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 a  b s  t r a  c  t 
 

 A summary of the recent advances in homogeneous light-driven catalytic oxidation reactions is provided 

either using sacrificial agents or  with complete functional cells. In  this work, a  photoelectrosynthe- 

sis  model cell  (PESC) for  H2   generation  together  with methyl phenyl sulfide (MeSPh) oxidation to the 

corresponding  sulfoxide (MeS(O)Ph) with H2 O and using sunlight has been prepared and character- 

ized. We  have built a two compartment PESC connected through a Nafion proton exchange membrane. 

The  cathode consists of  a platinum mesh in  a pH  7.0  buffered solution. The  photoanode consist on  a 

FTO/TiO  -P-bpy-RuII,2+ (where  P-bpy-RuII,2+ is  [RuII (P-bpy)(bpy) ]2+   and P-bpy is  2,2∗ -bipyridine-4,4∗ -
 2  2 

 bis(phosphonic acid)) electrode immersed in  the same pH  7.0  solution. The  anodic compartment also 

contains the catalyst {[RuII (trpy)(H2 O)]2 (fL-pyr-dc)}(OAc)  (trpy is  2,2∗ :6∗ ,2∗∗ -terpyridine and pyr-dc3− 

is the pyrazolato-3,5-dicarboxylato trianion) abbreviated as [H2 O-RuII RuII -OH2 ]+  (2,2+ ) in homogenous 

solution. The illumination under sun simulated 1.5 AMG (100 mW cm−2 ) together with an external input 

of −0.43 V vs. SSCE led  to the formation of hydrogen gas and the oxidation of the sulfide to sulfoxide. Last 
but not least, all the significant reactions involved have been characterized both from a thermodynamic 
and also from a kinetics viewpoint to analyze the system losses. 
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1.  Introduction 

 

The  area of light-driven oxidation reactions has  experienced a 
large development in  recent years due to  the renovated interest 
in the generation of solar fuels. Current and predicted worldwide 
energy demands are  unsustainable with carbon-based fuels and a 
transition from fossil to solar fuels is urgently needed [1–3]. Many 
different strategies have been adopted by the scientific community 
to generate solar fuels, from material-based to molecular systems, 
and even the combination of both. Moreover, a solar fuel  such as 
hydrogen can  be  potentially produced either by  the oxidation of 
water (best case scenario), or by the oxidation of an  organic sub- 
strate with water. Only  until recently, most of  the light-driven 
oxidation systems used sacrificial reagents  to  avoid unwanted 
recombination reactions. This review will  only focus on molecular 
systems and will provide the reader with an example of a functional 
photoelectrosynthesis cell for the oxidation of an organic substrate 
and the generation of H2 . 

 
2.  Sacrificial molecular systems 

 

2.1.  Light-driven water oxidation 

 

The  discovery in  the mid-80s of molecular catalysts for  water 
oxidation led  to  the first examples of  3-component systems for 

light-driven oxidation of  water. They  comprised of  a  molecular 
ruthenium  catalyst, a  photosensitizer and a  sacrificial electron 

acceptor. However, their stability and performance was very 
limited [4,5].  In both cases [Ru(bpy)3 ]

2+  and Na2 S2 O8  were used 

as  photosensitizer and sacrificial electron acceptor, respectively. 
After  20 years, the synthesis of more efficient water oxidation cat- 

alysts with lower overpotentials has  fostered the generation of 
more 3-component systems with better efficiencies. Molecular cat- 

alysts based on mononuclear and dinuclear Ru-complexes [6–10], 
Ru polyoxometallates (Ru-POM) [11] and iron complexes [12] have 

shown activity under sacrificial conditions. Some of  them have 
demonstrated good activities toward water oxidation when using 

[Co(NH3 )5 Cl]Cl2  [7,8]  as sacrificial acceptor. 
More sophisticated molecular systems have been prepared 

by  combining catalytic and light-harvesting units on  the same 
molecules. These dyad systems are  Ru-based photocatalysts that 
are  able to  oxidize water in a 2-component system with a sacrifi- 
cial  reagent. Although their catalytic activity is low,  it represents 
a breakthrough in the area by opening new possibilities as photo- 
catalysts for water oxidation. In all examples described, the activity 
of the dyad is higher than the two separate components, a phe- 
nomenon ascribed to fast  intramolecular electron transfer kinetics 
that allows to  reach the needed active higher oxidation states of 
the catalyst [13,14]. However, all the examples above are  based on 

