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1. Introduction

Light can be viewed as a means (very fast, indeed!) of
transferring energy and information through space. Photo-
chemistry! deals with both these phenomena. In this Essay,
we will discuss the energy aspects of the interaction between
light and matter. The information aspect of light, which
concerns several very important branches of photochemistry,
will not be discussed.

As we will see, it is indeed possible to make use of light
(particularly, sunlight) as a reactant in artificial chemical
processes to produce electrical and chemical energy, and it is
also possible, by means of artificial chemical reactions, to
convert electrical and chemical energy into light as a product.
All these processes are based on the simplest chemical
reaction: electron transfer.

2. Light and Redox Reactions

More than one hundred years ago, Giacomo Ciamician,
the father of photochemistry,” noticed that “light excitation is
especially favorable to processes of oxidation and reduc-
tion”.

The reason why excitation with light can easily cause
redox processes is well understood today.”! Electronically
excited molecules are both better electron donors and better
electron acceptors than the ground-state species. Qualitative-
ly, this can be understood from Figure 1: usually, the
absorption of light promotes an electron from a lower energy
to a higher energy orbital. The electron that has been
promoted can be more easily removed, which means that
the excited state has a smaller ionization potential than the
ground state. At the same time, the promotion of an electron
leaves behind a low-lying vacancy that can accept an electron,
which means that the excited state has a higher electron
affinity than the ground state.

Therefore, excitation by light is a remarkable, double-face
redox process since it generates a species capable of perform-
ing as both an oxidant and a reductant. A quantitative
approach concerning the redox properties of the excited state
is based on the extra amount of energy the excited state has
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Figure 1. Orbital scheme useful for understanding why an excited state
is both a better electron donor and a better electron acceptor than the
ground-state species.”!

compared to the ground state.”! In the case of a thermally
equilibrated excited state and reversible redox processes, the
redox potentials of the excited state are given by Equa-
tions (1) and (2):

E°(A"/*A) = E'(A"/A)=Ey("A/A) 1)
E(*A/A7) = E'(A/A7) + En(*A/A) )

Ey(*A/A) is the one-electron potential corresponding to the
electronic energy of the excited state (matching the difference
between the zero vibrational levels of the ground and excited
electronic states). It is worth noting that the term Ey,(*A/A) is
related to the reactive excited state, which does not necessa-
rily coincide with the excited state populated upon the
absorption of light. It follows that for a reversible reaction

[Eq. (3)]

*A+B— A +B* (3)

the Gibbs free energy change can be obtained from Equa-
tion (4)

AG'y = Nu{e[E(A/AT)—E(B"/B)| + w(A"B")}—En(*A/A)  (4)

in which N, is Avogadro’s number, e is the electronic charge,
and w is the electrostatic work term that accounts for
Coulombic interactions between the partners after electron
transfer (this term, to a first approximation, can be neglect-
ed). When irreversible processes are involved, the values of
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the redox potentials are not available experimentally;
although they can sometimes be estimated from other
parameters,’! it is difficult to forecast whether the actual
electron-transfer process will take place under the exper-
imental conditions used.

To illustrate the above concepts and understand why they
can be exploited in a variety of processes and applications, we
take as an example the extensively used [Ru(bpy);]*" com-
plex.! Figure 2 summarizes the energetic links between the
various forms of [Ru(bpy);]*". Excitation by light in the
intense visible absorption band (A, =452 nm, €.,
14600M 'cm ") leads to the lowest spin-allowed metal-to-
ligand charge-transfer (‘"MLCT) excited state (**[Ru(bpy),]*"
in Figure 2) which undergoes a very fast intersystem crossing
to the lowest *MLCT excited state (*[Ru(bpy);]**). This
excited state lives long enough (t=0.6 ps) to encounter other
solute molecules before undergoing radiative or radiationless
deactivation (in supramolecular systems,””! a suitable reaction
partner may already be near to *[Ru(bpy);]*"). The extra
energy available to *[Ru(bpy);]*" compared with the ground
state amounts to 2.12 eV and its reduction and oxidation
potentials, obtained from Equations (1) and (2), are +0.84
and —0.86 V (versus the normal hydrogen electrode (NHE),
in water). It follows that *[Ru(bpy);]*" is at the same time
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Figure 2. Molecular quantities of [Ru(bpy);]*" relevant for electron-

transfer processes. **[Ru(bpy);]*" indicates the spin-allowed excited
state reached by the absorption of light and *[Ru(bpy);]*" the lowest

spin-forbidden luminescent excited state (*MLCT). Reduction poten-

tials are referred to NHE. bpy =2,2"-bipyridine.

a good electron donor (reaction (5)), and a good electron
acceptor (reaction (6)):

*Ru(bpy)s]*" +Q — [Ru(bpy);]** +Q~  oxidative quenching

)

*[Ru(bpy)s]** + Q — [Ru(bpy);]" + Q"  reductive quenching

(6)

The two processes are potentially in competition, but
usually only one is thermodynamically allowed for a given
solute Q. When both are thermodynamically allowed, kinetic
factors establish which process wins the competition.”!

For reactions taking place in solution between an excited
state and a solute Q (e.g. reactions (5) and (6), sometimes
called dynamic quenching processes), the ratio of the excited-
state lifetime in the absence (z°) and presence (7) of Q is given
by Equation (7):F

'/t =1+17%,[Q] (7)

In this equation, known as the Stern—Volmer Equation, k
is the rate constant of the quenching process and the product
'k, is called the Stern—Volmer constant (ksy). The maximum
value of k, is represented by the diffusion rate constant (k) in
the solvent used. Assuming that the reaction occurs at its
maximum rate, k,=k,, Equation (7) can be employed to
evaluate the smallest concentration of Q required to quench
an excited state with a predetermined efficiency.

A scheme of the type shown in Figure 2 can be con-
structed, in principle, for any excited state of any molecule
when the pertinent data are available.”! Therefore, photo-
excitation affords chemists with a huge repertoire of strong
oxidants and reductants,'>%' which, however, should be
used with caution because the necessary conditions of
reversibility are often lacking in the reaction medium.
Figure 3 shows the relationship between the redox potentials
of the ground and excited states for some compounds often
used in redox processes involving excited states. In the case of
metal complexes, by far the most common one, both the redox
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Figure 3. Relationship between ground- and excited-state redox potentials in a few compounds used in redox reactions involving excited states.

properties and the excited-state energy can be fine- or coarse-
tuned by changing the metal, the ligands, and/or substituents
on the ligand rings. For example, *[Ru(bpy);]*" has a higher
energy content than *[Cr(bpy);]*", but the latter is a much
stronger oxidant. *[Ru(bpy),(biq)]*" (biq = biquinoline) has
a lower excited-state energy (736 nm, 1.68 eV) than *[Ru-
(bpy)s]** and it is easier to reduce (—0.37 V versus NHE).F!
The excited-state energy 2.34 eV of fac-[Ir(ppy)s;] moves to
2.76 eV for fac-[Ir(4,6'-F,-ppy)s] (ppy =2-phenylpyridine)
and 2.64 eV for [Ir(ppy),(CN),] ", while the oxidation poten-
tial of the ground state moves from +0.77 V to +1.29 V and
+1.42 V (versus saturated calomel electrode (SCE)), respec-
tively. 1%

The excited-state redox properties of molecules, partic-
ularly of transition-metal complexes such as [Ru(bpy);]*", are
used extensively not only for energy conversion, but also for
analytical purposes (see, for example, Section 6.2) and signal
processing.!'>"¥ For example, [Ru(bpy);]** can act as both a 4-
to-2 encoder and 2-to-4 decoder.!"!
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3. Interconversion between Light and Chemical or
Electrical Energy

In suitable systems, the above-described relationship
between excited-state energy and redox potentials can be
exploited to convert light energy into chemical or electrical
energy and vice versa.!"”!

