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Introduction

There can be no question that the quality of human life
is intimately associated with the ready availability of en-
crgy resources. At present, the worlds’” energy consump-
tion rate exceeds already the stunning figure of 6000
Gigawatt. This is expected to grow repidly in the next
decades due to the increase in demand from the devel-
oping countrics. The overwhelming part of our energy
supply arises from the ckemical energy stored in the fos-
sil fuels. These reserves are being rapidly deplezed and
their combustion has led to unaceeptable 16vels of pol-
lution of our environment. Further accelerztion of this
process would lead to disastrous climatic consequences.
It is evident that the well being of mankind is threat-
ened unless renewable energy resources can be devel-
oped in the near future. Catalysis is expected to make
decisive contributioas to identify environnmentally
friendly solutions to the energy problem. One attractive
strategy discussed below is the development of systems
that mimic natural photosynthesis in the conversion and
storage of solar energy.

mimicking photosynthesis

~
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electronic junctions, and display techrology.

1 became infatuated with light and photo-induced
redox reactions already as a graduate student. Working
as a postdoctoral fellow with Prof. Kerry Thomas at the
University of Notre Dame in the early seventies I was
fortunate to be given z topic that related to artificial
photosynthesis. My task was to study light induced elec-
tron transfer reactions in micelles which served as sim-
ple model systems for biological membranes. Those

experiments showed beantifully_bhow molecnlar. self- .

assemibly ninay be used w acliieve phuws-lnduced druge
separation. I became very excited by the prospect of
developing biomimetic photocatalytic svstems and em-
barked with great enthousiasm on a research project to
realize what was then called an “artificial leaf”. How-
ever, during the following years my coworkers and [
wondered sometimes - :n view of the many frustrations
and setbacks we encountered - whether it had been a
good idea to take up such a challenging task. Finally,
after a decade of hard work we were rewarded. We had
found a way to successfully trap solar radiation by a

conduction band
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.
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Figure 1. Biomimetic convers-on of light 1o electricity using two redbx catalylic
cycles. As in natural photosynthesis, in the artificial analog sunlight sets inactiona
radlecular electror pump. The sensilizer (S)is bound as.a monomolec:lar coating
on the surface of a semiconductor oxide, such as Tily, ZnG, 3a0, or No,O,. It
absorbs the incident solar rays, and is thereby raised to the electronically excited
state S*. From thisstate it injects an electron intothe conduction band of the oxide.
The conduction band electrons then cioss the filmand are directed through a charge
collector into the external cusrent cireuit where 2lectrical work is done. The eleg-
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trons are than returned to the cell through a counter electrode. Between this counler
elextrode and the oxide is an elecirlyte containing a redox couple, i.e. iodine and
iotide, Thig redox electrolyt2 allows for the teansport of electrical charge between
thertwo elentrodes. The electrons reducs trilodide to iodide fons which diffuse from
thescounter elecirade to the nangcrvstalling film surface where they regenerate the
sensitizer by electron transier to the sensitizer cations, while simultaneously the
iodide is oxidized back 1o icdine or iiodide. The redox catalytic cycle leading o the
conversiornof Egt inta elecrical current s thereby closed.
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applications of nanocrystaliine oxide semiconducor films

solar cells
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Figure 2. Applications of meseporous axide films.

sensitizer anchored as a monolayer on a rough titania
surface. The mesoporous mo:phology of the support
plays a crucial role in the harvesting of sunlight. It al-
lows to capture the ircoming photons ezficiently despite
of the fact that the oxide is covered only by a monolayer
of dye. On a flat support this would absorb only a tiny
fraction of the incident light. Photo-excitation of the
dye initiates two coupled cyclic redox reactions, one in-
volving the dye and the other the fodide /triiodide, Fig-
ure 1. As a result, electnie power 1s produced from light
in a catalytic fashion, i.e. without permanent chemical
change. Both the dve and the iodids function as mo-
lecular redox catalyts. Judicious selection of the dve is
able to reach turnover numbers as high as 100 million
corresponding to about 20 years of operation of the
device under natural conditions. The first results on this
photocatalytic syster1 were published in 19881 and in
the same year I presented them during 2 lecture at an
international congress in Chicago. After my talk [ was
approached by Brian O’Regan, a brilliant young gradu-
ate student working with Mark Anderson in the Water
Department of the University of Wisconsin, who invited
me for a seminar to Madison. It had occurred to Brian
that the mesoporous TiO2 membranes ceveloped at Wis-
consin for filtration purposes might present an advan-
tage for our photoconversion systems. The quick ex-
periment we carried sut together durng my visit looked
so promising that Erian decided to join me for a few
days during my sabatical stay in Heinz Frei’s labora-
tory at the University of California in: Berkeley and later
as a coworker at the Swiss Federal Institute of Technol-
ogy in Lausanne. This collaboration produced
groundbreaking results.on the nanocrystalline TiO2 films
which we learned t¢ prepare in a simiple and reproduc-
ible fashion. In 1991 we announced z sensitized electro-
chemical photovolta:c device with a conversion efficiency
at that time of 7.1% -nder solzr iltumination™. Progress
since then has been incremental, a synergy of structure,
substrate roughness and morphology, dye photophysics
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and electrolyte redox chemistry, the certified efficiency
for conversicn of air mass 1.5 solar radiation to electric
. 1341
power being now over 10% " under standard report-
ing conditions, i.e. 1000 W/m? incident solar power
and 25°C. '
Other catalvtic and optoelectronic applications of these
nanocrystalline oxide films emerged soon, in particular
in photocatalysis and electrocaralysis, electroluminescent
and electrachromic displays as well as sensors and .
lithitii {neeeeatarion bareeries. An vverview uf (e dif-
ferent areas of current research and development is sum-
marized in Figure 2. The photocatalytic device that re-
sulted from this work uses similar concepts as green
plants in order to harvest and convert solar energy.
Therefore it is useful to briefly review the salient fea-
tures of its matural analogue.