As drawn, this reaction takes place in 100 % atom economy and it 
generates a sulfoxide, which is a highly added value product, using 
water and sunlight. Moreover, using sunlight and water avoids 
the use  of expensive and not very environmentally friendly oxi- 

dants such as CrO3  or MnO4 
− . Furthermore, it generates molecular 

hydrogen that is a green carbon-free fuel  vector [16]. 
One  approach of achieving this overall reaction is via a photo- 

electrochemical cell (PEC) as shown in Fig. 1. The overall reaction in 
Eq. (2) can  be divided in two half  reactions occurring at the anode 
and cathode as indicated below, 

Anode : MeSPh + H2 O �  MeS(O)Ph + 2H+ 
+ 2e−  (3) 

Cathode : 2H+ 
+ 2e− 

� H2  (4) 

The overall reaction (2), is thermodynamically not favored and 

thus the need of an  external energy input such as light to drive it. 
Since sunlight interacts with H2 O and MeSPh mainly at a vibrational 

level a  series of  additional reactions involving light harvesting 
molecules needs to  be  designed and coupled to  suitable catalysts 
in order to break and form the desired bonds at a reasonable rate. 

The  oxidation of  substrates with visible light as  indicated in 
the anodic Eq.  (3),  has   been described in  the literature using 

[Ru(bpy)3 ]
2+  (bpy is 2,2∗ -bipyridine) as a light harvesting molecule 

coupled to  a  sacrificial electron acceptor (SEA), such as  sodium 

persulfate or  Co(III)  salts like  [Co(NH3 )5 Cl]2+   [17,18]. As before, 

dyad systems with catalytic and photosensitizer units in the same 
molecule have shown good turnover numbers (TN) for the oxida- 
tion of a large variety of substrates, such as alcohols, sulfides and 
alkenes [19–26]. 

The   oxidation of  sulfide to   sulfoxide involves formally the 
addition of an  oxygen atom to  the sulfur atom. Thus,  ideal cata- 
lysts for  this transformation will  involve typical transition metal 
complexes in  high oxidation states containing the M = O group. 
Ru(II)-aqua polypyridyl complexes in general have been described 
to   carry out  PCET  type of  reactions, reaching  highly reactive 
Ru(IV) = O species [27].  The  latter is an  excellent O-atom transfer 
oxidant with regard to  the oxidation of alkenes to  epoxides and 
sulfides to  sulfoxides [28].  For  this reason we  have chosen the 

dinuclear Ru-aqua complex, {[RuII (trpy)(H2 O)]2 (fL-pyr-dc)}(OAc) 
(trpy  is  2,2∗ :6∗ ,2”-terpyridine and  pyr-dc3−   is  the  pyrazolato- 

3,5-dicarboxylato trianion) abbreviated as  [H2 O   RuII RuII    OH2 ]
+ 

(2,2+ ),  where the trpy and bridging ligand are  not written and 

whose structure is  shown in  Chart 1. This  complex undergoes a 
series of PCET processes until it generates the reactive species that 

is formally in  oxidation state IV,IV, [O   RuIV RuIV    O]+  (4,4+ ). This 
catalytic 4,4+   species is highly reactive and can  transform alkenes 

into epoxides (Eq. (5))  [29], 
f
O   RuIV RuIV    O

l+  

+ PhCH   CHMe + H2 O � 

4,4+
 

sacrificial reagents and the products generated, shown in Eq. (1), 
are  oxygen and protons. The  latter need to  be  reduced elsewhere 

f
HO 

 

− RuIII 
 

RuIII 
− OH

l
+

 

 

+ PhCH(O)CHMe (5) 

to produce the desired solar fuel. 3,3+
 

 

4hv 
2H2 O−�O2 + 4H+ 

+ 4e−     E   = 1.23 V (1) 

 
2.2.  Light-driven oxidation of organic substrates 

 

The oxidation of organic substrates with water and sunlight is a 
challenge that has  important implications both for  basic research 
science and for  the green chemical industry. A model example of 
this is  the oxidation of sulfides to  sulfoxides as  indicated in  the 
equation below for  the particular case of  methyl phenyl sulfide 
(MeSPh) [15], 

 

 
 

Chart 1.  Schematic drawings of  the Ru-photosensitizer [RuII (P-bpy)(bpy)2 ]
2+   (P- 

+ +
 

2 hv 
MeSPh + H2 O−�MeS(O)Ph + H2     �G   ∼= 31.6 kcal/mol (2) 

bpy-RuII,2+ )  and Ru-catalyst ({[RuII (trpy)(H2 O)]2 (fL-pyr-dc)}  ,  2,2  ,  used in this 

work. 