In Figure 4a, the light energy converted with formation of
the A* and B~ redox pair (arrows 1+2) can be exploited
(arrow 3) as thermal energy or as electrical energy (if the back
reaction is performed, for example, in a fuel cell). Figure 4b
shows that the chemical energy of the A" and B~ redox pair
can be converted, in competition with the thermal process 1,
into light (arrows 2+3), a process termed chemilumines-
cence; if one or both the reactants A" and B~ are generated
in situ by electrochemical oxidation of A and/or reduction of
B, electrical energy can be converted into light and the
process is called electrochemiluminescence.

Of the utmost importance is the fact that, by using suitable
compounds called photosensitizers (PSs), interconversion
between light and chemical or electrical energy can also be
obtained with chemical systems that are not able to absorb or
emit light. Such photosensitizers are sometimes called light
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Figure 4. Schematic representation of the conversion of light into
chemical or electrical energy (a) and of chemical or electrical energy
into light (b) by electron-transfer processes.

absorption sensitizers (LASs) or light emission sensitizers
(LESs), depending on their specific role.!"”

For example,'® the reduction of methylviologen (1,1’-
dimethyl-4,4'-bipyridinium dication, MV*") by triphenyl-
amine (NPh;) is a strongly endergonic reaction and thus it
does not occur in the dark [Eq. (8)]:

MV?* 4 NPh;/AMV* + NPh,* (AG = +1.45eV) (8)

In principle, it could be driven by visible light (i.e. by
photons having an energy content higher than 1.45¢V).
However, neither MV?" nor NPh, are able to absorb visible
light. When [Ru(bpy);]*" is present in the solution, it can be
excited by visible light and its excited state reduces MV*" to
MV*. If the concentrations of NPhj; is sufficiently high, the
reaction of [Ru(bpy);]>" with NPh; prevails over the back
electron transfer reaction of [Ru(bpy);]*" with MV™ and the
net result of the experiment is the occurrence of reaction (8),
driven by the light absorbed by [Ru(bpy);]** (Figure 5).

NPh, v, 7 Mv2+
NPhy* M
[Ru(bpy)s]**
NPh, M2
[Ru(bpy)s]** < - - - - *[Ru(bpy)s]?*

hv

Figure 5. Conversion of light into chemical energy by using [Ru-
(bpy)s]*" as a light absorption sensitizer (LAS)." The dashed arrow
indicates the photophysical deactivation of the excited state, which
competes with MV*" during its reaction and the dotted arrows indicate
the back electron transfer reaction.

In such a system, the conversion of light into chemical
energy is a transient result because of the occurrence of the
fast back electron transfer reaction between the strong MV™*
reductant and the strong NPh;* oxidant.
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In addition, the conversion of light energy into electrical
energy is possible using [Ru(bpy);]*" as a LAS. Consider, for
example, a cell consisting of two identical compartments
separated by a sintered glass disk and containing a Pt
electrode and an aqueous solution of [Ru(bpy);]*" and
Fe** . If one compartment is illuminated and the other
one is kept in the dark, an electrical potential is generated
which depends on the intensity of the incident light (photo-
galvanic effect, Figure 6):

Fe?*

[Ru(bpy)]**

Fe3*

[Ru(bpy)s]*  *[Ru(bpy)s]*

hv

Figure 6. llluminated compartment of a photogalvanic cell based on
[Ru(bpy)s]*" as a light absorption sensitizer (LAS).I"! For details, see
text.

%C,0.% %Pb2*+H,0
[Ru(bpy)s]**
o, 1%PbO,+2H*
*[Ru(bpy)s]* [Ru(bpy)s]**
hv

Figure 7. An example of the conversion of chemical energy into light
by using [Ru(bpy);]*" as a light emission sensitizer (LES)."® For
details, see text.

An example of [Ru(bpy);]** playing the role of LES in the
conversion of chemical energy into light is displayed in
Figure 7. The customary laboratory reduction of lead dioxide
by oxalate ions in acid media would be sufficiently exergonic
to produce visible light, but it only produces heat [Eq. (9)]:

1/2PbO, +1/2C,0,> +2H* — 1/2Pb*" + CO, + H,0 (AG ~ —2¢V)
)

However, when the reaction is carried out in the presence
of [Ru(bpy);]**, emission of light is observed.'® The most
likely reaction mechanism involves first the oxidation of
[Ru(bpy);]*" by PbO, (reaction (10)) and then the reduction
of [Ru(bpy);]*" by C,0,> in two steps (reactions (11) and
(12)) with formation of the luminescent *[Ru(bpy),]*" excited
state (Figure 7).
www.angewandte.org
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[Ru(bpy)s** + 1/2PbO, + 2H" — [Ru(bpy),]*" + 1/2Pb>" + H,O

(10)
[Ru(bpy);]** + C,0,> — [Ru(bpy);]*" + CO, 4 CO," (11)
[Ru(bpy)s]** +CO,™ — *[Ru(bpy)s]*" + CO, (12)

A remarkable example of [Ru(bpy);]*" playing the role of
LES in the conversion of electrical energy into light is that
illustrated in Figure 8.1 In solutions of [Ru(bpy);]*" in

-

e (

'l
r

[Ru(bpy)s]*
[Ru(bpy)s]**
[Ru(bpy)s]*
*[Ru(bpy)s)** [Ru(bpy)s]*
hv

Figure 8. Conversion of electrical energy into light (electrochemilumi-
nescence) by using [Ru(bpy)s]*" as a LES."!

acetonitrile, switching the potential applied to a working
electrode between the oxidation and reduction potentials of
the complex causes formation of the reduced [Ru(bpy);]* and
oxidized [Ru(bpy),]*" species, whose reaction is sufficiently
exergonic to produce a ground-state [Ru(bpy);]*" and an
excited-state *[Ru(bpy);]*", which undergoes emission of
light.

4. Conversion of Solar Energy into Electrical Energy
4.1. Inorganic Solar Cells (PV Cells)

Inorganic photovoltaic solar cells (usually called PV cells)
are made of semiconducting materials consisting of doped
silicon or combinations of elements such as gallium, arsenic,
tellurium, copper, or cadmium.

4.1.1. Silicon PV Cells

In silicon solar cells (Figure 9), a slice of n-type material
(e.g. phosphorus doped) is placed in physical contact with
a slice of p-type material (e.g. boron doped), so that the “free”
electrons in the n-side will rush to fill the “holes” in the p-side.
An electron migration over the p—n junction occurs, which

www.angewandte.org
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Figure 9. Conversion of light into electrical energy in a silicon photo-
voltaic cell.

creates a net negative charge on the p-doped material,
counterbalanced by an identical positive charge on the n-
doped material. This spontaneous process creates an electric
field that, at a given point, stops electrons flowing in one
direction, thereby producing a diode. For silicon diodes, the
built-in potential is approximately 0.6 V.

When excitation by light promotes an electron from the
valence (VB) to the conduction band (CB) of the p-side
silicon in the vicinity of the junction, the electron will be
attracted on the positive side of the field, thereby flowing
through the junction toward the n-type material. By connect-
ing together the two sides of the cell, away from the junction,
the electron will be forced to travel outside the cell, thereby
generating an electric current from the n-side to the p-side,
from which useful work can be extracted.

