IPCE) at different
wavelengths was determined from the short circuit photocurrents
(Is) monitored at different excitation wavelengtti3 (sing the
expression (6)

IPCE%= [1240 x |, (A/lcm?))/[A (nm) x 1. (W/cnT)] x
100 (6)

wherelinc is the incident light power.

The spectral response of the IPCE spectrum of,/idSe
films closely matches the absorption spectrum recorded in Figure
2. All three TiOQ/CdSe films show photocurrent responses below
600 nm in contrast with the Tigfilm that responds only in the
UV (<380 nm). A maximum IPCE value of 12% was observed
for TiO; films modified with CdSe quantum dots using MDA
and MPA as linker molecules. IPCE values of CdSeéTitns
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Figure 27. Absorption spectra of the OTE/Tidilms linked with CdSe
quantum dots using MPA as a linker. The spectrum a corresponds to
blank TiG, film before modification. Spectra-be correspond to the
OTE/TIO,/MPA/CdSe electrodes after modification with CdSe QDs.
The TiG; film thickness was varied. (b) 0/2m, (c) 0.5um, (d) 1um,

and (e) 2«m. The photograph of these films is shown in the inset. The
AFM image of the CdSe modified TiXilm is shown on the right.
(From ref 215.)

prepared using TAA linker molecules show slightly lower
efficiencies with a maximum IPCE of 9%. These lower IPCE
values indicate that a larger fraction of carriers is lost to charge
recombination within the particle or at the CdSe/TiGterface.
Comparison of the three traces (b, ¢, and d in Figure 28)
indicates that MPA and MDA are better than TAA as linkers
for anchoring CdSe quantum dots to BiO

The photoelectrochemical behavior of CdSe quantum dot-
based solar cell demonstrates the feasibility of employing
semiconductor nanocrystals for harvesting light energy. Injection
of both hot and thermalized electrons from excited CdSe
quantum dots into Ti@nanoparticles is the primary step in the
photocurrent generation. Charge recombination and scattering
at the CdSe/Ti@heterointerface and grain boundaries within
the TiO, network limit the photoconversion efficiency of these
solar cells.

d. Carbon Nanostructure Based Photochemical Solar
Cells. Unique electrical and electronic properties, a wide
electrochemical stability window, and a high surface area have
prompted many researchers to employ carbon nanostructures
such as single wall carbon nanotubes (SWCNT) assemblies for
energy conversion devicé¥-32° Fullerenes for example exhibit
rich photochemistry and act as an electron shuttle in photo-
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Figure 28. (A) Photocurrent action spectra of Ti(a), and OTE/TiQL/CdSe films where L= (b) TAA, (c) MDA, and (d) MPA. Electrolyte 0.1
M Na,S and Pt counter electrode. (B) Photocurrent versus time profiles of (a) OTE(H)IOTE/TiO,/CdSe films using MPA as a linker molecule.
(0.2 M NasS electrolyte and illumination intensity120mW/cn3). (From ref 215.)

(©)

Figure 29. Carbon nanostructured films cast on conducting glass electrodes. (A) AFM imagg @tifter film; (B) single wall carbon nanotube
film, and (C) stacked cup carbon nanotube film. (From refs 219, 332, and 333. Reprinted with permission from Wiley Science and the American
Chemical Society.)

chemical solar cell$*” They also play an important role in
improving the performance of organic photovoltaic cells. On
the other hand, the semiconducting carbon nanotubes undergc
charge separation when subjected to band gap excitation. The
exciton annihilation and charge separation processes have bee
characterized by transient absorption and emission measure
ments. Another new class of carbon nanostructures are stacked
cup carbon nanotubes (SCCNT). The photon harvesting prop-
erties of carbon nanotubes have been discussed in detail in recer
review articlesi30.331

Fullerene clusters, SWCNTs, and SCCNTs can be conve- o
niently deposited as thin films on optically transparent glass  gtacked-Cup 0400 500 800 700
electrodes. The clusters of fullerenes or nanotubes suspendet carbon Nanotubes Wavelength, nm
" a nonpdqr sc_)lvent are readlly dr!ven to an electrode surface Figure 30. Photocurrent action spectra (IPCE vs wavelength) of (a)
by the application of an electric field. The AFM and TEM e o 0 g oNT and (b) OTE/SREBWCNT. Electrolyte: 0.5 M
Images' of QIfferent types Of, carbon nanostructur.e films i_ire Nal and 0.01 M } in acetonitrile. (From ref 333. Reprinted with
shown in Figure 29. These films are electrochemically active permission from Wiley Science.)
and exhibit electrocatalyfi®* and photoelectrochemical ef-
fects?19.225.333.33he SWCNT films cast on optically transparent
electrodes respond to visible light excitation. These electrodestion of photogenerated charge carriers. SCCNT films on the
when used in a photoelectrochemical cell containgiglt as other hand exhibit relatively high IPCE.
redox couple exhibit photocurrent generation. 4. Hybrid Architectures

Figure 30 compares the photocurrent action spectra of A combination of two or more nanostructure architectures
electrodes prepared with fullerenes, SWCNT, and SCCNT. On provides a new way to modulate the performance of light
the basis of the electronic properties of the carbon nanostructureharvesting devices. New concepts are being attempted by various
employed, we observe different mechanism operative for the research groups to explore both combinative and synergetic
photocurrent generation. The low photocurrent generation properties of such hybrid systems. An area that can significantly
efficiency in SWCNT films is attributed to ultrafast recombina- benefit from such a hybrid architecture is the nanostructure based

IPCE, %

L
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Figure 31. Collection of photogenerated charges at the electrode surface: Left: Mesoscopic film. Right: Hybrid assemblies of nanotubes and
light harvesting assemblies.