   

3+

2+ 

 

and  organic sulfides  to   sulfoxides  as   will   be   described here 

(Eq. (6)). 
 

 

2.2.1.   Homogeneous chemical, electrochemical and 
photochemical catalytic oxidation of MeSPh to MeS(O)Ph 

We tested the capacity of 4,4+  to react with sulfides in homoge- 
neous phase, chemically, electrochemically and photochemically. 

Electrochemical experiments  in  aqueous solution at pH  7.0 

show that the active catalytic species for sulfide oxidation is the 4,4+ 

as can  be seen in Fig. 2, by the presence of an electrocatalytic wave 

at the foot  of the IV,IV oxidation wave (Eo 
IV,IV-IV,III = 0.74 V). Since 

the oxidation of sulfide to  sulfoxide involves a two electron pro- 
cess  the reduced catalytic species, given the two-electron nature of 

the sulfide oxidation, is [HO   RuIII RuIII    OH]+ , 3,3+ , as indicated in 
the following equation: 

f
O − RuIV RuIV 

− O
l

+  

+ MeSPh + H2 O � 

4,4+ 

3.  Photoelectrochemical cells for the production of 

solar fuels 

 

3.1.  Light-driven water splitting 

 

An ideal functional device for the generation of hydrogen should 
avoid the use  of sacrificial reagents. Many examples can  be found 
in the literature for the production of hydrogen by using molecular 
catalyst based on  transition metal complexes and sacrificial elec- 
tron donors. The sacrificial agents react fast  and in an  irreversible 
manner so that they favor only the desired reactions. Furthermore, a 
large excess of sacrificial molecules can be used to favor the desired 
reaction. So far, only one example can  be found in which oxidation 
and reduction reactions are  coupled together in  a fully  homoge- 
neous molecular system for the oxidation of organic substrates and 
hydrogen [30]. 

The  best molecular catalysts for  water oxidation, described in 
the previous section with sacrificial reagents, have been incorpo- 
rated in PEC cells, where oxygen and hydrogen are  produced in the 

anode and cathode, respectively. In all  cases, oxygen is produced f
HO − RuIII RuIII 

− OH
l+  

+ MeS(O)Ph (6) in photoanodes based on dye-sensitized TiO2 with a Ru(bpy)3 -type 
3,3+

 

 
Chemically, under homogeneous conditions the active catalyst 

can be generated with PhIO that acts as a sacrificial oxidant accord- 
ing to, 

f
HO − RuIII RuIII 

− OH
l

+  

+ PhIO � 

3,3+ 

f
O − RuIV RuIV 

− O
l+  

+ PhI + H2 O                                                        (7) 

4,4+ 

 

Thus  a catalytic system can  be  built using 4,4+   1.0 mM/MeSPh 
2.0 M/PhIO 4.0 M/H2 O 4.0 M in DCM:EtOH  (1:1). This gives 1.81 M 

sulfoxide that represents an  outstanding 1810 turnover number 
(TN) with regard to the initial catalyst in 60 min. After this time the 
conversion of the initial substrate reaches a value of 90.5% with a 

remarkable TOFi of 3300 ks−1 . 
The  sulfide oxidation can   also   be   photochemically induced 

using [RuII (bpy)3 ]
2+ , (abbreviated as bpy-RuII,2+ ; Eo (III/II) = 1.10 V) 

and [CoIII (NH3 )5 Cl]2+   (abbreviated as  CoIII )  as  a  sacrificial elec- 
tron  acceptor (SEA).  A  deoxygenated solution containing 2,2+ 