Photons carrying energy below the band gap of the cell
material are completely wasted, while photons above the
band gap can utilize only a portion of their energy to release
electrons. Small band gap materials absorb a broader part of
the solar spectrum, but at the expense of lowering the open
circuit voltage (V,.); on the other hand, large band gap
semiconductors sacrifice the low-energy wavelengths in the
red part of the spectrum, thereby lowering the short-circuit
current (J). For a single junction PV cell, the optimal band
gap is approximately 1.4 eV, which yields a maximum # value
of 33%.2

One of the most promising strategies to overcome the
above limit and exploit the solar energy flow with higher
efficiency is the use of the so-called multijunction (or tandem)
cells, in which two or more cell junctions are combined, each
of which with a band gap optimized for a particular part of the
solar spectrum.”"

Over 90 % of today’s commercial solar cells are based on
doped silicon in either a single-crystal or polycrystalline form
(sc-Si and poly-Si, respectively). The band gap of silicon is
1.1 eV and the maximum theoretical efficiency of Si solar cells
is about 30%. The solar energy conversion efficiency of
standard industrial cells is between 15 and 20 %, but a value of
25.6% has been reached at research level.”" Silicon solar cells
are robust and reliable, but rather expensive, owing to the
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energy-intensive crystal-growth and vapor-deposition meth-
ods needed to make such cells.

4.1.2. Non-Silicon PV Cells

A leading material among non-silicon semiconducting
substances is polycrystalline CdTe, whose band gap of about
1.5 eV is nearly optimally matched to the solar spectrum. This
material is characterized by a high absorption coefficient
(>5x10°cm™), which means that approximately 99% of
photons with energy greater than the band gap can be
absorbed within 2 um of the CdTe film (compared to 150-
200 um for a Si PV). The conversion efficiency of CdTe solar
cells has increased greatly in the last few years to reach 21 %
in 2014.2

Another leading material is copper indium gallium
diselenide (CIGS), a polycristalline material with physical
properties similar to CdTe, but a slightly smaller band gap of
1.3 eV. CIGS solar cells have been produced with conversion
efficiencies of 23.3%.!

Thin-film photovoltaic technology based on CdTe and
CIGS is growing rapidly. Its major advantage is that the active
material can be deposited as ink on flexible aluminum foils. A
severe drawback of CdTe is that cadmium is one of the top six
deadliest and toxic materials known. CdTe appears to be less
toxic than elemental cadmium, and apparently these modules
do not produce any pollutants during their operation.
Another drawback is that tellurium is an extremely rare
element. For these reasons, there is a race for the preparation
of other suitable semiconducting materials such as FeS,, CuO,
and Zn;P,.”

4.2. Organic Solar Cells (OSCs)
Organic solar cells (OSCs), sometimes called plastic or

polymer solar cells, are based on charge transfer occurring at
the interface between two distinct materials (Figure 10),

Figure 10. Scheme of OSCs. For details, see text.

namely an electron donor (D) and an electron acceptor (A),
which, at their contact surfaces, constitute the analogue of the
“inorganic” semiconductor p—n junctions described above.
The excited state generated by the absorption of light by
either D (most commonly) or A is a molecular excited state,
usually called an “exciton”. This is essentially an electron—
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hole pair that can either recombine to emit light or heat or,
more usefully, can migrate to the interface and produce D*
and A~ species. Following excitation (usually to a singlet
excited state) of D, the following chain of events can occur:
1) energy migration to nearby D species up to the interface
region containing D and A species; 2) formation of an excited
charge-transfer (CT) state, D"/A™, in competition with
energy transfer to a lower lying neutral (singlet or triplet)
excited state of the system; 3)thermal and/or electronic
relaxation of the excited CT state; 4) evolution of the excited
CT state to a separated charge pair, with electrons located in
the acceptor material and hole in the donor.

The so-obtained charges eventually move to the respec-
tive electrodes, thereby generating a photovoltaic current. To
take advantage of enhanced dissociation at the donor-
acceptor interface, excitons should be generated as close as
possible to the heterojunction. Additionally, a continuous
conducting pathway should exist for electrons and holes to
reach the electrodes. OSCs are made with a disordered bulk
heterojunction (BHIJ), in which the donor and acceptor are
intimately mixed to form an interpenetrating phase network
at the nanoscale level (Figure 10). Organic materials have
relatively strong absorption coefficients (usually > 10° cm ™),
thus considerable absorption of light is achieved even with
ultrathin devices (<100 nm). The most popular electron-
acceptor molecules utilized in organic solar cells are fullerene
Cg and C,, derivatives,®?! while organic conjugated poly-
mers, for example, poly(3-hexylthiophene-2,5-diyl (P3HT),>!
are generally used as electron donors.

The main advantages of organic photovoltaic devices are
as follows: 1) low weight and flexibility of the PV modules;
2) easy integration into other products; 3) significantly lower
manufacturing costs compared to conventional inorganic
technologies; 4) manufacture of devices in a continuous
process using state of the art printing tools; 5) short energy
payback times and low environmental impact during manu-
facture and operations.

The field of OSCs has undergone impressive growth in
recent years.”! Efficiency has reached 11 % . A drawback is
that organic materials are susceptible to chemical, photo-
chemical, and physical degradation, for example, by the
action of oxygen and moisture.

4.3. Dye-Sensitized Solar Cells (DSSCs)

Solar power can be converted directly into electrical
power not only in solid-state photovoltaic devices (Figures 9
and 10), but also in photoelectrochemical cells, often called
Gritzel cells, which are based on the sensitization of wide gap
semiconductors by a LAS capable of exploiting sunlight.””!

The working principle of a DSSC is shown schematically
in Figure 11a. The system comprises a nanocrystalline semi-
conductor TiO, electrode of very high surface area and
a counter electrode, immersed in an electrolyte solution
containing a redox mediator (R). A photosensitizer (PS) is
anchored in some way (usually, by -COOH, -PO;H,, or
-B(OH), groups) to the semiconductor surface. Light is
absorbed by the photosensitizer, whose excited state injects

www.angewandte.org

11325


http://www.angewandte.org

Angewandte

11326

Essays
(@) N
e 7,@: e
s, I \
7 g
W L P ¢
< > CB; }f_\ PS*/*PS
- » Y
V. ~
y X \ e
44 A) \\ v o Pzcl
= A@— R*/R
A PS*/PS
’I'e..
‘@
TiO2
Conducting Cathode
glass anode

PS

Figure 11. a) Working principle of a dye-sensitized solar cell. PS is

a photosensitizer linked to a semiconductor electrode and R is a redox
mediator molecule. b) An example of a ruthenium oligopyridine type
photosensitizer.

an electron into the conduction band of the semiconductor
(step 1 in Figure 11a). The oxidized sensitizer is reduced by
a redox mediator (step 2, in competition with back electron
transfer, step 4), which then diffuses to discharge at the
counter electrode (step 3). As a result, a photopotential is
generated between the two electrodes under open-circuit
conditions and a corresponding photocurrent can be ob-
tained. A great number of photosensitizers, particularly of the
ruthenium polypyridine family, have been employed (see, for
example, Figure 11b). A variety of solvents of different
viscosity and of redox mediators have been used,” the most
common being the I;7/I" couple in acetonitrile solution.