How does the green leaf operate ?

Green plants, algae and cyanobacteria make use of sun-
light to drive a thermodynamically uphill reaction, the
reduction of carbon dioxide to carbohydrazes by water.
€0,+H,0 — ICH.0

6 12YE

+0, AG = 522 kJ fmol
AG = Gibbs free energy
per mole of reaction

The input chemicals are carbon dioxide and water while
the output is oxygen and carbohydrates. The latter serve
as a feed stock for other organic products such as wood,
coal, oil and gas constituting the worlds’ fossil fuel re-
serves, Figurs 3. The amount of energy trapped by this
natural photocatalytic process is enormous. About 100
billion tons of carbon dioxide are assimilated annually
by plants on: earth, whereby 3x1018 k] of solar energy
are harvested corresponding to the continuous genera-
tion of 90,000 gigawatt of electrical power.

Photosynthesis is comprised of a light and a dark reac-
tion. The first, called photophosphorylation, involves
the two-electran reduction of nicotinamide adenine di-
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the photosynthesis of plants

respiration of Pl

ants and 2

Figure 3, Photocatalytic carbon dicxide assimitation by green plants. The input
chemicals for the green leaf are GO, and water while the output are oxygen and
carbohydrates. The latter serve as a feed stock for other chemicals including our

nucleotide phosphate (NADP*) by water, to produce
NADPH and oxygen. The redox reaction is coupled to
the generation of adenosine triphosphate {ATP) from
adenosine diphosphate (ADP):

2H,0 + 2NADP* + 3ADP + 3P — 2NADPH + H*+ 3 ATP + 0,

where P stands for the phosphate anion. This light-driven
reaction takes place in the thylakoid membranes located
in the interior of the chloroplasts of plant cells. The
photosynthetic unit assembled in these membranes is
composed of antenna pigments for light energy harvest-
ing, i.e. chlorophyll and carotinoids, as well as a reac-
tion center consisting of two photosystems, The pho-
tons absorbed by the antenna pigments are first trans-
ferred to a chlorophyll dimer that is part of the reaction
center. The electronic excitation causes electrons to be
ejected from the chlorophyll dimer and then passed on
to various electron-transferring mediators. The judicious
spatial arrangement of these components allows the elec-
trons to be transferred in a vectorial fashion from the
inner to the outer part of the membrane, Figure 4. The

" wood, coal, 0il, §as  mmesm=="

natural reserves of fossil fuels. The overall reaction of carbon dioxide assimila-
tion is thermodynamically uphill by 522 kd/mole. The free energy is supplied by
sunfight which provides the driving force for the light reaction of photosynthesis.

positive charges left behind produce oxygen and pro-
tons from water while the electrons reduce NADP* to
NADDPH. The latter is nothing else but a hydride, i.c. a
stored form of hydrogen. The pH gradient generated
across the membrane is used to store additional energy
via the phosphorylation of ADP to ATP.

The dark reaction, known as Calvin cycle, uses the
reducing power of NADPH as well as the free energy
stored in the ATT to assimilate carbon dioxide in the
form of carbohydrates. The way by which nature achieves
carbon fixation is via the reaction of CO4 with
ribulosebiphosphate (RuBP) to give two molecules of
3-phosphoglycerate, a process which is catalyzed by the
enzyme RuBP carboxylase. The phosphoglycerate is
converted further to fructose 6-phosphate, the final
product of the Calvin cycle. The overall reaction, de-
spite its complex mechanism corresponds to the simple
equation above.

: @ BALTZER SCIENCE PUBLISHERS
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the molecular generators of chloraplasis charge separatior: by light

light

%205+ 2H*

light

membrane = 50A

Figure 4. Schematic presentation of e cylic redox “eactions ocouring dering
the light rezction in the green plants. Light serves as election pLmp which issatin
action by the excitation of chlorephyll molecules which serve a3 efactron trarisfer
sensitizer. The electrons are transfzmed through a series of redox rediators M
from the inner part to the outer part of the membrane, resuiting in charge separa-
fion, During th light reaetion, the phaoten energy is cormerted tc the efectrochemi-
cal patential o-ihe Prodicts d¥ygets, ATP 2Rt NADPH.

Mimicking the light reaction
of natural photosynthesis

Light harvesting by monomolecular layers

For the absorption of solar rays by a sensitizer attached
as a monolayer to the surface of an oxide film, there isa
fundamental problem of the limited Jight capture cross
section of the dye molecule. The crass sectior: & is re-
lated. to the molar extinction coeffidient £ by the for-
mula:

o=¢x 1000/,
N, = Avagadic’s number = 6 x 10% moleciles / mole

Typical g-values for dyes lie between 10* and 5x10° M
cm? yielding for the light capture cross section values
between 0.0016 and 0.08 nm?. The area ~he sensitizer
molecule occupies on the surface of the supporting ox-
ide is much larger, e.g. about 1-2 nm?. Hence at most a
few percent of the incident light can be absorbed. One
could naturally think, then, of depositing a multilayer
of dye or: the oxide in crder to increase its light absorp-
tion. This would however be a mistaken tactic, since the
outer dye layers would act only as a light filter, with no
contribution to photocatalysis,

A successful strategy to solve the problem of light
absorption through such molecular layers is found in
the application of high surface area films consisting of

© BALTZER SSIENCE PUBLISHERS -

nanocrystalline oxide particles with a diameter of 10-20
rm. The mesaporous morphology of the layer plavs a
crucial role in the harvesting of sunlight. Depending on
film thickness, their real surface area can easily be made
1000 times larger than the apparent one. This is able to
capture the incoming photons efficiently: when light
penctratea the éye covered oxide “sponge”, it srosee
hundreds of adsorbed dye monolayers. Thereby pho-
tons whose energy is close to the absorption maximum
of the dye are completely absorbed. The mesoporous
structure thus mimics the light absorption by green
leaves. The chlorophyll containing thylakoids are stacked
and visible light is absorbed completely by traversing
the superimposed vesicles.