0.02 mM/MeSPh  20 mM/bpy-RuII,2+    0.2 mM/CoIII    20 mM    in   a 

0.05 M sodium phosphate buffer (pH  7.0)  was irradiated by  visi- 
ble light for 30 min. Analysis of the product generation showed the 
formation of 9 mM  sulfoxide that represents 450  turnover num- 

bers (TNs)  with regard to  the initial catalyst. After  this time the 
conversion of the initial substrate reaches a value of 90% with an 

impressive initial TOFi of 250 ks−1 . 
The generation of the active species was achieved sequentially 

by the photochemically produced bpy-RuIII,3+ according to, 

of complexes or  porphyrins, along with a catalyst embedded in a 
Nafion film or attached to  the photosensitzer. On the other hand, 
the cathode consists of a platinum  electrode [31–40]. In general, 
the PEC cells  have shown small photocurrents, low  efficiencies and 
low  stability. Meyer et al. have been able to  increase the stability 
of their chromophore-catalyst assembly on  the electrode by  the 
deposition of a TiO2  layer by  atomic layer deposition (ALD), pro- 

ducing a core-shell structure that also enhance the photocurrent of 
their system [37]. More recently, photoanodes with chromophore- 
catalyst dyads have also  been studied although only minor details 
are  given on  the kinetics of the reaction. Recently several papers 
on the kinetic studies of Ru-sensitized photoanodes in water have 
been characterized [41,42]. 

 

3.2.  Light-driven oxidation of organic substrates 

 

A few examples exist of photocatalytic oxidation of organic sub- 
strates mediated by water using PESCs, although this topic is mainly 
at its infancy and large developments need to be made before it can 
be used in a generalized manner. One  of the important issues that 
should be  overcome for this type of cells  is the absence of sacrifi- 
cial agents which significantly reduce the driving force toward the 
productive reactions and for  this reason most of the PESCs have 
been described as a proof  of concept level [43].  Some other exam- 
ples can be found where the use of UV-light increases the efficiency 
of the system and even avoids the use  of an  external bias  to  gen- 
erate hydrogen [44,45]. For a functional device to  work, UV-light 
should be  discarded as  the share of this high-energy light within 
the solar spectrum is very small and systems based on visible and 
NIR light-harvesting molecules need to  be  used. It is thus crucial 
for the advancement of this topic, to characterize all the reactions 
involved in this type of cells both from a thermodynamic and kinetic 

2 
f
RuIII (bpy)3 

l
 

bpy−RuIII,3+ 

+ 

f
HO − RuIII RuIII 

− OH
l

+  

� 

3,3+ 

point of view, in order to be able to achieve technologically relevant 
devices. 

2 
f
RuII (bpy)3 

l
 

bpy−RuII,2+ 

+ 

f
O   RuIV RuIV    O

l
+

 

4,4+ 

 

+ 2H+ (8) 
3.2.1.   The interaction of the sensitized photoanode with the Ru 
catalyst 

In  this work, we   wanted to  characterize all  kinetic param- 
eters affecting the performance of  the cell.  Given the excellent 

The  lower TOFi with regard to  the chemical homogenous sys- 

tem is due to  lower concentration of Ru(III)  that is generated in 
the photochemically induced experiment. In the previous case the 
PhIO was used in a ratio of 1:4000 Cat:PhIO. Nevertheless the large 
TN achieved enables the present system to  be  tried under more 
restrictive conditions such as in heterogeneous phase. 

behavior in homogenous phase we anchored [RuII (P-bpy)(bpy)2 ]
2+

 

(P-bpy-RuII,2+ ; P-bpy is 2,2∗ -bipyridine-4,4∗ -bis(phosphonic acid), 

see Chart 1) into TiO2  to generate a photoanode, labeled FTO/TiO2 - 

P-bpy-RuII,2+ with a dye  surface coverage of 4.1 × 10−8 mol cm−2 

[46,47].  This   photoanode  was stable for  days in  a  mixture  of 
0.1 M  Na2 SO4 /0.83 mM   NaH2 PO4 /1.17 mM   Na2 HPO4 /0.69 M  TFE 



   

 

 
 

Fig.  1.  Top,  schematic drawing of the two compartment photoelectrochemical cell separated by  a proton exchange membrane. Bottom, General Reaction Scheme involving 

productive reactions. CB: conduction band of TiO2 ; D: photosensitizer; D* : excited state of the photosensitizer; D+ : oxidized photosensitizer; Ru-Cat: sulfoxidation catalyst 
2,2+ ; PEM: proton exchange membrane, Nafion® . 

