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Artificial photosynthesis and the splitting of
water to generate hydrogen

Urmimala Maitra, S. R. Lingampalli and C. N. R. Rao*

It is no exaggeration to state that the energy crisis is the most serious challenge that we face today.
Among the strategies to gain access to reliable, renewable energy, the use of solar energy has
clearly emerged as the most viable option. A promising direction in this context is artificial photo-
synthesis. In this article, we briefly describe the essential features of artificial photosynthesis in
comparison with natural photosynthesis and point out the modest success that we have had in split-
ting water to produce oxygen and hydrogen, specially the latter.
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THE serious energy crisis faced in the world today re-
quires ingenious solutions and one of the important
strategies would be to explore the use of solar fuels.
These can be in the form of hydrogen, produced from
photo-assisted water splitting, or high-energy carbon
compounds such as methanol produced by the light-
driven reduction of CO,. Hydrogen has the highest
energy density per unit weight, and being the cleanest
source of energy is considered to be the ultimate fuel for
the future, producing only water on burning. To complete
the solar cycle, water must act as the only source
of electrons to generate hydrogen. In this context, artifi-
cial photosynthesis has emerged as an exciting possibility
and we need to find facile ways to generate oxygen and
hydrogen by the oxidation/reduction of water. Photocata-
lytic oxygen evolution reaction involving the oxidation of
water and the hydrogen evolution reaction involving the
reduction of water are both important aspects related to a
sunlight-based energy solution. One of the challenges that
we face today with artificial photosynthesis is the devel-
opment of cost-effective catalysts made of earth-abundant
elements for the efficient oxidation of water to O, (ref. 1).
Photocatalytic water-splitting is simple in design and
has been explored widely for the past several years. In
photocatalytic water splitting, the energy of photons is
converted to the chemical energy of H, by breaking the
bonds in water. This process is accompanied by a large
positive Gibbs free energy (238 kJ mol ™). Just as in natu-
ral photosynthesis, this is an uphill reaction and is diffi-
cult to perform unlike photocatalytic degradation of
organic compounds using oxygen, which is a downbhill
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reaction. Water splitting involves two redox reactions
consisting of four electrons:

Oxidation: H,O0 — 4H" + O, + 4¢~ (1.23 V vs SHE),
Reduction: 4H" +4e¢” — H, (0 V vs SHE).

Plants perform this conversion through natural photosyn-
thesis, wherein CO, and water get converted to oxygen
and carbohydrates. Photosynthesis occurs in two stages.
In the first stage, water is oxidized to O, generating a
proton which gets bound to NADP" to give the energy
carrier, NADPH. In the second stage, NADPH is used to
reduce CO, to glucose.

The active unit in photosystem II (PSII) in natural pho-
tosynthesis is a somewhat ill-defined Mn,OsCa cluster
with a [Mn4O,] cubic unit as the core housed in a protein
environment™®. While the oxidation of water to produce
O, is the more difficult step in the water-splitting reac-
tion, the reduction of water to produce H, as a solar fuel
is of greater interest. This can be done as in photosystem
I (PSI) in plants where the reduction of protons generates
energy carriers like NADPH. Semiconducting nanostruc-
tures and heterostuctures as well as dye molecules that
generate electrons on photoexcitation can carry out the
reduction of protons. In this article, we present a brief
description of photosynthesis and highlight some of the
results obtained by us on the oxidation and reduction of
water, the latter enabling the generation of hydrogen.

Natural photosynthesis

In Figure 1, we show a schematic representation of natu-
ral photosynthesis. Solar energy is absorbed by chloro-
phyll and other pigments of PSII, which is the centre
for light reaction in photosynthesis. P680 (containing
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Figure 1.
P700 (adapted from Tachibana ef al*).

chlorophyll a) or PSII absorbs a photon and loses an elec-
tron to pheophytin (a modified form of chlorophyll) gene-
rating P680". In order to reduce the probability of charge
recombination, the electron is transported from pheo-
phytin along a chain of molecules to photosystem I (PSI).
This process of electron transfer down a chain of poten-
tial gradients ensures a charge separation quantum effi-
ciency of nearly 100%, because the electron transfer
processes happen on a femto-second timescale®.