As shown in Figure 11a, in DSSCs the absorption
spectrum of the cell is separated from the band gap of the
semiconductor, so the cell sensitivity can be more easily tuned
to match the solar spectrum. The cell efficiency depends on
the dynamics of the competing processes. An efficiency of
13% has been obtained by using an engineered porphyrin
dye.” Tandem solar cells in which the photoanode sensitized
with TiO, dye is coupled to a photocathode sensitized with
NiO dye have also been reported.*”)

A huge leap has been achieved in the last few years by
using artificial perovskite with the general formula
(CH;NH;)MX;, Y, M =Pb or Sn; X,Y =1, Br, Cl) as photo-
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sensitizers.”!! Such thin-film devices can be considered, in
some way, as an evolution of DSSCs. Perovskites exhibit
intense absorption bands over a broad region of the solar
spectrum. As a result, perovskite-based solar cells can be
thinner than other types of cells. Moreover, the simplicity of
making the photosensitizer material by liquid-phase chemical
reactions and depositing it by methods such as spraying and
spin coating may make it possible for solar-cell manufacturers
to eventually replace clean rooms and sophisticated manu-
facturing equipment with simple bench-top processes. The
energy conversion efficiency of solar cells based on perov-
skites has reached 20.1%.?"! The main concerns regard lead
toxicity and cell durability. The use of (CH;NH;)Snl; is
a possible solution to the first issue.*” The inclusion of a thin
layer of carbon nanotubes embedded in an insulating polymer
improves the resistance of perovskite cells to humidity and
thermal degradation.”

5. Conversion of Solar Energy into Chemical Energy
5.1. Natural Photosynthesis

The natural photosynthetic process of green plants con-
sists of the splitting of water by sunlight into oxygen, which is
released into the atmosphere, and “hydrogen”, which is not
released in the atmosphere but, instead, is combined with
carbon dioxide to produce organic compounds of various
types (Figure 12). The burning of these compounds with
oxygen either by respiration (food) or combustion (fossil
fuels, wood, biomass) forms the original compounds (water
and carbon dioxide) and releases the stored energy that
originated from sunlight.

o o,
- A rosynthesis
3 > &
0,
CH,0

H,0 Organic compounds

(biomass, food, fossil fuels..)
co,
energy 0,

o ™
Ombustionfrespwacs

Figure 12. Schematic representation of natural photosynthesis, com-
bustion, and respiration processes.

Since H,O and CO, do not absorb sunlight, natural
photosynthesis must be based on the excitation of photo-
sensitizers by light. Several different photosynthetic organ-
isms exist in nature. All use the same basic strategy: light is
initially absorbed by antenna systems containing many
chromophores, followed by energy transfer to a specialized
reaction center protein in which the excited-state energy is
converted into chemical energy by means of a one-electron
transfer reaction.’ Figure 13 shows schematically the chain
of electron-transfer reactions taking place in bacterial photo-
synthesis after direct (or indirect, through energy transfer)
excitation of the photosensitizer (PS).

In the photosynthesis of green plants, two reaction
centers, PSII and PSI, work in series so that two photons
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Figure 13. a) A simplified view of the structure of the reaction center of
Rhodopseudomonas viridis. b) Energy-level diagram and rate constants
of the electron-transfer steps involved in the charge-separation pro-
cess. PS is a bacteriochlorophyl special pair, Cy is cytochrome, BP is

a bacteriopheophytin, and QA is a quinone. Adapted from Ref. [3].

are needed to transfer one electron along the chain. The
threshold energy is about 1.83 eV (680 nm light). The primary
photoinduced charge-separation reaction taking place in PSII
is channeled by successive electron-transfer processes to-
wards the generation of kinetically stable final products, O,
and “fixed” CO, (e.g. carbohydrates). Oxygen evolution is
mediated by the oxygen-evolving complex (OEC), a cluster
containing four manganese atoms and a calcium atom.[%!
The OEC accumulates, from four successive one-electron
charge-separation processes, four holes that are used to
oxidize two water molecules in a four-electron process. The
corresponding reducing equivalents are transported by qui-
nones to PSI, where each of them is excited successively by
a photon absorbed by a chlorophyll molecule, so as to have
enough energy to drive the reduction of carbon dioxide. The
efficiency of photosynthesis is very low (see Sec-
tion 5.3).13437:31

5.2. Artificial Photosynthesis
5.2.1. General Principles

Generally speaking, a useful fuel is a chemical reductant
that can be transported, stored, and used on demand by
reaction with oxygen from the air, with concomitant energy
release. The production of fuels by nonbiological photo-
chemical reactions (artificial photosynthesis) was first antici-
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pated by Giacomo Ciamician about one century ago.””

Studies on artificial photosynthesis currently concentrate on
using sunlight to reduce carbon dioxide in aqueous solution to

CO, ethanol, or methane (see, for example, reac-

tion (13)),14

CO, +2H,0 + 8 hv(sunlight) — CH, +20O, AG° =8.30eV
(13)

or to split water into molecular hydrogen and molecular
oxygen [Eq. (14)]:

AG" =4.92eV
(14)

2H,0 + 4 hv(sunlight) — 2H, + O,

Since carbon dioxide reduction is more difficult from
a kinetic viewpoint and, if needed, can also be performed in
a thermal reaction with molecular hydrogen, the attention of
most scientists is focused on the photochemical splitting of
water (reaction (14)).

The electronic absorption spectrum of water does not
overlap with the emission spectrum of the sun, so that direct
dissociation of water by sunlight cannot take place.[*¥! From
a thermodynamic viewpoint, the most convenient process for
splitting water by solar energy is that involving the evolution
of molecular oxygen and molecular hydrogen from liquid
water (reaction (15)), whose low-energy thermodynamic
threshold (1.23 eV) in principle allows conversion of about
30 % of the solar energy. Of course, a suitable photosensitizer
should be used. Furthermore, water splitting involves two
multielectron transfer reactions (reactions (16) and (17)), the
second one involving the four-electron oxidation of two water
molecules:

1/2H,0 — 1/2H, + 1/40, AG" =123¢eV (15)

2H,0+2e¢” — H, +20H" E° (pH7) = —0.41V versus NHE

(16)
2H,0 - O, +4H" +4e” E" (pH7) = +0.82 V versus NHE
(17)

Given that each photon can transfer only one electron in
a photochemical process,”! two catalysts must be present in
a water splitting system: one should collect electrons to
produce molecular hydrogen and the other one should collect
holes (positive charges) to produce molecular oxygen. This
means that oxygen evolution requires four successive photo-
induced electron-transfer steps (threshold: 1.23 eV), coupled
with proton transfer (proton-coupled electron-transfer pro-
cesses, PCETs),*#] as happens in the OEC of the natural
photosynthetic system.

Artificial photosynthetic systems for water splitting re-
quire a very precise organization of different components
(see, for example, Figure 14) in the dimensions of space
(location of the components), energy (excited state energies
and redox potentials), and time (rates of competing process-
es).
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Figure 14. Schematic representation of the strategy for photochemical
water splitting (artificial photosynthesis). Five fundamental compo-
nents can be recognized: an antenna for light harvesting, a charge-
separation triad donor—photosensitizer—acceptor (D-PS-A), a catalyst
for hydrogen evolution, a catalyst for oxygen evolution, and a mem-
brane separating the reductive and the oxidative processes. Adapted
from Ref. [3].

Through decades of sustained effort, substantial progress
has been made in developing some essential components such
as antenna systems,* reaction centers,“*! homogene-
ous and heterogeneous”'! multielectron catalysts, and
semipermeable separators.

Although at the beginning it was thought that water
splitting could be achieved by using homogeneous systems,
that is aqueous solutions of the required molecular compo-
nents with the aid of colloidal catalysts, it is now believed that
practical systems should be based on the photoactivation of
solid-state semiconductor materials, as described in Sec-
tions 5.2.2 and 5.2.3.

5.2.2. Semiconductor-Based Photocatalytic Systems (PCs) and
Photoelectrochemical Cells (PECs)

Irradiation of a semiconductor with photons having
energy equal to or greater than its band gap promotes an
electron (e7) to the conduction band (CB), with concomitant
formation of a hole (h") in the valence band (VB; Fig-
ure 15).5*3 Electrons and holes migrate, thanks to band
bending, to the surface of the semiconductor, where charges
can drive thermodynamically allowed reduction and oxida-
tion reactions.