 

(2,2,2-trifluoroethanol), and was tested with regard to its capacity 
to  interact in  homogeneous phase with our   sulfoxidation cat- 

alyst 3,3+ ,  generated  under  controlled potential  electrolysis at 

Eo 
app = 0.47 V. 
Transient absorption spectroscopy (TAS) was used to  measure 

the electron transfer processes in FTO/TiO2 -P-bpy-Ru
II,2+ following 

excitation at 450 nm in the presence and absence of different con- 

centrations of 3,3+   (Fig. 3)  and MeSPh substrate. The  absorbance 
decay after irradiation was measured at 650 nm which is  where 

bpy-RuIII,3+  has  a broad absorption band. In the absence of cata- 
lyst the system decays with a half lifetime of about 3.3 ms, which is 
attributed to the recombination reaction shown in eq. 9 (red arrow 

6 in Fig. 5), once the electron injects into the TiO2  conduction band 
which is known to happen within the picosecond time scale [48]. 

 

(−)TiO2 -P-bpy-RuIII,3+ 
� TiO2 -P-bpy-RuII,2+      t1/2 ≈  3.3 ms  (9) 

In the presence of the catalyst 3,3+  the bpy-RuIII,3+ signal decays 
faster as it is reduced by the catalyst according to Eqs. (10) and (11), 
in  a similar manner as  it  occurs when a dye  is regenerated by  a 
red/ox electrolyte in a dye  sensitized solar cell (DSC) [49]. 

(−)TiO2 -P-bpy-RuIII,3+ 
+ [HO   RuIII RuIII    OH]+ 

� 

(−)TiO2 -P-bpy-RuII,2+ 
+ [O   RuIV RuIII    OH]+ 

+ H+                               (10) 

 

 

 

(−)TiO2 -P-bpy-RuIII,3+ 
+ [O   RuIV RuIII    OH]+ 

� 

(−)TiO2 -P-bpy-RuII,2+ 
+ [O   RuIV RuIV    O]+ 

+ H+  (11) 
 

 

As the catalyst concentration is increased from 30  to  220 fLM 
the decay of the bpy-RuIII,3+ signal increases by almost an order of 

 
 

Fig. 2.  Square-wave voltammogram (SQWV) of 2,2+ in a pH = 7.0 sodium phosphate 

buffer solution showing the active IV,IV oxidation state (solid line). CV curve of 2,2+ 

in a pH = 7.0  phosphate buffer in the presence (dashed line) and absence (dotted 

line) of MeSPh showing the electrocatalytic wave. Starting scan at 0.0 V. A GC disk 

was used as the working electrode, a platinum wire as the auxiliary electrode, and 

SSCE as the reference electrode. SQWV  parameters: potential increment of 0.004 V, 

pulse amplitude of 0.025 V, and frequency of 1 Hz. 

 

 

magnitude with a t1/2 ≈ 0.18 ms. A dependence of dye regeneration 

on red/ox couple concentration has also been observed in DSCs [50]. 
The  notable increase in  signal intensity at slower timescales 

(0.1–1 ms)  is attributed to  the formation of a new species, which 

we  ascribe to  the 4,4+   state of the catalyst. The  decay of the 4,4+ 

state is due to the oxidation of MeSPh with the catalyst returning 

to its 3,3+  state (blue arrow 5 in Fig. 5). Due to the low signal to noise 



   

 

 
 

 

 

 

 

Fig.  3.  Transient absorption kinetics of  FTO/TiO2 -P-bpy-Ru
II,2+  photoanodes in a 

0.1 M  Na2 SO4 /0.83 mM NaH2 PO4 /1.17 mM Na2 HPO4 /0.69 M  TFE aqueous solution 

(blue) in the presence of 42.5 mM MeSPh. Black, in the absence of catalyst; red, with 

the addition of  30 fLM 3,3+ ; blue, with the addition of  220 fLM 3,3+ . TAS kinetics 

were recorded under 0.1  Sun illumination (10 mW cm−2 ) and using laser excitation 

pulses at 450 nm. TAS kinetics was recorded at 650 nm. (For interpretation of  the 

references to color in this figure legend, the reader is referred to the web version of 

this article.) 
 