The electrons (¢7) and holes (h") have lifetimes of micro-
seconds before charge recombination. P680" regains its
electron from water, thereby oxidizing it to O, in a reaction
catalysed by the water oxidizing centre (WOC) whichis a
cubic MnyOsCa cluster encapsulated in a protein envi-
ronment. In the meantime, P700 or PSI absorbs light and
loses an electron to reduce H™ and convert NADP" to
NADPH, thereby generating P700". The electron that
travels down the cascade of steps to PSI is used up by
P700" (ref. 4). This electron transport chain is commonly
referred to as the Z-scheme of photosynthesis. Generation
of O, from water is a four-electron process as shown in
reaction 1. PSII has to therefore absorb four photons to
drive this half-reaction and PSI also has to absorb four
photons for the subsequent reduction reaction. Absorption
of two photons by the natural photosynthetic system gen-
erates one electron and one hole, making the efficiency of
this reaction almost 50%. However, considering that
chlorophylls absorb nearly in the entire visible range and
utilize only the red photons, the efficiency drops down to
20%. In actuality, natural photosynthesis in an agricul-
tural crop is only 1% efficient over its entire life-cycle”.

Artificial photosynthesis

Artificial photosynthesis provides great efficiency and
simplicity and employs principles derived from natural
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photosynthesis. Artificial photosynthesis primarily in-
volves a photon-absorbing centre and a catalytic centre,
with an electron and hole transfer pathway joining the
two. A single-step or a two-step process can be employed
in artificial photosynthesis (Figure 2). In the single-step
process, a photon absorber is directly attached to an elec-
tron donor on one side and/or an electron acceptor on the
other. The photon absorber can be a semiconductor or a
dye which absorbs light generating an electron—hole pair.
The wavelength of light absorbed depends on the band
gap of the semiconductor or the HOMO-LUMO gap of
the dye, as shown in Figure 2 a. The semiconductor or
dye is generally used in conjugation with an electron do-
nor or an electron acceptor to enhance charge separation.
An electron donor should have an energy level more
negative than the excited state reduction potential of the
semiconductor or the dye and at the same time more posi-
tive than the water oxidation potential. The electron
acceptor would have an energy level more negative than
the proton reduction potential and more positive than the
excited state oxidation potential of the photon absorber.
For swift electron transfer, acceptors and donors must be
close to the photon absorber. Electron and hole transfer
occurs directly from the energy levels of the semiconduc-
tor or the dye with only the electron donor or the electron
acceptor, or neither of them being used in the process of
the reaction.

In the two-step process, two photon absorbers are con-
nected to each other by an electron transfer-relay mate-
rial, the rest of the principles being similar to that of the
single-step process, as shown in Figure 2 5. A redox cou-
ple issued as the electron transfer relay. The two-step
process is analogous to the Z-scheme of natural photo-
synthesis and utilizes two photons to generate one elec-
tron and one hole. In the case of the single-step process,
on the other hand, the two components of the Z-scheme
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Figure 3. Schematic representations of (a) processes in photosynthesis and (b) energy-level requirements in semiconductor photocatalysis™®.

are combined into one. The single-step process is simple,
but the disadvantage is that only a limited fraction of
sunlight (<680 nm) can be used to initiate both the oxi-
dation and reduction of water. The two-step process can
be used for complete water splitting even with low exci-
tation energy, as low as near-infrared wavelengths. This
advantage is accompanied by the difficulty of maintain-
ing the kinetics of the full electron-transfer process with
minimal energy loss by charge recombination reactions.
An ideal process of electron transfer is to have more than
one electron acceptor or donor level closely spaced in
energy as in natural photosynthesis. However, this in-
creases the complexity of the system and is somewhat
difficult to achieve. Good electron acceptors like fullere-
nes™’ have been coupled with chromophores to achieve
up to 95% charge separation. A simpler but less effective
strategy is to employ co-catalysts in semiconductor-based
light harvesters. Pt, NiO (for H,) and RuO,, IrO, (for O,)
satisfy the required conditions for use as catalysts.

The mechanism of photosynthesis (artificial or natural)
thus comprises three aspects: (i) light-harvesting,
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(ii) charge generation and separation and (iii) catalytic
reaction as shown in Figure 3a. The photosynthetic
catalysts can be classified as: semiconductor-based
photocatalysts, catalysts used in photoelectrodes, dye-
sensitized catalysts.