To achieve photocatalytic water splitting using a single
photocatalyst, the band gap of the semiconductor must
straddle the reduction and oxidation potentials of water,
which are —0.41 V and + 0.82 V versus NHE, respectively, at
pH 7 (reactions (16) and (17)). The pioneering experiment on
water splitting by irradiation of a semiconductor was per-
formed in 1972 by using TiO,.”® The energy gap of TiO,,
however, corresponds to a threshold of 390 nm, which means
that visible light, and thus sunlight, is almost useless. Several
hundred semiconductors have been investigated in the last
three decades, but at present no single material meets the
requirements needed for practical applications: suitable band
gap, matching energy band for H, and O, evolution, high
efficiency, and reasonable stability in aqueous solution.”"
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Figure 15. Fundamental steps for water splitting by solid-state photo-
catalysis. For simplicity, band bending and catalysts for water oxidation
and water reduction are not shown.

The photocatalytic activity can be enhanced by depositing
catalysts (often called co-catalysts) for water oxidation (e.g.
RuO, nanoparticles) and water reduction (e.g. Pt nano-
particles) on the semiconductor surface. Unfortunately, the
best catalysts are all composed by precious metals. Currently,
much effort is thus directed towards the discovery of
abundant, environmental friendly, inexpensive, and highly
efficient catalysts.”’

The efficiency of solar energy conversion depends on the
efficiencies of light absorption, charge separation, charge
migration, and charge utilization for H, (or O,) genera-
tion.”* The solar-to-hydrogen (STH) efficiency is defined as
the ratio between the output energy as H, and the energy of
incident solar light. Usually, comparisons among different
systems are made on the basis of the incident photon-to-
current efficiency (IPCE) and the apparent quantum yield
(AQY). IPCE is defined as the ratio of the number of
electrons passing through an external circuit as a photocurrent
to the number of photons irradiating a photoelectrode. AQY
is given by the ratio of the number of evolved molecules
multiplied by the number of electrons involved in the
photocatalytic reaction (e.g. two for H, evolution) and the
number of incident photons (the number of absorbed photons
is difficult to determine due to light scattering). Both IPCE
and AQY depend on the irradiation wavelength and thus they
are usually determined under monochromatic irradiation.

In many cases the experiments have been performed in
the presence of sacrificial reductants or oxidants to test the
stability of the semiconductor and to optimize the occurrence
of hydrogen or oxygen evolution. Overall water splitting by
using visible light has so far been achieved only with a few
systems. Recently, cobalt(Il) oxide (CoO) nanoparticles have
been found to effect overall water splitting with a solar-to-
hydrogen efficiency of around 5%.°*! Unfortunately, the
catalyst undergoes photodegradation in a relatively short
time.

Systematic studies have shown that efficient water split-
ting by sunlight should be based not only on more suitable
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semiconductors and catalysts, but also on appropriate strate-

gic approaches, such as:[**l

a) the use of an external power input with semiconductors
playing the role of photocathode, photoanode, or both
(photoelectrochemical cells, PECs);

b) band-gap engineering, by using proper dopants, introduc-
ing defects in the semiconductors crystals, or fabricating
multicomponent semiconductors through solid-state re-
actions;

c) use of nanocrystals, nanosheets, one-dimensional nano-
structures, and mesoporous structures;

d) bionic engineering based on the knowledge of the
structure and function of key components and processes
of natural photosynthesis.

The photosynthesis of green plants has also inspired the
so-called Z-scheme for water splitting,™] which is based on
the use of two different photocatalysts: one suitable for H,
generation and the other one for O, generation, connected by
an electron mediator (Figure 16).5+>)

)y Irrgse 20

2H,

Figure 16. Schematic diagram showing a PC cell based on the Z-
scheme.

The Z-scheme is useful not only because it allows many
narrow band gap semiconductors to be used, but also because
it involves the formation of separated reduction and oxidation
sites in two different photocatalysts, thereby avoiding the
occurrence of surface back reactions. Besides liquid-state Z-
scheme systems such as that illustrated in Figure 16, all-solid-
state Z-schemes and direct Z-schemes have been developed.
An example of an all-solid-state system is made of a CdS/Au/
TiO, nanojunction in which a CdS reduction site is connected
by Au to a TiO, oxidation site."” An example of a direct Z-
scheme is a heterostructure made of BiVO, and Rh-SrTiO,
nanowires for overall water splitting, where the BiVO,
nanowires act as a photoanode for water oxidation and the
Rh-SrTiO; nanowires work as a photocathode for water
reduction.[" Catalysts, surfaces, and junctions are also the
object of accurate engineering studies.*"

The evolution of semiconductor photocatalysis for water
splitting has led to an “artificial leaf”® which consists of
a triple junction amorphous Si (3jn-a-Si) solar cell, a cobalt
phosphate catalyst (CoP) for oxygen evolution and a NiMoZn

Angew. Chem. Int. Ed. 2015, 54, 11320—11337

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemarionalEdition, CHEMiE

catalyst for hydrogen evolution. When the wireless CoP | 3jn-
a-Si|NiMoZn wafer is immersed in an open container of
water with electrolyte and illuminated with sunlight, O, and
H, are evolved from the anode and the cathode, respectively,
of the wireless cell at a solar-to-hydrogen efficiency of 2.5 %.
Recently, a low-cost, not fully stable water splitting cell
combining two pervoskite solar cells and a bifunctional earth-
abundant catalyst has displayed an STH efficiency of
12.3%.1

Constraints regarding the industrial application of water
splitting arise from three key requirements: efficiency,
stability, and scalability.* The major challenge is not finding
new ideas, but rather establishing whether or not the available
model systems can be developed in a cost-effective way at the
terawatt scale. Nowadays, the technology available can at best
be classed to be in the early research and development
stage.[*”]

5.2.3. Dye-Sensitized Photoelectrochemical Cells (DSPECs)

Dye-sensitized solar cells (Section 4.3) can be modified to
obtain dye-sensitized photoelectrochemical cells (DSPECs)
capable of exploiting sunlight to perform water splitting or
other endoergonic reactions.! DSPECs differ from PECs
because the absorption of light and transport of charge
carriers are spatially separated, and from DSSCs because of
the presence, in the anodic and/or cathodic compartments, of
multielectron transfer catalysts capable of accumulating holes
and electrons, respectively, generated by the photoinduced
charge-separation process and use them to perform the
desired endergonic reaction.

Figure 17 shows the case of water splitting, obtained with
the help of a small potential electric bias, in a DSPEC in which
a nanoparticulate TiO, photoanode is sensitized by a ruthe-
nium polypyridine complex.[” To improve the efficiency, the
Ru(II) photosensitizer has been covalently bound to an IrO,
nanoparticle, coadsorbed on the TiO2 electrode.®

Molecular catalysts are attractive candidates with great
potential for water splitting by PEC cells, because their
chemical structures can be easily modified and the related
reaction mechanisms can be studied in detail.[*!

For the more efficient use of sunlight, photoanodes and
photocathodes can be combined in a tandem approach, as
already discussed for DSSCs (Section 4.3). In principle, one
could couple water oxidation at the photoanode and CO,
reduction at the photocathode with formation of oxygen and
methane.” DSPECs indeed represent an interesting ap-
proach toward artificial photosynthetic processes. Their
performance, however, is currently limited by instability,
low efficiency, and small turnover of the catalysts.