 

ratio of the kinetic traces we  were not able to record the transient 

spectra of the long-lived species, however, we  note that the 4,4+ 

state of the catalyst (generated from 2,2+   at an  applied potential 
of 0.89 V vs. SSCE at pH  7.0;  see  SI) also  has  an  absorption band 

at 650 nm.  Moreover, the t1/2 of the decay of the 4,4+   state (7 ms) 

is in the order of magnitude found for  the heterogeneous MeSPh 
oxidation reaction described in next section. 

 
3.2.2.   Photocatalytic sulfide  oxidation in heterogeneous phase 

As  in  the previous section, the FTO/TiO2 -P-bpy-Ru
II,2+  pho- 

toanode in the presence of Co(III) as a sacrificial electron acceptor 
were used to  test its  performance in  heterogeneous  phase. The 

system:   FTO/TiO2 -P-bpy-Ru
II,2+     (r = 6.4 × 10−8 mol cm−2 )/2,2+ 

0.02 mM/MeSPh   20 mM/Co(III)   20 mM/DMF   13 mM    in    0.1 M 
Na2 SO4 /0.83 mM  NaH2 PO4 /1.17 mM  Na2 HPO4 /0.69 M  TFE buffer 
solution  gives 0.87 mM   sulfoxide that  represents  44   turnover 

numbers (TNs) with regard to the initial catalyst in 135 min. After 
this time the conversion of  the initial substrate reaches a  value 

of 4.3% with a TOFi of 13 ks−1 (see SI for  a product generation as 
a function of time). Again  as  in  the previous occasion the TOFi is 

slightly reduced due to the lower amount of bpy-RuII,2+ generated 
in  the surface of  TiO2   with regard to   the  bpy-RuII,2+ used in 

homogeneous phase. All the above experiments show the capacity 
of the system to  act  as  a robust photoanode for  the oxidation of 

sulfide to sulfoxide in the presence of Co(III). 

 
3.2.3.   PESC cell assembly 

Based on  the good performance of the catalyst both in homo- 
geneous and in  hetergenous phase sacrificial reagents, we  have 
designed a new photoelectrosynthesis cell  (PESC) (Fig. 1)  where 
the oxidation catalyst is present in homogeneous phase and thus 
allowing a fine tuning of redox potentials. The oxidation catalyst has 
to  comply with two indispensable requirements: (a)  the catalyst 
has  to act efficiently with regard to substrate oxidation and (b) the 
active site of the catalyst needs to be generated very fast by the pho- 

toanode. For the latter we are using a [Ru(bpy)3 ]
2+ type of molecule 

attached at the surface of TiO2 [18]. This cell configuration benefits 

from the fact  that any  catalyst that works in homogeneous phase 
can  be  immediately incorporated into the cell.  In  contrast if the 

Fig. 4.  Hydrogen evolution from the cathodic compartment (Vgas  phase = 6.5 mL) mea- 

sured with a Clark electrode obtained with the PESC cell upon irradiation with a Xe 

lamp (A > 400 nm, 0.1 W cm−2 ) at an applied bias of  −0.43 V. The anodic half-cell 
contains  FTO/TiO2 -P-bpy-Ru

II,2+   (r  = 6.4 × 10−8 mol cm−2 )/0.09 mM  2,2+ /MeSPh 
35 mM while the cathodic half-cell consists of a Pt mesh. The supporting electrolyte 

solution is  made of  a 0.1 M  Na2 SO4 /0.83 mM NaH2 PO4 /1.17 mM Na2 HPO4 /0.69 M 

TFE up to a total volume of 5 mL in each compartment. 

 

 

 

catalyst needs to  be  anchored on  solid devices then the corre- 
sponding homologue adequately functionalized will  have to be 
developed. On  the other hand using catalysts in  homogeneous 
phase has   the serious drawback that the ratio of  anchored- 
photosensitizing molecule vs. catalyst is generally very low. 

In order to  generate hydrogen, a small external bias  is needed 
when TiO2   is  used as  a  photoanode  [31,33,51]. As  previously 

reported, despite the fact  that the conduction band edge of TiO2 

is more negative than the thermodynamic potential of protons to 
hydrogen, electrons in trap states below this band are not reducing 
enough to generate hydrogen, and rapidly recombine according to 
equation 9. Therefore, an applied potential bias is needed to remove 
the electrons from the quasi-Fermi level of the semiconductor and 
transfer them to  the cathodic side of a potential PEC. The  energy 
level is dependent on  the pH  and the applied potential needs to 
be measured for each system. In our  cell  using Pt-mesh as a cath- 
ode, the potential turned out to be −0.43 V as deduced from the I–V 
curve shown in the SI. 