Semiconductor-based photocatalysts

These are the simplest of all catalysts, with all the three
processes of photosynthesis occurring in a single system.
The semiconductor absorbs a photon with energy greater
than its band gap and generates an electron—hole pair, fol-
lowed by the migration of the electrons and holes to the
surface of the semiconductor, which participate in surface
chemical reactions with water or other sacrificial agents.
Recombination of e” and h” competes with the process of
charge separation reducing the efficiency of photocataly-
sis, as illustrated in Figure 3 a. Grain boundaries and
defects in the semiconducting particles act as charge
recombination centres. Charge recombination can be
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Figure 4. Some semiconductor photocatalysts and their corresponding band positions with respect to the water redox potential®.

minimized by decreasing the size of the particle down to
a few nanometres®. The electrons and holes would then
go to the surface and are used to reduce and oxidize water
respectively. They can also be used up by a sacrificial
electron or hole scavenger. A hole scavenger is a strong
reducing agent such as an alcohol or a sulphide, which
gets reversibly oxidized by the photogenerated h” instead
of water and thereby enriches the system with electrons
to be used for the reduction of water to generate H,. Ag"
and Fe’" have also been used as electron scavengers for
water oxidation®. A sacrificial system eliminates back
electron transfer and renders it feasible to examine only
the oxidation or reduction of water.

For a semiconductor to act as a water-splitting catalyst,
it must satisfy the following energy-level conditions. The
bottom of the conduction band must be more negative
than the reduction potential of H/H, (0 V vs SHE), and
the top of the valence band must be more positive than
the oxidation potential of O,/H,O (1.23 V), as shown in
Figure 3 b, limiting the theoretical minimum band gap for
water splitting to 1.23 eV. Based on the above criterion,
several semiconductors have been identified for H, evolu-
tion or oxygen evolution or both (Figure 4)°. Semicon-
ductors such as TiO,, SrTiO;, BaTiO;, FeTiO3, ZrO, and
ZnO whose conduction band potential lies above the pro-
ton reduction potential can reduce water to produce H,.
On the other hand, semiconductors such as Fe,03;, SnO,,
WO;, etc. can only oxidize water to H,. Semiconductors
like CdS, CdSe and MoS, are ideal for visible light
photocatalytic H, production by virtue of the sufficiently
negative conduction band potential and small band gap
(Figure 4).

Catalysts used in photoelectrodes

In photo-electrocatalytic systems, the semiconductor acts
as one of the electrodes of an electrochemical cell and is
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connected to the counter electrode via an external circuit.
On absorbing light, the semiconductor generates the elec-
tron—hole pair. In the case of an n-type semiconductor
photoelectrode, the photoexcited electron is transferred to
the counter electrode (mostly Pt) via the external circuit,
where it reduces H' to H,. The h' oxidizes water at the
semiconductor surface. In the case of a p-type semicon-
ductor phototelectrode, the photogenerated electrons
reduce water at the surface of the semiconductor while an
electron from the counter electrode balances the h*, oxi-
dizing water at the counter electrode. The process of
photo-electrochemical water splitting is demonstrated in
Figure 5. Photo-electrochemical cells with both the anode
and the cathode composed of photon absorbers have been
used.

Even though the semiconductor possesses suitable
CB/VB levels for the reduction/oxidation of water, an
external bias or a pH difference (chemical bias) needs to
be maintained to overcome the resistance between the two
electrodes in solution and at the interface between the
solution and the semiconductor electrode. Here, charge-
recombination is inhibited by the bias leading to greater
efficiency, with the quantum yield approaching unity and
a power conversion efficiency of ~18% (ref. 10).

Dye-sensitized catalysts

Use of semiconductors as photocatalysts imposes a limi-
tation on the band gap of the semiconductor. Semicon-
ductors with a large band gap absorb light in the UV
region, neglecting the entire visible and near-infrared re-
gions of the solar spectrum. Dye sensitization permits the
use of semiconductors with energy levels matched with
the redox potential of water, without compromising on
range of energies absorbed. On illumination with visible
light, the excited dye transfers an electron to the conduc-
tion band of the semiconductor provided the excited state
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Figure 6. Schematic representation of dye-sensitized H, evolution

(PS represents a photosensitizer/dye).

oxidation potential of the dye is more negative than the
conduction band of the semiconductor (Figure 6) and
the dye itself gets oxidized.