5.3. What's the Best Way To Make Use of Sunlight?

The yearly averaged solar power striking the Earth’s
surface is about 170 Wm™. Therefore, each square meter of
the Earth'’s surface is a potential source of energy. To make
use of it, we need to convert solar power into the four energy
forms we use every day: food, electricity, fuels, and heat.
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Figure 17. a) Water splitting, obtained with the help of a small poten-
tial electric bias, in a DSPEC in which a nanoparticulate TiO, photo-

anode is sensitized by a ruthenium polypyridine complex that carries
an oxygen-evolving catalyst (b).[”

Conversion of sunlight into low-temperature heat is an easy
task.””! The conversion of sunlight into electricity and fuels
needs complex processes, as described above. An interesting
question then arises: what's the best way to make use of
sunlight 257711

Natural photosynthesis converts light energy into the
chemical energy contained in plant biomass, which is at the
base of the food chain. The threshold energy to obtain the
photochemistry-driving excited state in the photosynthesis of
green plants is about 680 nm (1.83 eV) and the two photo-
systems PSII and PSI work in series,* so that two photons are
needed to move an electron/proton from water to carbon
dioxide. Taking into account leaf reflectivity and saturation
effects, the maximum efficiency for the conversion of sunlight
into stored chemical energy (dry carbon matter) is about
4.5% .1 Losses caused by photodamage, reproduction, and
survival of the photosynthetic organisms further reduce the
efficiency. In fact, even under the most favorable conditions
crops produce biomass at efficiencies of less than 1%, and
often as low as 0.1 %. Improving photosynthesis by synthetic
biology techniques is not expected to change the overall
efficiency substantially.?”"!

Biomass, the end product of photosynthesis, can be used
to satisfy three fundamental needs of mankind: food, energy,
and valuable materials.” In recent years, the use of biomass
to produce fuels (biofuels) has increased. Biogas, a mixture of
CH, and CO, can be obtained from any type of organic matter
(including sewage sludge and animal wastes). Liquid biofuels
(bioethanol, biodiesel) are essentially produced by conven-
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tional agriculture resources (edible feedstocks) rich in
carbohydrates such as sugar cane, corn, wheat, and sugar beet.

It has been calculated that the energy of sunlight that is
stored in biodiesel is less than 0.1 %, and that for bioethanol
and biogas are around 0.2 % and 0.3 %, respectively.®” These
values, however, do not even take into account that a sub-
stantial fraction of the energy stored in a biofuel had to be
invested to produce the biomass (plowing, synthesizing
fertilizers and pesticides, irrigating, transporting). For corn,
it has been estimated that the energy footprint is at least 25 %
of its energy content. Other energy must also be invested in
the conversion of biomass into the biofuel. It follows that the
ratio between the energy returned on energy invested
(EROEI) for biofuel is often close or even smaller than 1.
Therefore, the production of biofuels constitutes an extremely
inefficient use of the 170 Wm? solar energy flux. Further-
more, the production and use of biofuels is not CO,-neutral as
often claimed, but actually makes the climate issue worse.”*"*!
Finally, the generation of biofuels from edible feedstocks is in
competition with food production.

While waiting for substantial progress in artificial photo-
synthesis towards higher efficiency, stability, and scalabili-
ty,P+%+%] there is no doubt that the best way to make use of
sunlight is photovoltaics. The 15-20% conversion efficiency
of solar energy into electric energy of commercial PV cells,
which are reliable and stable for about 30 years, is at least two
orders of magnitude larger than the conversion efficiency of
sunlight into biofuels. Furthermore, the estimated EROEI of
photovoltaics is increasing significantly."*™ For transporta-
tion, the drawback of storing electric energy in batteries is
more than compensated by the about four times higher
efficiency of electric engines compared with internal com-
bustion engines. Another advantage of PV solar energy
conversion is that electrical energy can be used to generate
hydrogen through electrolysis."”" The efficiency of water
splitting using a commercial PV cell with 18 % conversion
efficiency and a commercial electrolyzer is around 10-12%.

6. Conversion of Chemical and Electrical Energy
into Light

6.1. Chemiluminescence and Bioluminescence

A chemiluminescent process is a chemical reaction in
which light is generated as a product. This happens, for
example, in most combustion reactions. Emission of light
implies the formation of an excited state as a primary product,
which then undergoes radiative deactivation (Figure 4b).
Chemiluminescent reactions are used for a variety of
analytical purposes’® and find commercial applications as
light sticks, commonly used for recreation and fishing. Light
can also be generated by chemical reactions in living systems
(bioluminescence). The emission of visible light by animals
and plants is indeed a widespread and fascinating phenom-
enon in the living world.””

The simplest chemiluminescent reactions are those con-
cerning outer-sphere electron-transfer processes, in which the
two species simply exchange an electron without undergoing
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decomposition (Figure 4b). As shown in Section 3, chemilu-
minescence can be sensitized by a suitable LES. [Ru(bpy);]*",
the main character of several sections of this Essay, can play
this role (Figure 7). The most curious process in which
[Ru(bpy);]*" performs as a LES is the oscillating Belousov—
Zhabotinskii reaction (artificial firefly).”®!

6.2. Electrochemiluminescence

Electrochemiluminescence (ECL) can be obtained by two

principal methods:['*"

1) An annihilation pathway, as discussed, for example, in
Section 3, Figure 8.

2) A co-reactant pathway: besides the potentially lumines-
cent compound, e.g. [Ru(bpy);]*", the solution contains
a co-reactant, for example, tripropylamine (TPrA). Differ-
ent mechanisms have been proposed for this system. The
most likely one is that shown in Figure 18."”!

TPrA<--~__
TPrA
TPrA**
""+l
TPrA [Ru(bpy)s]* “[Ru(bpy)s)**

P [Ru(bpy)s]*
hv

Figure 18. Mechanism of ECL in the [Ru(bpy);]*" tripropylamine (TPrA)
system.

ECL is extensively used as an analytical technique.!" In
contrast to fluorescent labels it does not require a light source
and is free from the effects of scattered light and fluorescent
impurities in the sample. Compared with chemiluminescence,
ECL can extend the range of analytes detectable with
a particular chemiluminescence reaction by transforming
electrochemically inactive compounds into co-reactants.

6.3. Light-Emitting Diodes (LEDs)

Light-emitting diodes (LEDs) are electronic devices made
from a variety of inorganic semiconductor materials (e.g.
GaAs, AlGaAs, InGaN) that operate on the principle of
electroluminescence. In these devices, electric flow generates
electrons and holes. When an electron recombines with a hole,
energy can be released in the form of a photon. The applied
voltage in most LEDs is quite low, in the region of 2.0 V; the
current depends on the application and ranges from a few
milliamperes to several hundred milliamperes. Clearly, LEDs
and OLEDs (Section 6.4, Figure 19) are based on the same
principle as PV cells (Figure 9).

The quantum efficiency of a LED (or OLED) device,
given by the ratio of the number of photons emitted divided
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Figure 19. Working principle of an OLED. When a proper bias is
applied, the anode and cathode Fermi levels are displaced. For details
see text.

by the number of electron injected, can be expressed as
Equation (18):

MLED = MrecemMext (18)

The first term, 7, is the fraction of electrons and holes
that meet to form an exciton. The 7., term is the lumines-
cence efficiency of the excited state. The third term, 7, is the
efficiency of light “extraction” from the device to the ambient
surroundings.