Consider the: case of 2 3 micron thick mesoporous
film whose effective surface is about 300 times greater
than that of a compact oxide and that the film is cov-
cred by a monolayer of dye molecules each of which
oceupies an area of 1 nm. On the geometric projection
of such a rough surface a dye coverage of T' = 3 x 10%
molecules cm? is reached. Tts absorbance A is given by
the equation:

A=Txo

Suppose that the dye molecule at the wavelength of
‘ts absorption maximum has a light capturc cross sec-
tion of 0.005 nm?* = 0.5x10¢ cm?®. As a result the ab-
sorbance of the film would be 1.5. Neglecting light scat-
tering by the film its light harvesting efficiency (LHE)
Is given by:

LHE =1 10+

For A = 1.5, LHE is 0.97 implying that 97% of the inci-
dent photons are absorbed.
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Preparation and morphology of

mesoscopic oxide semiconductor films
Mesoporous oxide films are commonly produced via a
sol-gel eype process involving a hydrothermal step. The
procedure is lustrated for TiO, in Figure 5. The precipi-
tation process involves controlled hydrolysis of a TH{IV)
salt, usually an alkoxide such as Ti-isopropoxide or a chlo-
ride, followed by peptization. Autoclaving of these sols
(heating at 200-250°C for 12 h) allows for controlled
growth of the primary particles and improves their crys-
tallinity. During this hydrothermal growth smaller parti-
cles dissolve and fuse to large particles by a process known
as “Ostwald ripening”. After removal of solvent and ad-
dition of a binder the sol is now ready for deposition on
the substrate. For the latter a conducting glass (sheet re-
sistance = 8-10 Ohm,/square) is often used. The sol is
deposited by doctor blading or screen printing and fired
in air for sintering. The film thickness is typically 5-10
um and the film mass about 1-2 mg/cm?. The electronic
contact between the particles is produced by brief sintering
at about 500°C. A mesoporous structure with a very high
effective surface area is thereby formed. Analysis of the
layers shows their porosity to be about 60 % the average
pore size being 12 nm. Figure 6 illustrates the morphol-
ogy of such a nanocrystalline TiO, (anatase) layer depos-
ited on a transparent conducting oxide (TCO) glass. A
large fraction of the particles has a bipyramidal morphoi-
ogy which is typical for anatase. The exposed surface
facettes are mostly oriented in the (101) direction!®). The
mean particle diameter of the oxide is 20 nm in this case,
Their size and morphology can be adjusted by varying
the conditions of the sol-geltype process used for film
preparation. Films of self-assembled rod-like particles have
been obtained if the hydrothermal treatment of the TiO,
colloid is done in the presence of tetramethylammonium
hydroxide at 190 - 230°C. SEM micrographs illustrating
the sclf-ordering of the nanoparticles are shown in Fig-
ure 7. The rod-like particles were observed to have (100)
faces terminated from the (001) side. The pores diameter
of the film is 4 nm with a very narrow size distributiont®.

«TTEED> . Aucusr. 1999 voluMe 3 (1999), no. 1

preparation of nanocrystalline TiO> films

precursor preparation Modify Ti-isopropoxide with acetetic acid

.
Y
hydrolysis ' ~ Rapidly add precursor to water
y
peptization _ 7 Acidliy with HNO, reflux
SR
Y

o hydrothermal growth " autoctave: 12 hours at 230 'C

) ~ concentrate colloid - totovap: 45 °C, 30 mbar

{L
transfer in ethanol
)

< add ethyl cellulose

S

" flocculation, centrifuging

" dissolved in ethanol

o add terpineol

R
v
- é'\'.raplbféte ethanol and’ ™y
“- .. homogenize paste =~
o

- screen print films Disperse ultrasonicaily
v
dry and anneal films - anneal: 450°C, 20 minutes

Figure 5. (above) Qutiine of the steps involved in the preparation of mesoporous
TiQ, films.




Photoinduced charge separation at the dye/oxide
irterface
The use of mesoporous oxide films as a substrate to an-
chor the dye molecules allows sunlight to be harvested
ower a broad spectral range in the visible region. Similarly
to chlorophyll in the green leaf, the dye acts as a in elec-
tron transfer sensitizer. Upon exdration by light it injects
electrons in the conduction band of the oxide resulting in
separation of positive and negative charges. Charge trans-
fer from photo-excited dyes into semiconductors was dis-
covered more than 100 years age in a famous experiment
by James Moser at the University of Viennal”), He observed
that the photoelectric effect detected first by Becquerel on
silver plates!® was enhanced in the presence of erythrosine.
The one-page publication describing his observations is
shown in Figure 8. A few vears before, Vogel in Berlin had
associated dyes with the halide semiconductor grains to
make them sensitive to visible light!®). This led to the first
panchromatic film, able to render the image of a scenc
realisticallyinto black and white!!. However, the clear rec-
ognition of the parallelism berween the two procedurcs, a
realization that the same dyes in principle can function in
both systems!*and a verification that their operating
meechanism is by injection of electrons from: photo-excited
dye molecules into the corrduction band of the n-type semi-
eonductorsubstrates!'? date to the 1960%s. In subsequent
years the idea developed that the dye could function most
efficiently if chemisorbed on the surface of semiconduc-
tor!13341 The concept emerged to use dispersed particles
to provide a sufficiert interface!’?), then photo-clectrodes
veere emplayedt] Tiranium dioxide became the semicon-
cuctor of choice. The material has many advantages for
sensitized photochemistry and photo-electrochemistry: it
isa low cost, widely avaitable, nor-toxic and biocompatible
substance, and as such is even used in bealth care products
as well as domestic applications such as paint pigmenta-
tion.