A sacrificial electron donor or a redox shuttle such as
the I'/I” pair is used to regenerate the photosensitizer
and sustain the reaction cycle. Photosynthesis broadens
the spectrum response range and increases the efficiency
of charge transfer by spatial separation of the electron
and the hole. Dye-sensitized photo-electrochemical cells
having dye-sensitized photoelectrodes also work on simi-
lar principles with the reduction of water occurring at the
counter electrode and the sacrificial agent getting oxidi-
zed at the photosensitized electrode. Dye-sensitized TiO,
electrodes bearing IrO, nanoparticles have been used for
complete water splitting. On sensitization, the dye loses
an ¢ to TiO,, which transfers to the counter (Pt) elec-
trode generating H,. The IrO, particles donate e to the
oxidized dye to regenerate the photosensitizer'.

Water oxidation and oxygen evolution with
simple inorganic catalysts

Oxidation of water, involving the transfer of four elec-
trons has been carried out in the laboratory using efficient
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water oxidation catalysts such as RuO, and IrO,
(although they are expensive and their availability is limi-
ted) in place of the WOC in natural photosynthesis'* .
The exact electronic structure of the Mn cluster in WOC
is difficult to describe. However, assuming that a cubane-
type MnyO4 unit in WOC is important for water oxida-
tion, Mn and Co oxides with cubane-type units such as
molecular [Mn,O4] and [Co,;04] cubanes'®"’. Marokite-
type oxides, CaMn,04 and CaMn,04xH,O (refs 20 and
21) and Ca,Mn305 (ref. 22), have been elucidated as
water oxidation catalysts. Nanocrytalline Co;04 (ref. 23)
and Mn,0; (ref. 24) as well as ‘Co-Pi’ and Co-phos-
phates®® have also been pursued with modest successes.
Two recent papers>”*® have reported that nanoparticles of
A-MnO, obtained by delithiation of LiMn,O4 show
a much higher water oxidation catalytic activity with a
turnover frequency (TOF) of 3 x 10> s™' compared to the
parent oxide. The extra flexibility of the [Mn4O4] cubic
unit in A-MnO, was considered to be an important factor.
Studies on nanoparticles of Li,C0,0, demonstrated
[C0404] cubic structural unit as the necessary criterion for
catalytic activity”. Layered LiCoO,, however, did not
show any activity for water oxidation. Although the im-
portance of the structure of the oxidizing unit was borne
out of these studies, the actual oxidation state or the elec-
tronic configuration of the transition metal ion (Mn or
Co) in water oxidation catalysis could not be delineated.
The mechanism of photocatalytic oxygen evolution by
the catalysts involves Ru(bpy);’” as the sensitizer with
Na,S,0q as the sacrificial electron acceptor in a solution
buffered at pH =5.8. Figure 7 compares natural photo-
synthesis with the ruthenium complex-sensitized photo-
catalytic water oxidation. In natural photosynthesis,
chlorophyll absorbs a photon generating an excited state
species which in due course reduces CO, to glucose. In
dye-sensitized water oxidation, Ru(bpy)s>" (the photon
absorber) on photoexcitation donates an electron to
Na,S,0g and itself gets oxidized to Ru(bpy)33+.
Ru(bpy)s’* takes up an electron from the catalyst, just as
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Figure 7. Comparison of mechanism of photocatalytic water oxidation (left) with natural photosynthesis (right).
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Figure 8. Oxygen evolution activity of (a) different Mn and Co oxide catalysts and (b) cubic and hexagonal rare manganites

oxidized chlorophyll does from the WOC. The catalyst or
WOC regains its electrons by oxidizing water.

A recent study of the photocatalytic oxygen evolution
reaction by Mn and Co oxides has shown that those
oxides with trivalent Mn and Co ions possessing egl elec-
tronic configuration were most active for oxygen evolu-
tion reaction (Figure 8a)30. Thus, Mn,0;, LaMnQO; and
MgMn,0,, all of which contain Mn in +3 state with
tzgSeg' configuration show good catalytic activity even
though all of them exist in different crystal structures.
Hexagonal perovskite manganites containing Mn"? do not
show good catalytic activity, the Mn in these oxides hav-
ing the electronic configuration of ¢*2¢'’a,’’ (Figure
8b)3l. Similarly, LaCoQO3, Li,Co,04 and solid solutions of
Co™ in Ln,0; all show high catalytic activity (Figure
8a), Co in these catalysts being in the +3 oxidation state
with the t,,°e,' configuration™.