The wavelength of the light emitted, and thus its color,
depends on the band-gap energy of the materials forming the
p-n junction. A single LED emits monochromatic light.
White light can be obtained by either combining the emissions
from individual red, green, and blue LEDs or by using a single
blue LED whose emission excites a phosphor, which in turn
emits white light. This latter design is the most common. The
2014 Nobel Prize in Physics was awarded to the scientists who
developed gallium nitride (GaN) based materials and devices,
including the blue LED.®

Nowadays, commercial white LEDs have a luminous
efficacy in excess of 150 lumenW ' (LPW), much greater
than incandescent lamps (12 LPW) or fluorescent lights
(80 LPW).® Infrared LEDs are employed in autofocus
cameras and television remote controls and also as light
sources in fiber-optic telecommunication systems.®!

6.4. Organic Light-Emitting Diodes (OLEDs)

LEDs based on organic compounds or on metal com-
plexes with organic ligands are called organic light-emitting
diodes (OLEDs).®? In a typical OLED device, indium tin
oxide (ITO) is utilized as a transparent anode electrode and
an evaporated metal is utilized as a cathode. Layers of organic
compounds capable of charge transport and emission of light
are deposited onto the transparent substrate. The injection of
electrons is achieved by the use of a low work function metal
or an n-doped electron injection layer, both of which are
unstable in air and require rigorous encapsulation.

OLED and OSC devices are related in the same way as
LED and PV ones are. The four distinct steps occurring in an
OLED are illustrated in Figure 19. When a proper bias is
applied, electrons (step 1a) and holes (step 1b) are injected.
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Then, the carriers drift in the presence of the externally
applied electric field by hopping from molecule to molecule
to the opposite electrode (steps 2a and 2b). If an electron and
a hole happen to meet, they may combine (step 3) to form
a molecular excited state (exciton) that may deactivate
radiatively (step 4) to generate a photon. Compared to LEDs,
OLEDs are characterized by a mobility of the charge carriers
orders of magnitude lower because the electronic states in
organic materials are highly localized.

The color of the emitted light depends, of course, on the
energy of the emitting excited state. The most widely used
luminescent materials are metal complexes, particularly
cyclometalated Ir'™ complexes, which are characterized by
very efficient phosphorescence. OLEDs based on purely
organic materials would be much cheaper and easier to
manufacture. In molecular materials, an electron and a hole
can combine to give rise to a singlet or a triplet state, with
25% and 75% probability, respectively.’! Since organic
molecules displaying high phosphorescence efficiency in the
solid state are very rare,® species capable of exhibiting
thermally activated delayed fluorescence (TADF) are used
(Figure 20).* Fluorescence quantum yields exceeding 90 %

charge

@annihilation

259
75%

MT

TADF

S, =
1

fluorescence
phosphorescence

So
Figure 20. Light emission with OLEDs. For transition-metal complexes,
the S,—T, intersystem crossing and the radiative decay of T, are very
efficient (phosphorescence light emission). For organic molecules, the

radiative decay of T, is inefficient and back T,—S,intersystem crossing
is exploited to obtain TADF.

and very high external electroluminescence efficiencies
(about 20%), comparable to high-efficiency phosphores-
cence-based OLEDs, have recently been achieved.®
OLEDs are more expensive and have lower efficiency and
shorter lifetime than LEDs. OLEDs are by nature diffuse
light sources that are used in displays for mobile phones,
portable digital media players, car radios, digital cameras, and
flat and curved TV screens. Furthermore, they are opening up
new perspectives in the field of illumination, such as light tiles,
light partition walls, and transparent light sources that emit
light only after twilight and act as windows during the day.
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6.5. Light-Emitting Electrochemical Cells (LECs)

LECs are based on electrochemiluminescence by the
annihilation mechanism of mobile ions (Figure 8) applied not
to a solution, but to a solid-state device.

Compared to OLEDs, LECs (Figure 21) a) are charac-
terized by a much simpler architecture, b) can be processed
from solution, c¢) do not rely on air-sensitive charge-injection
layers or metals for electron injection and hence require less-
stringent packaging procedures.

Light-emitting layer

| Transparent conductive oxide (TCO) |

E Metal
LUMO or CB
Metal
@ Electron
TCO

(® Hole

HOMO or VB

TCO
() (b)

Figure 21. Schematic representation of a LEC device without (a) and
with (b) an applied bias.”! For more details, see text.

The luminescent material of LECs is either a conjugated
light-emitting polymer™ or an ionic transition-metal complex
(iTMC).IB"#1 Cyclometalated complexes of Ir'" are by far the
most utilized class of iTMCs in LECs.

For an iTMC LEC based on the metal complex M"",
application of a forward bias causes the counterions to drift
towards the anode (ITO), where they accumulate and cause
a lowering of the barrier for hole injection in the HOMO of
M"* with the production of M“*Y*, At the same time, the
presence of uncompensated M"" ions in the neighborhood of
the cathode enhances electron injection, which results in the
formation of M® V', Injected electrons and holes then
migrate towards opposite electrodes. Emission results from
the recombination of M"** and M"Y+, which produces the
excited state *M"* of the complex. The details of the reaction
mechanism are still the object of discussion.®

7. Photosensitization of Organic Reactions

The long-standing goal of using sunlight to perform
valuable chemical reactions has been pursued since Ciami-
cian’s time.” Since most organic compounds do not absorb
visible light, interest in this topic was limited for decades to
the study of the intimate mechanism of the reactions induced
by UV radiation."*! More recently, the use of photosensi-
tizers, particularly semiconductors, has opened the way to the
exploitation of sunlight for useful applications.””**”
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7.1. Photocatalytic Pollution Remediation

Photocatalysts and photosensitizers may strongly enhance
the effect of sunlight. Homogeneous and heterogeneous
photocatalytic methods based on solar energy for detoxifica-
tion are extensively used for the treatment of wastewater and
contaminated air.”>*! TiO, is by far the most frequently used
heterogeneous catalyst for these processes. The reaction of
holes with solvent water molecules generates HO" radicals,
whereas electrons are scavenged by molecular oxygen to
produce the O, radical ions that then undergo secondary
reactions to give HO, and HO" radicals. These radicals can
easily attack organic molecules, thereby leading to organic
peroxide radicals that eventually convert into CO,, H,O, and
other nontoxic compounds. Since TiO, can make use of only
about 3% of the solar light energy, sensitization by visible
light is the object of active research.”>*!

7.2. Photosensitization and Catalysis in Organic Synthesis

In the last few years it has been found that excitation of
redox-active coordination compounds (e.g. [Ru(bpy);]*" or
fac-[Ir(ppy)s]), organic dyes (e.g. eosinY), or inorganic
semiconductors (e.g. CdS) mediates photoinduced electron
processes to substrates.”*™ Excited-state redox reactions
based on these compounds occur at room temperature,
without the need for highly reactive radical initiators.

Photoredox catalysis may be used to develop reactions
requiring both the donation and the acceptance of electrons at
disparate points in the reaction mechanism. Furthermore,
electron-transfer events often provide access to radical ion
intermediates having reactivity patterns fundamentally differ-
ent from those of their ground electronic or excited states.

Many examples of enantiomerically pure products have
been reported either by using a chiral photocatalyst!'! or by
decoupling light absorption by the photosensitizer and
enantiomeric enrichment by the organocatalyst.['!

For space reasons, we will discuss only two prototype
photoreactions: those involving either a sacrificial reagent S
(Figure 22 a) or an organocatalyst Cat (Figure 22b). PS is the
photosensitizer, the only species that absorbs in the visible
spectral region.