Notiz fiber Verstirkung photoelektrischer Strome
durch eptische Sensibilisirang.'

Von L Janies Nosers

tAus dem physikalisch-vhemizchen Laboraoriem dee Wicaer Universiticy

(Vergategt in die $itoung am. 23, Junl 1381}

Ich erlaube mir mitzatheflen, dass ich die von Herrn
E. Becquerel entdeckten plholoelektrischen St:jme erbeblich
dadareh verstiirken konate, dass ich die beiden chlorirten, jodir-
ten oder hromirten Silberplatten in einer Farbstofl¥sung, 2. B
Erythroain, badete,

Be:spielsweise war zwischen zwei chlorirten Silberplatten
die elektromotorische Eraft im Sonnenlicht 0-02, zwischen 2wei
aoderen in gleicher Weise behandelten, aber gebadeten Plaiten

' . Q+04 Valt.
Figure 7. (aoove® SEM micrographs of thin flms deposited from TIO, colloids Bizher sind par an jodirten Flatten von Nerm Egoroff
autoclaved at different temperatures. dlektronotoriselie Kriifte beobachtet, und zwar bis Y Velt. feh

kepnte bei jodien und bromivten Platten duceh Balden iv

" . . . throsin % Yolt erreich
igure 6. (left below} Scanning eleciron micrograph of & mesoporous Titd, films Ex I?I:I;;‘nl'tz J m:r:l:i ::i,ﬂi cht, schon an dieser Stelle Berrn

upported on conducting glass. The predominant facets of thz anatase crystals Max Iteiner, der mic bel diesen Versuchen agsistirr, meiven ver-
ave (1011) orientation. windlicksten Dank awsznapréchen.

v Akadews, Anzeiger Nr. XVI
Figure 8. (right) A copy of the 1887 publication by James Moser on the amplifica-

. . . o J. ¥oser, Monatsh, Chen., 6 {19887} 373.
fion of photoslect it currents by eptical sensitization. : .
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For efficient photo-conversion, the charge injection
must occur with unit quantum yield. Rate constants for
electron transfer from excited dyes into TiO, have been
determined by ime resolved laser photolysis experiments
and some representative examples are shown in Table
107), The rates vary over 8 orders of magnitude depend-
ing on the type of dye employed, the fastest injection
times being in the femtosecond domain. The key to
obtain such rapid electron transfer is to endow the dye
with a suitable anchoring group, such as a carboxylate
or phosphonate substituent or a catechol moiety,
through which the sensitizer is firmly grafted onto the
surface of the titania. The role of these groups is to pro-
vide good overlap between the dye molecule’s excited
state orbital and the empty acceptor levels, i.e. the Ti'-
3d orbital manifold forming the conduction band of
Ti0,. Alizarin is a special case as it produces a strongly
colored complex by reacting directly with titanium ions
present at the surface of TiO,. The extend of coupling
is expressed by the electronic coupling matrix element
V which is related to the rate constant for charge injec-

Rul.,(NCS), tion by the equation

ABTO kg = (2r/h)- V- p

here b is Planck’s constant, |V} is the electron coupling
matrix element and p is the density of electronic accep-
tor states in the conduction band of the semiconductor.
The equation assumes that electron transfer from the
excited dye molecules into the semiconductors is
activationless and hence exhibits a temperature inde-
pendent rate. This has been confirmed experimentally.
For example the charge injection from excited perylene
dye was found to be temperature independent from 4
to 300 K", The explanation for this is that there is a
continuum of electronic states in the conduction band
accessible to the injected electron which combined with
the different vibrational levels of the other reaction prod-
uct, i.e. the oxidized dye, yields 2 multitude of possible

RuL ,{(NC),Ru(bpy), },

Figure 9. Molecular structures of ruthenium complexes used as charge transfer
sensilizers.
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reaction pathways. At least one channel is likely to be
barrietless implying that the driving force of electron
transfer compensates the reorganisation energy, i.e. the
free energy necessary to rearrange the nuclear coordi-
nates of the dye /solvent system accompanying electron
transfer. The activationless channel is the fastest and
hence will be the preferred mechanism for thereaction.

The most promising resuits have so far beemobtained
with ruthenium complexes where at least one of the
ligands was 4,4’-dicarboxy-2,2’-bipyridyl. A few typical
structures for this kind of charge transfer sensitizers are
shown in Figure 9. The carboxylates groups serve to
attach the Ru complex to the surface of the oxide and
to establish good electronic coupling between the ©*
orbital of the clectronically excited complex and the 3d
wavefunction manifold of the TiO, film, Figure 10, The
substitution of the bipyridyl with the carboxylate groups
lowers also the energy of the ©* orbital of the ligand.
Since the electronic transidon is of MLCT (metal to
ligand charpe transfer) clmiacier, this scrves o channel
the excitation energy into the right ligard, i.:=. the one
from which electron injection into the semiconductor
takes place. With molecules like these, charge injection
occurs in the femtosecond time domaine, Table 1. By
contrast, the recapture of the electrons by the oxidized
dye is at least six orders of magnitude slower. The ra-
tional for this behavior is that the back reacticn involves
a d-orbital localized on the ruthenivm metal whose elec-
tronic overlap with the TiO, conduction bard is smail.
The spatial contraction of the wavefunction upon oxi-
dation of the RuwiIl) w e Ru(IIl) statc weakens fur
ther the electronic coupling. A second very important
contribution to the kinetic retardation of chasge recom-
bination arises from the fact that this process is charac-
terized by a large driving force and small reorganization
energy, the respective values for RuL2(NCS)Z being 1.5
and 0.3 ¢V, respectively. This places the electrorn: recap-
ture clearly in the inverted Markus region reducing its
rate by several orders of magnitude. This provides also a
rational for the observation that this interfacial redox
process is almost independent of temperature and is sur-
prisingly insensitive to the ambient that is in contact
with the im{*?},