Table 1 shows the oxygen evolution activity of some of
the transition metal oxides. It is clear that irrespective of
structure of the transition metal, the electronic configura-
tion of the transition metal plays a crucial role in deter-
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mining oxygen evolution activity, eg' electron being a
crucial criterion. The ability of the e, orbital to form
o-bonds with anion adsorbates aids the binding of oxy-
gen-related intermediate species. A single electron in the
e, orbital is likely to yield just the appropriate strength of
interaction between O, and the catalyst for oxygen evolu-
tion reaction’*??,

Proton reduction and hydrogen evolution

Proton reduction is carried out naturally by the hydro-
genase enzyme that catalyses the reduction of protons
accompanied by the oxidation of electron donors such as
ferridoxin. Recently, it has become possible to anchor
hydrogenase to an electrode surface™, synthesize com-
pounds in solution resembling the hydrogenase active site
and showing activity for hydrogen evolution®>?,

Of all the hydrogen evolution catalysts, semiconductor-
based photocatalysts with the semiconductor acting as
both the photon absorber and catalyst are the simplest in
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Table 1. Comparison of O, evolution activities (turnover frequencies; TOF) of different transition metal oxide catalysts***!
Crystal Electronic Crystal Electronic
Catalyst structure configuration TOF/s™! Catalyst structure configuration TOF/s™!
LaFeO; Perovskite tz,;eg2 8.9x107° A-MnQO, Spinel t2g3eg0 22x10°
LaMnO; Perovskite t2g36g1 48x 107 Mn,O3 Bixbyte tzglegl 5%x10*
LaCoO; Perovskite e, 1.4x 1073 MgMn,0, Spinel ey 0.8x 107
LaNiO; Perovskite ty'e, 12x 107" Li,C0,04 Spinel te'ey' 9x10*
DyCoO5 Perovskite the,' 2.8x 107" (Er,03)(C0,053) Solid solution ey 13x10°

1T-MoS, - [Kr]4d?5s°
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Figure 9.
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Schematics of dye-sensitized H, evolution over graphene-MoS, composites and 1T-MoS, along with a bar diagram showing compara-

tive H, evolution activity of different MoS, based catalysts (adapted from Maitra et al.”’).

design. In 1980, Scaife’’ noted that it is intrinsically
difficult to develop an oxide semiconductor photocatalyst
that satisfies both the conditions of having sufficiently
negative conduction band for H, production and a suffi-
ciently narrow band gap for visible light absorption. This
is because of the highly positive valance bands (+3.0 V
vs NHE) in oxides formed of the O 2p orbitals. Non-
oxide semiconductors like sulphides and nitrides possess
appropriate band levels for visible light-induced H, evo-
lution. Nitrogen doping in large band gap oxides like
TiO, makes them photocatalytically active in the visible
region” *!. Co-doping of F with N in TiO, helps retain
the charge balance and reduce defects, thereby reducing
the probability of electron—hole recombination and
increasing the photocatalytic H, evolution yield*. Oxyni-
trides specially those of Ta and Nb, show high visible
light photocatalysis based on similar principles* .

MoS,; has a free energy for H, evolution comparable to
that of nitrogenase and hydrogenase with the edge struc-
ture of MoS, sheets having close resemblance with the
catalytically active sites of these enzymes. MoS, has pro-
ven to be a good catalyst for electrochemical as well as
photochemical hydrogen evolution reaction (HER)*.
Theoretical and experimental studies indicate that edges
of MoS, are catalytically active, while the basal plane
remains inert’>>'. Nanoparticles of MoS, with single-
layered truncated triangular morphology and exposed Mo