TOAB capped CdSISWCNT
SWCNT in THF CAS/SWCNT composite in THF s
4 ¢ % & 4 4 i &
a [ | ‘P_' h..._,c ' |
|
Cdl, P P |
Na,S in methanol

« 8 oF

: I
3] o.z-g
= |3
3
oo} b 1
Wavelength, nm
w0 %0 600

Wavelength, nm

Figure 32. (A) Synthetic steps involved in the preparation of SWCNIAS composite. (B) TEM image of the CdS bound SWCNT. (C) Photocurrent
response and absorbance of SWCNIAS composite film in a photoelectrochemical cell. (From ref 347.)

photoelectrochemical cells. For example, in nanostructured composite systems. These include carbon nanotubes in contact
semiconductor films prepared from particles, the electron with TiO,34* Sn(,34° CdSe340:342and CdS#6
transport across particles is susceptible for recombination loss  Of particular interest is the CdSCNT composite that is
at the grain boundaries. The use of nanotube support to anchokcapable of generating photocurrent from visible light with
light harvesting assemblies (e.g., semiconductor particles) ynusually high efficiency?”:34” The luminescence of CdS is
provides a convenient way to capture photogenerated chargequenched by SWCNT. Transient absorption experiments have
and transport them to the electrode surface. The illustration of ¢gnfirmed the quick deactivation of excited CdS on the SWCNT
these two scenarios can be seen in Figure 31. surface as the transient bleaching recovers in about 200 ps.
a. Carbon Nanotubes as Conduits for Charge Transport. Excitation of CdS deposited on SWCNT films produces
A single wall carbon nanotube (SWCNT) is an ideal candidate photocurrent with a maximum incident photon to current
as a conduit for collecting and transporting charges across lightgeneration efficiency of 0.5% and thus provides evidence for
harvesting assemblies. Efforts to synthesize semiconductor the electron-transfer pathway in the composite. The ability of
CNT composite films has shown significant progress in recent the CdS-SWCNT nanocomposite system to undergo photoin-
years336-343 These early studies have mainly focused on duced charge separation opens up new ways to design light
establishing synthetic strategies and characterization of theharvesting assembilies.
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Figure 33. (A) AFM image of IR 125 dye clusters deposited on a conducting glass electrode. (B) Photocurrent action spectrum and absorption
spectrum of the cluster film and (C) mechanism of photocurrent generation. (From ref 348.)
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Figure 34. Schematic diagram illustrating the operation of a hybrid cell incorporating the principle of electrocatalysis and photocatalysis (left).
The boost in the current is seen when the cell is illuminated with UV light (right). A magnified view of the carbon fiber electrode shows the
deposition of PtRu and TiQ particles is also shown. (From ref 361.)
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Figure 35. Left: Air breathing direct methanol fuel cell (DMFC) cell equipped with quartz window for UV excitation. Right: Galvanostatic
polarization and power output data at 295 K using J@FE/Pt-Ru anode and CFE/Pt black cathode. Traces were recorded (a))aindtlie
absence and (b) and'{lin the presence of UV illumination. The Pt loadings for both cathode and anode were maintained at 0.15and/€it)
loading of 0.4 mg/crh The electrolyte was aquesd M CHOH (electrode surface area 5 ®m(From ref 361.)

b. Organic Polymer Hybrid Photovoltaic Cells. The transparent electrodes under the application of a dc ¥€ld.
solution processibility and attractive photoconversion efficiency These electrodes are photoactive in the infrared region and
has drawn significant attention of organic semiconductor produce a cathodic current when employed in a photoelectro-
materials for constructing solar cells. Up to 2.5% power chemical cell. Inability of these dye clusters to undergo efficient
conversion efficiencies have been attaidéd3>® charge separation and low mobility of charge carriers limits the

Figure 33 shows the response of tricarbocyanine dye clustersefficiency of photocurrent generation.
to infrared excitation. Molecular clusters of this dye show broad = Whereas free electrerhole pairs are formed in inorganic
absorption in the 556950 nm region compared to the sharp semiconductors, excitons or bound electrtwole pairs are
monomer absorption band at 800 nm. The molecular clustersformed in organic materials upon photoexcitation. By introduc-
of the dye are readily deposited as a thin film on optically ing an interface using second material (e.gg) ®ne can drive
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away one of the charge carriers and increase the probability of Q-dot and carbon nanostructure based solar cells are still in their
collecting the charges at the collecting electrode surface. infancy. Harvesting multiple charge carriers generated in
Semiconductor nanostructures provide an attractive alternativesemiconductor Q-dots will be a major challenge for the
to introduce charge-transfer junctions. Blends of conjugated researchers working in this area.
polymers and semiconductor nanoparticles have been probed Hybrids of solar and conventional devices may provide an
to investigate the charge-transfer properti€s>¢Alivisatos and interim benefit in seeking economically viable devices. How-
co-workers have shown that CdSe nanorods when combinedever, commercialization of large scale solar cells based on
with poly(3-hexylthiophene) create charge-transfer junctions nanostructure architecture is yet to be a reality. With the
with high interfacial ared® By tuning the band gap, these increasing demand for clean energy alternatives, the orphan
researchers succeeded in optimizing the overlap between thestatus of solar energy is expected to change. Increasing interest
cell absorption and solar spectrum. A monochromatic efficiency from the private sector and venture capitalist investment should
of 6.9% was reported. By improving the polymesemiconduc- bring in major breakthroughs in developing economically viable
tor interface, it should be possible to increase the carrier solar energy conversion devices.
mobilities and hence the overall photoconversion efficiency. The
details on the mechanism of photocurrent generation and recent Acknowledgment. The research at Notre Dame Radiation
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