Of significance for the inhibition of chargs recombi-
nation is the existence of a local electric field at the sur-
face of the titanium dioxide film. While there is practi-
cally no depletion layer within the oxide due to the small
size of the particles and their low doping level, a surface
field is established spontaneously by proton transfer from
the protonated carboxylate or phophonate groups of
the ruthenium complex to the oxide surface producing
a surface dipol layer. If the film is placed in contact with
a protic soivent the latter can also act as prcton donor.
In aprotic media, Li* or Mg?" are potential determining
ions for Ti0,12 and they may be used to charge the
surface positively. The local potential gradieat from the
negatively charged sensitizer to the positively charged
oxide drives the injection in the desired dirzction. The
same field inhibits also the electrons from exiting the
solid after injection has taken place.

© BALTZER SCIENCE PUBLISHERS

phote induced heterogeneous electrons
transfer cycle

MLCT excitation, forward reaction

ligand 7T orbital

ETTTE

- dx.y s dx.z 4 dy,z_
i spatial contraction of d orbitals upon
oxidation from Ru(ll} to Ru{ilt)

Figure 10 Interfacial electron transfer reactions involving ruthenium complexes
anchored o the oxide thraugh a carboxylated bipyricyl group. Molecular configura-
tion of the adsorbed dye and orbital ene gy diagram.
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Table:1. Election injection rate constants k, and elactronic coupling matrix ele-
ments |Vjmeasured by laser flash photelysis for varicus sensilizers adsorbed onto
nanocrystalline TiO, 1t and d» are the excited state lifetime and the injection quan-
tLm yieldl respectively. In the sensifizers column, L stands for the 4,4"-dicarboxy-
2 2 bipyridyl ligand and bipy for 2.2-bipyridyl.
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Investigations have centered so far largely on cis -
dithiocyanato-bis(Z,Z’-bipyridyl-4,4’-dicarboxylatc)-
ruthenium(11}), RuL,(SCN}, which displays extraordinary
properties as a charge transfer sensitizer!®!). The adsorp-
tion of this complex onto mesoporous TiO, (anatase)
from an acetonitrile /tert.butanol solvent mixture follows
a Langmuir isotherm. ‘The binding constant and the area
occupied by the dye at the surface were determined as
5x10* M and 1.6 nm?/molecule, respectively. Molecu-
lar dynamics calculations have been used to model the
interaction of this sensitizer with the (101) surface plane
of anatase!?), The most likely configuration which is com-
patible with the results from the adsorption isotherm
measurements is shown in Figure 11a. The dye is attached
via two of its four carboxylate groups. The anchoring of
the carboxylate occurs either through bridging of two
surface titanium ions from adjacent rows or through hy-
drogen bonding to Ti-OH groups. This configuration is
supported also by recent infrared absorption studies®,
Figure 11b shows a top view of the dye loaded (101)
anatase surface of the Rul,SCN,-molecules being pre-
sented with their contacting van der Waals surfaces. Sur-
face reconstruction is not taken into account here. Re-
laxation effects have however been quantified in the con-
text of recent density functional calculation of water ad-
sorption on anataset?4,

Charge carrier percolation and collection
The migration of electrons within the TiO, con-
duction band to the current collector involves
charge carrier percolation over the mesoscopic par-
ticle network. This important process which leads to
neatly quantitative collection of injected electrons is pres-
ently attracting a great deal of attentionf*539). For exam-
ple, the clegant experiments conceived by Rensmo et
al.®8 have given useful keys to rationalize the intriguing
findings made with these films under band gap illu-
mination,

It should be noted that apart from recapture of
the electrons by the oxidized dye there is an
additional loss channel in the nanocrystalline
injection cell which involves reduction of
triiodide ions in the electrolyte present

e ———————————

|y +2e,(Ti0) — 3F

This reaction can be directly followed by measuring
the dark current of the photovoltaic cell. The Jatter should
be kept at a minimal level as it determines the photo-
voltage of the cell. Engineering the interface to prevent
this unwanted heterogeneous redox process will be a chal-
lenging task for future development. The high contact
area of the junction nanocrystalline solar cells renders
mandatory the grasp and control of interfacial effects for
future improvement of cell performance. The nature of
the exposed surface planes of the oxide and the mode of
interaction with the dye is the first important informa-
tion to gather. Synthetic efforts will focus on the molecu-
lar enginecring of sensitizers that enhance the charge sepa-
ration at the oxide solution interface. The structural fea-
tures of the dye should match the requirements for cur-
rent rectification: in analogy to the photo-field effect in
transistors, the gate for unidirectional electron flow from
the electrolyte through the junction and into the oxide is
opened by the photo-excitation of the sensitizer. The re-
verse charge flow, i.¢. recapture of the electron by the
electrolyte could be impaired by judicious design of the
sensitizer. The latter should
form a tightly packed insulat- ?
ing monoilayer blocking the
dark current to
yield higher
cell voltage.

within the mesoporous network.

b} top view showing limiting van der Waals surface of the dye {right).