The scheme shown in Figure 22a is representative, for
example, of the reductive dehalogenation in the presence of
sacrificial amines:'"” for the easiest to reduce halide com-
pounds, such as activated benzylic or a-carbonyl halides, the
photosensitizer can be the prototype [Ru(bpy);]*" complex,
or in the case of alkyl, alkenyl, and aryl iodides, fac-[Ir(ppy)s],
whose excited state is a much stronger reductant (Figure 3).
The sacrificial amine serves to both produce the strong
reductant PS™ species and to act as a source of hydrogen
(similar reactivity to that described for TPrA in Figure 18).
An example of the reaction depicted in Figure 22a is the
dehalogenation process shown in Scheme 1:

Figure 22b illustrates a very elegant example in which
a photocatalytic cycle, activated by visible light, has been
merged into an organocatalytic cycle without any sacrificial
reagent."™ For example, a-benzylation of aldehydes can be
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Figure 22. Schematic representation of two prototypes for photosensi-
tized organic reactions involving either a sacrificial reagent S (a) or an
organocatalyst Cat (b).
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performed by this approach: PS is fac-[Ir(ppy)s], AX is
a benzyl bromide, B is an aldehyde, Cat is an imidazolidinone
organocatalyst, and the product is an o-benzyl aldehyde
(Scheme 2).

For a rational and profitable development of sunlight
sensitization in organic synthesis, an accurate comprehension
of the reaction mechanisms and an evaluation of the
efficiencies of the light-induced processes are necessary.
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The quantum yield of the photoreaction depends on the
lifetime of the excited state, the rate of the electron-transfer
reaction of the excited state, and concentration of the
quencher (S or Cat in Figure 22a and 22b, respectively).
Taking Figure 22 a as an example, if the lifetime of *PS in the
absence of S (7°) is 10 ns in acetonitrile solution at 298 K, the
Stern—Volmer Equation (Section 2) shows that the minimum
concentration of S required to have 50% efficiency of
process 2 is 5 mM. This example shows that long lifetime is
not a strict requisite for photocatalysis in organic synthesis,
since the concentration of S (Figure 22 a) or Cat (Figure 22b)
is usually quite high.

In the literature, the reaction conditions are often
discussed in terms of equivalents of PS with respect to the
limiting reagent. However, the efficiency of the reaction
depends on the concentration of the species that reacts with
the excited state, and the rate of the reaction is a function of
the light absorbed by the PS. Much attention should be
devoted to the experimental setup to maximize the irradiation
(reaction vessel, light flux, irradiation geometry, etc). Most of
the papers report reaction conditions in which the PS
concentration is extremely high, far beyond the concentration
needed for complete absorption of the incident light at the
maximum of the absorption band.

To compare the ability of different photosensitizers one
should measure the number of moles of product obtained by
performing the reaction under the same experimental con-
ditions, in terms of concentrations of the reactants and
photosensitizers, and under simulated sun irradiation.

9. Conclusion and Perspectives

Mankind is making exaggerated use of the limited
resources available on Earth. As a result, concern is arising
about the energy crisis,””! the increasing consumption of
minerals,"™ the degradation of the environment,1°>!%! and
climate change."”” Our finite planet cannot sustain an endless
increase of resource consumption and waste production. On

the other hand, we are making inadequate use of solar energy,
an enormous, reliable, and practically inexhaustible energy
source.

In the present Anthropocene epoch,'™ in which our
planet has become more fragile and mankind more powerful
than nature,'® we are called to take care of Earth, reversing
the present trend characterized by consumerism that converts
Earth'’s resources into waste at an astonishing rate.

Most of the ecological, economic, and political problems
are related to the exaggerated use of energy, particularly of
fossil fuels. A decrease of energy consumption and a transition
from fossil fuels to renewable energies are the only possible
solutions, as indicated by the European Union.

The processes illustrated in this Essay, which exploit
electron-transfer reactions to use sunlight as a reactant and to
generate light as a product (Figure 23), can give a determinant
contribution both toward the advancement of science and the
creation of a more sustainable world.

The conversion of sunlight into electrical energy by PV
cells (Section 4.2) already gives a significant contribution to
cover our energy needs (about 160 TWh at the end of 2014,
equivalent to the energy produced by about 25 nuclear plants,
with an increase of over 35% over 2013).1"% The EROEI of
PV is increasing significantly and has reached values > 20.7!
The potential of the photovoltaic conversion of sunlight is
indeed enormous.’" A detailed study concerning the Euro-
pean Union showed that covering approximately 0.6 % of the
European territory by current PV modules would theoret-
ically satisty its entire electricity demand.""!! Higher efficien-
cy, better stability, and use of more abundant and less
expensive materials in organic solar cells (OSCs, Section 4.3)
and dye-sensitized solar cells (DSSCs, Section 4.4) could give
a significant contribution to a decrease in the cost and an
increase in the production of photovoltaic electricity in the
next few years. The electrical energy produced by sunlight, of
course, has a number of useful applications. Once stored in
batteries, it can be used to power electric engines (EEs),
whose efficiency is three to four times higher than the
efficiency of internal combustion engines (ICE). For long-
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Figure 23. Schematic representation of the sunlight-as-reactant and light-as-product processes discussed.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 11320—11337


http://www.angewandte.org

time storage, electric energy can be converted into hydrogen
by electrolysis and then reconverted into electricity by fuel
cells, even on board vehicles to power electric engines.""

The generation of light by electrochemiluminescence
(Section 6.2) is used extensively for analytical purposes in
medicine, environmental applications, and several other
fields. The very efficient conversion of electrical energy into
light by LEDs (Sections 6.3) has allowed incandescent light
bulbs to be replaced, with a substantial reduction in energy
consumption for lightening. Furthermore, LEDs are increas-
ingly used in medicine, education, data transmission, machine
vision systems (e.g. barcode scanners), and a variety of other
applications. The use of OLEDs (Section 6.4) for all kinds of
displays is being developed by the major electronic industries.

The conversion of solar energy into chemical energy
(Section 5) is a more difficult task than conversion into
electrical energy because it implies storage of the converted
energy. The efficiency of natural photosynthesis is very low
and not easy to improve. Therefore, biofuels can give only
a marginal contribution to the replacement of hydrocarbon
fuels. Furthermore, they are in competition with food and do
not contribute appreciably to a reduction of greenhouse
emissions.

Artificial photosynthesis (Section 5.2) represents an im-
portant breakthrough, but it is still at an early stage of
research and development and will give a contribution to
energy supply only when its current limitations concerning
efficiency, stability, and scalability are overcome.

Besides the generation of solar fuels, solar photochemistry
can be exploited for other purposes, including pollution
remediation and synthesis of valuable products (Section 7).
Several high-value chemical products have been prepared
starting from common reagents, but we are still far from
fulfilling Ciamician’s dream: “On the arid lands there will
spring up industrial colonies without smoke; forests of glass
tubes will extend over the plains and glass buildings will rise
everywhere; inside of these will take place the photochemical
processes that up until now have been the guarded secret of
the plants, but that will have been mastered by human
industry which will know how to make them bear even more
abundant fruit than nature, for nature is not in a hurry and
mankind is.” Nevertheless, such a grand vision should not be
left aside. Hopefully, scientists engaged in the exploitation of
sunlight, a really unique reactant (plentiful, inexhaustible,
available everywhere, and very energetic), will succeed in
devising processes capable of fabricating valuable products
starting from materials such as seawater, the components of
our atmosphere (oxygen, nitrogen, carbon dioxide), and
abundant minerals. Natural photosynthesis, artificial photo-
chemical water splitting, photochemical reduction of carbon
dioxide to methanol, production of synthetic fuels by
coelectrolysis of H,0O and CO, powered by renewable
electricity,'” and the photochemical nitrogen fixation assist-
ed by visible light!">'! indeed suggest that one day
Ciamician’s dream!® could become true.'!*!!"!
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