524

51,52

edges® 7, or those grown on highly ordered pyrolytic
graphite™ or graphitic carbon®** show electrochemical
H, evolution. Hydrogen evolution appears to be further
enhanced using graphene’® or carbon nanotubes®’ to sup-
port nanocrystalline MoS,, the favourable conductivity of
the nanocarbons ensuring efficient electron transfer to the
electrodes. Recently, photocatalytic dye-sensitized H,
evolution has been reported for MoS, and its composite
with graphene®”™. Figure 9 shows the H, evolution
activity of MoS, and its composites®. While MoS, by
itself shows very low H, evolution, its composite with
graphene (RGO-MoS,;) shows good catalysis, with gra-
phene acting as a conductive substrate for the efficient
transfer of the photogenerated electrons to MoS,, thereby
increasing the lifetime of the photogenerated electrons.
Nitrogen doping of graphene (NRGO) enhances the elec-
tron-donating ability of graphene and almost doubles the
catalytic yield”".

The reaction of dye-sensitized water splitting with
MoS, involves photosensitization of the dye EY to gener-
ate reactive species EY , which then can donate one elec-
tron to the catalyst™. The final reaction is

H,O+e — »2H, + OH .

Although the overall reaction is photocatalytic generation
of H,, the electrons that are involved in the reduction of
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hydrogen evolution activities of ZnO/Pt/CdS with ZnO/Pt/CdysZn,,S in the presence of Na,S and Na,SO; and benzyl alcohol in
acidic medium under visible light irradiation (adapted from Lingampalli ez al. ).

H,0 are not photocatalytically generated on MoS,, rather
transferred from the photogenerated species EY to MoS..
Based on the above principle, it is found that if MoS,
itself is rendered metallic thereby increasing its conduc-
tivity, it shows high catalytic activity. 1T-MoS,, the
structural polytype of semiconducting 2H-MoS, is metal-
lic and shows activity about 600—1000 times that of
2H-MoS, (Figure 9). Likewise, 1T-MoSe, shows extra-
ordinarily high catalytic activity, being the best catalyst
by far”’.

Use of semiconductor heterostructures

One of the important features in semiconductor artificial
photosynthesis is the manner in which one can have the
electrons and the holes apart, accomplished by semicon-
ductor heterostructures. Amirav and Alivisatos®® have
employed the CdSe seeded CdS nanorods with Pt tip for
photocatalytic hydrogen production. In this system, pho-
togenerated electrons were received by Pt and catalysed
the water reduction, and the holes were transferred to the
CdS to carry out methanol oxidation. Several other
hetero-structures such as ZnO/CdS/Pt (ref. 61) and TiO,/
CdS/Pt (ref. 62) have been designed for photocatalytic
hydrogen evolution.

Hybrid nanoheterostructures of the type ZnO/Pt/CdS
have been prepared recently by a simple solution
process®. The process involved deposition of Pt nano-
particles on ZnO, followed by the deposition of CdS
nanoparticles. A schematic representation of charge
transfer and catalytic reaction is shown in Figure 10 a, a
noteworthy feature being the presence of Pt nanoparticles
between ZnO and CdS nanoparticles. In these nanostruc-
tures, photogenerated charges in the CdS are separated by
transferring electrons to ZnO. Pt deposited on ZnO acts
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as an electron sink, thereby promoting proton reduction.
Holes retained on the CdS were utilized in the oxidation
of sacrificial agents. The photocatalytic hydrogen evolu-
tion was further improved by substitution of Zn in CdS as
in ZnO/Pt/Cdy3Zny,S and Se in CdS as in ZnO/Pt/
CdSy.sSeq s under visible as well as UV—visible light irra-
diation in the presence of Na,S and Na,SO;. The activity
further improves using benzyl alcohol in acidic medium
as the sacrificial agent (Figure 105). The improved effi-
ciency in these systems is achieved due to the efficient
charge separation by the nanoheterostructures. Semicon-
ductor heterostructures with ZnO and TiO,, partly substi-
tuted with N and F, would be even more effective in H,
reduction.

Conclusion

The discussion in the earlier sections should suffice to
justify the expectation that artificial photosynthesis and
splitting of water can provide a viable solution to the
energy problem by enabling the production of hydrogen
using solar energy. There have been sizable demonstra-
tions of the fairly large-scale production of hydrogen
using semiconductor nanostructures and other means. It
would be especially useful if the decomposition of water
can be carried out thermally at reasonable temperatures
(600-800°C) using solar energy. Clearly, research in the
area of water-splitting is worthy of greater effort.
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