99 voLuME B-(1999),no. T

T AuGusT 18

Figure 11, {above and right)  Structural presentation of a Rul.,(NCS), molecule adsorbed through two carboxylate groups to the {101) surface of TiQ,, a) side view (above),
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Photocatalysis and

electric power generation from light
A scheme of the photocatalytic device ased in the gen-
eration of eleceric power from light is shown in Figure
12. The mesoporous semiconductor oxide films is sand-
wiched betwees: two conducting glass plates, its pore
space being filled with a redox electrolyte or hole con-
ductor. We have shown above how the molecular prop-

semiconductor counter-
film dye stuff

electrolyte ¢lecirode

€ e’

Figure 12. fabove) Schematicrepresentation ofthe prinxiple of tie nanccrystalling
injection cell to indicae the en2rgy level in the differen- phases. The celi voltage
observer unde llumination corespands 1o the difference in the quasi-Fermi level
B8 tFiEs TIO, under Museihietivn and the slsctrochcrnionl potontial of the elestrelylz,
The latier is equal tothe Nemst potential of the redox coupte {R/R) used

tw mediate charge transfer betweersthe elecirodes.

Figure 11b.
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erties of the sensitizer are chemically engineered to as-
certain efficient electron injection from the excited state
(S*) into the conduction band of the titanium dioxidz,
We aiso discussed how the recapture of the eleczrons by
the cxidized dye (8} is intercepted by transfering the
positive charge to a redox mediator R/RY i€ tae io-
dide /triiodide couple, present in the clectrolyte ard
thence to the counter electrode. Via this kst charze trans-
fer, in whica the mediator is returned to its reduced
state, the ciruit is closed. The system converts Lghtin-o
electricity inna catalytic fashion, i.e. without permanent
chemical transformation. The maximum voltage AV that
such a device could deliver ccrresponds to the differ-
ence between the redox potential of the mediator and
the conduction band position of the semiconductor.
A graph which presents the conversion efficiency of
incident monochromatic light in electric current 1s
shown for several ruthenium complexes in Figure 13.
Very high efficiencies of current generation, exceeding
80%, were obrained. When correcied for the inevitable
reflection and absorption losses in the conducting glass
serving to support the nanocrystalline film tae vields
are practica’ly 100 percent. Historically, Rul;{L=2,2"-
bipyridyi-4.4°-dicarboxylate ) was the first efficient and
stable charge transfer sensitizer to be used in conjunc-
tion with high surface area TiO, films. However, its vis-
ible light a»sorption is insufficient for solar light con-
version. A significant enhancement of the light harvest-
ing was achieved in 1990 wizh the trimexic ccmplex of
ruthenium whose two peripherai ruthenium moieties
were designed to serve as antennast®). The advent of
RuL,{NCS), in 1991 marked a further improvement
since it extended the light abscrption over a broad range
in the visible¥). Its performance was only superseded

Incident photon to current conversion efficiencies

IPCE(%)

0 ‘.‘..‘..h‘.‘....l..f."r.‘.";‘;*,'.“.";‘.";;‘:‘i’.’;.‘.‘..] ST T
4900 500 600 0 800 900 1000

t
4, 4', 4" tricarboxy - 22' ¢ 6, 2" - terpytidine wavelength (nr)

4, 4 - dcarboxy - 2, 2' - bipyridine

nn

Figure 13. Photoeurre it action specirum cbiained with four differert ruthenium
complexes attached to the nanocrystallire T 0, film, The blank spectrum gbrained
with the bare T50, surface is shown fer carrparison. The incident photontocurrent
conversion effiziency is plotied as a functien of the wavelengih of the exciting light.
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'Figure 14. Phbtoéurrent voj{agé 6urve Idra haho'cryst-alliné‘ hr{otovol-taiclcéll based
onblack dye as a sensitizer.

recently by the discovery of a new black dyel32!
tri(cyanato)-2.2’2”-tcrpyridyl-4,4’4”-tricarboxylate)-
ruthenium(II) having a spectral onset at 900 nm which
is optimal for the conversion of AM 1.5 solar radiation
to electric power in a single junction photovoitaic cell.
The overall efficiency {(Ngwoba) of the photovoltaic cell
can easily be calculated from the integral photocurrent
density (i), the open-circuit photovoltage (V,.), the fill
factor of the cell (ff) and the intensity of the incident
light (I,,.

Nyiopar = iPh XV, x i,

Figure 14 gives an example for the current-voltage
characteristics of a nanocrystalline injection solar cell
based on the black dye sensitizer as measured in the
photovoltaic test laboratory at the National Research
and Energy Laboratory in Golden Colorado, USA. The
overall solar to electric conversion efficiency air mass
1.5 -type sunlight for under standard reporting condi-
tions, i.c. 1000 W/m? incident light intensity 25°C is
confirmed as 10.4% which is commensurate with the
performance of conventional photovoltaic devices. An
advantage of the nanocrystalline solar cell with respect
to competing technologies is that its performance is re-
markably insensitive to temperature change. Thus, rais-
ing the temperature from 20 to 60°C has practically no
effect on the power conversion efficiency. In contrast,
conventional silicon cells exhibit a significant decline over
the same temperature range amounting to ca. 20 per-
cent. Since the temperature of a solar cell will reach read-
ily 60°C under full sunlight this feature of the injection
cell is particularly attractive for power generation under
natural conditions,
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The “Holy Grail” of photocatalysis:

water cleavage by visible light
As pointed out by Allen Bard and Marye Anne Fox in a
recent review!*3], the photo driven conversion of liquid
water to gaseous hydrogen and oxygen:

HO — H, + 050, AG®=237.7 ki/mo}
AG® = standard Gibbs free energy per mole of reaction

is the “Holy Grail” of all photocatalytic reactions. It has
been a long standing challenge of practical artificial pho-
tosynthetic systems. The hydrogen produced from sun-
light and water can be subsequently employed in the
catalytic reduction of carbon dioxide to produce fuels
such as methane or methanol. The latter could also be
used as feed stock for the production of organic chemi-
cals. Alternatively, hydrogen could serve directly as a
fuel for transportation or for the production of electric-
ity in fuel cells, without producing pollutants and green
house gases upon combustion. For a practical system, a
conversion efficiency of at least 10% is required, imply-
ing that the hydrogen and oxygen produced have a fuel
value of at least 10% of the solar energy incident on the
system. As the peak solar power incident on earth is about
1 kW/m? this corresponds to a hydrogen production
rate of 0.7 mg/s or 7.8 mL(STP)/s per m? of collector
surface at maximum solar intensity.

As water is transparent to sunlight, a sensitizer is re-
quired in order to absorb the solar photons and trans-
duce their radiant energy to generate the chemical po-
tential required to split the H,0 molecules. The opti-
mal absorption threshold for a single photoconverter
has been calculated to be at an energy of 1.6 eVI* im-
plying that all solar photons below 770 nm are absorbed.
Such a system could split water with an efficiency of up
to 30%. Higher efficiencies of up to 41% can be ob-
tained by using a tandem device where two photosystems
operate in series,

The “brute force” approach to achieve this goal is to
employ a solid state photovoltaic cell to generate elec-
tricity that is subsequently passed into a commercial-
type water electrolyzer. Although efficiencies obtained
are high, i.c. close to 12%%) these devices are very ex-
pensive. Hence the price of hydrogen produced this way
cannot compete with conventional sources.

Photocatalytic water cleavage systems based on aque-
ous dispersions of semiconductor particles are much
cheaper but their efficiency is generally below 1%,
They have the additional drawback that hydrogen and
oxygen are produced simultancously. Apart from the
problem of gas separation this produces a slow down of
the photoreaction as the two gases accumulate and back
react with each other. A way to avoid the latter problem
Is to separate the hydrogen and oxygen generating half
reactions as reported recently by Arakawa et al137].

We have developed a tandem device that achieves the
direct cleavage of water into hydrogen and oxygen by
visible light developed in collaboration with two part-
ner groups from the University of Geneva and Bern!3),
This is based on the sseries connection of two photo-
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Circuit diagram of the tandem cell for water photolysis

P+ wire electrolyte compartment

hv s~

I
optical windaw aqueous compariment  WO;3 Ru dve on TiC»

Figure 15. Uircut diagram of ire fandenr cell for \ater cieavage by visibiz light.

systems. A thin film of nanocrystalline tangsten trioxide The Z scheme of biphotonic water photolysis
absorbs the blue par: of the solar spectrum. i T I AR C :
-1.0

WO, + hv — WO, (e, h;]

The valence band holes (b created by band gap excita-
tion of the WQ; serve to oxidize water to oxygen:

— i + HQ - O,+4H

while the conduction band electrons are fed into the
second photosystem. It consists of the dye sensitized
nanocrystalline TiQ; film. The latter is placed directly
behind the WO, film capturing the green and red part
of the solar specteun: that js transmitted through the
top electrode, Figurz 15. The photovoltage generated
by the second photosystem enables the generation of
hydrogen by the conduction band electrons.

ohofWo & - %

redox potential against NHE (V)

10— - I
AH' + de - 2H, E"4H 0100 |

The overall reaction corresponds to the splitting of wa-
ter by visible light.

There is close anzlogy to the Z-scheme operative in ‘
_th.c light reaction of ;photosynthesi:? in green pIantfs. Tbis . @@
is illustrated by the electron flow diagram shown in Fig-
ure 16. In green plants, there are also two photosystems 204 - -
connected in series, one affording water oxidation to
oxygen and the other generating the NADPH used in
carbon dioxide fixaticn. As discussed above, the advan-
tage of the tandem approach is that higher efficiencies
than with single junction cells can be reached if <he two
photosystems absorb complimentary parts of the solar
spectrum. At present. the overall AM 1.5 solar light to
chemical conversion efficiency achieved with this device 80~ -
stands ar 4.5%. Figure 17 shows a photograph of such a » e o
cell producing hydrogen and oxygen bubbles vigorously S
under visible light iluminaticn. Present endeavors aim S vhaWOs . T RO
at further improving the efficiency of the device. Figuse 16. The Z-sche:ne of biphotonic water photolysis.
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Figure 17. Photograph showing the decomposition of water by visible light using
a tandem cell consisting of a mesoporous WO, film and a meseporous dye sensi-
tized TiO, which are superimposed.
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Qutlook

Intensive research is presently carried out around the

world focusing on the following issues:

i) the molecular design and synthesis of new sensitizers
having enhanced near infrared light response, ex-
amples being phthalocyanines or the black dye dis-
cussed above;

ii} a better understanding of the interface, including
experimental and theoretical work on dye adsorption
processes;

iii) the analysis of the dynamics of interfacial clectron
transfer processes down to the femtosecond time
domain;

iv) the unraveling of the factors that control electron
transport in nanocrystalline oxide semiconductor
films;

v) the replacement of the liquid electrolyte by solid
materials;

vi) the development of tandem cells and their use for
the cleavage of water by visible light.

Rapid progress is expected in these areas as an impres-
sive number of competent teams around the world are
actively pursuing this research. These systems will un-
doubtedly promote the acceptance of renewable energy
technologies, not least by setting new standards of con-
venience and economy.

- .questions and answers . . .

- What is the tuvnover ﬁﬂég(_z}mcy of the dye in the
" mesopovous solav cell? '

Typically the dye loading of the mesoporous TiO,
film is 107 moles per cm?. In direct sunshine the
photocurrent density reaches 20 mA/cm? Hence
each sensitizer molecule undergoes the injection/
regeneration cycle described in Figure 1 about 2 times
per second. This is ten times less than the turnover

~ frequency of the chlorophyll molecule in the green
leaf which in full sunshine is 20 s.

Which turnover number must be veached by the pho-
tocatalyst te vender the photevoltnic cell stable for 20 .
~ years of opevation?

This number depends on the region of the earth
where the cell is placed. For our latitude the solar
power per square meter collector surface, averaged
over day and night and all seasons is about 130 W/
m? as compared to 1000 W,/m? in full sunlight. The
charge passed through one square centimeter of the
dye loaded mesoporous film during 20 years of op-
eration is therefore 1.64 million coulombs which
corresponds to a turnover number of 100 million
- for the dye. Such high turnover number has indeed
“been reached in accelerated testing with the
RuL,(NCS), dye without loss of performance.
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Termlnal oxidation of a/lkanes
a radically new appr9ach?

While there have been many advances in the field of seléctive alkane functionalization over
the lnst decade or two, one tmportant target that/ as vesmained frustratingly elusive is
selective oxidation at a terminal methyl position. 1/‘1 number of porentinl applications might
be made practical if such methodology weve avaslable; the obvious one would be the produc-
tion of linear terminal alcobols from alkape feedstock, vather than from olefins (via
bydroformylation) as curvently pracriced. ;ﬂ"ae late Derek Barton proclaimed selective me-
thyl oxidation to be amony the major unsolved problems of ovganic chemistry. In vesponse to
this challenge J. D. Roberts has put up o prize: $5000 for the fivst to achieve oxidation
(chemical oy biochemical) of n-bexn /io adipic acid with 85% selectivisy!V,

Very vecently, J. M. Thomas and ¢ / orkers found that veaction of bnear alkanes with mo-
lecular oxygen, catalyzed by transition metal-substivuted moleculny sieves, can give unexpect-

edly bigh selectivity for terminal oxidation®. While the veport does not appear to present any
immediate threat to Jack Robebts’ pocketbook, it does offer considerable enconvagement. Perbaps
most intriguingly, it takes 4 quite diffevent approach from what previous common wisdom

nal oxidation problem.summarize the findings veported, and offer some mechanistic specu-

would seem to suggest. 75/43 following pevspective, I will give some background on the termi-

Intion which may ingicate some potentinlly profitable divections for further vesearch.

Background
I will consider three categories of catalytic oxidation (an
admittedly incomplete classification scheme./as we shall
see): heterogeneous, organometallic, and/biological /
biomimetic. Alkane oxidation over heterofeneous cata-
lysts ~— metal oxides in particular — mosyoften (always?)
begins with homolytic C-H bond cleayage. The relative
reactivity of a given C-H bond in sych a radical-based
mechanism is largely governed by éJH bond strength.
This has a major adverse consequence for selective al-
kane oxidation i» general many desired oxidation prod-
ucts {alcohols, aldehydes, etc.)/will have one or more
C-H bonds considerably weaker than any of those in
the starting alkane and will hegnce be more reactive, thus
placing severe constraints o attainable yield. This con-
sideration alone can be used for semi-quantirative ex-
planations of performance ceilings, as we showed some
years ago for methane O)édatwe coupling and oxidation
to methanol®), and hag since been extended to a wide
range of hydrocarbon/oxidations™. But as difficult as it
is to make any oxig tion product selectively from al-
kanes, it will be harder still to achieve selective terminal
oxidation, as primdry C-H bonds are stronger than sec-
ondary or tcmar)! ones. Hence this approach does not
appear too prox}nsmg
In the realmy of organometallic chemistry of alkanes,

the situation }s quite different. A large number of sys-
tems have been found, over the last 20 years or so, to

activate C- lj'I bonds in alkanes under remarkably mlld
/ ,

conditions!®. While we still lack full mechanistic under-
standing, it seems certain that something quite different
from C-H homolysis is involved, and bond strengths
have little if any effect on reactivity, as shown (snzer alia)
by the fact that aromatic C-H bonds are almost always
more reactive than aliphatic. For alkanes, reaction at ter-
minal positions is generally favored, sometimes exclu-
sively so. Table 1 shows a few representative examples.
As noted, the origin of terminal selectivity remains to
be worked out. It is not even known with certainty in
every case whether selectivity is a consequence of ki-
netic or thermodynamic factors, as rearrangements have
been shown to be extremely facile in many systems. (For
example, the difference between the entries involving
Rlyand Ir is clearly due to the former being under ther-
modynamic control, the latter, kinetic.) But it is clear
that we do have the means to turn an alkane into a ter-
minal alkyl-metal complex, under mild conditions and
with good to excellent selectivity.

The probiem is, having gotten that far, what do we
do next? Virtually all attempts to incorporate reactions
of the sort shown in Table 1 into useful catalytic cycles
have failed. In many cases the organometallic systems
are instantly destroyed by oxygen or other strong oxi-
dants. A few examples of catalytic alkane oxidation that
appear to proceed via organometallic activation have
been demonstrated, most prominently the Shilov sys-
tem (last entry in Table 1, and Scheme 1)9and the
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