Once  the anodic and cathodic sites have been thoroughly stud- 
ied  independently, with the thermodynamics and kinetics known, 
we   connected them in  the absence of  sacrificial agents. A two 
compartment PESC connected through a Nafion proton exchange 
membrane,  was  built, as   shown  schematically in  Fig.  1,  with 
the photoanode and cathode described in  the previous sections. 

Irradiation by  visible-light (A > 400 nm,   0.1 W cm−2 )  and at an 
applied bias  of -0.43 V of the three-electrode PESC in 5 mL of 0.1 M 
Na2 SO4 /0.83 mM NaH2 PO4 /1.17 mM Na2 HPO4 /0.69 M TFE solution, 
containing FTO/TiO2 -P-bpy-Ru

II,2+ (r = 6.4 × 10−8 mol cm−2 )/2,2+ 

0.09 mM/MeSPh 35 mM/DMF 10 mM produces a photocurrent that 
decays to a steady 14 fLA after 2000 s. In the cathodic compartment 
310 nmol of H2   are  formed and a total of 0.067 C are  measured 

(Fig. 4)  that corresponds to  a faradaic efficiency of 89%. A larger 
amount of  MeS(O)Ph (0.2 mM)   could be  detected in  the anodic 

compartment by 1 H NMR spectroscopy at the end of the reaction, 
although its  quantitative measurement is associated with a large 
error. In the absence of the organic substrate or Ru-catalyst or Ru- 
photosensitizer, the currents obtained as well as product formation 
were negligible in all cases. 

The combination of reactions shown here is a proof of concept 
of the viability of potential PESCs based on  molecular catalysts in 
homogeneous phase and proper dyes anchored in TiO2 as photoan- 

odes. However there are  a number of unproductive reactions that 



   

 

 
 

Fig.  5.  Summary of significant reactions that occur at the anode and their approximate timescales. See  text for  details. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
 

 

 

need to be minimized in order to come up with more efficient cells. 
These include recombination reactions such as, 

(−)TiO2 -P-bpy-RuIII,3+ 
+ [HO   RuIII RuIV    O]+ 

+ H+ 
� 

TiO2 -P-bpy-RuIII,3+ 
+ [HO   RuIII RuIII    OH]+ (12) 

 

 

 

(−)TiO2 -P-bpy-RuIII,3+ 
+ [O   RuIV RuIV    O]+ 

+ H+ 
� 

TiO2 -P-bpy-RuIII,3+ 
+ [O   RuIV RuIII    OH]+ (13) 

 

that are  represented as red arrows (7 and 8) in Fig. 5. 

An additional problem to  the cell  reported here is the stability 

is on the millisecond time scale (reed arrow 6 in Fig. 5). More- 
over, upon  addition  of  the Ru  catalyst the  decay becomes 
bi-phasic with a fast phase corresponding to the efficient regen- 
eration of the oxidized sensitizer (microsecond time scale, 
arrows 3 and 4, Fig. 5) and a second phase that corresponds to 
the oxidation of the substrate by the high oxidation states of the 
catalyst (hundreds of miliseconds timescale; arrow 5, Fig. 5). 

(c)  The   existence of  the  formation of  higher oxidation states 

derived from [HO   RuIII    RuIII    OH]+  is indicated by  the faster 

decay of RuIII in FTO/TiO2 -P-bpy-Ru
III,3+ , in the presence of the 

catalyst. Furthermore the existence of the two electron oxidized 

species [O   RuIV    RuIV    O]+  is indirectly demonstrated by  the 
formation of the sulfoxide, since only the former is capable of 

carrying out such oxidation. 
of the anchored  P-bpy-RuII,2+ under illumination as the reactions (d)  Recombination of the photo-injected electrons at the TiO2 and 
proceed. It can  be visually appreciated that the latter slowly dean- 
chors from TiO2 . 

 

4.  Conclusions 

 

This  review is  intended to  give  a  short overview of  the light 
induced oxidative reactions and to show the different steps needed 
for development of a PESC cell:  from the identification of an active 
oxidation catalyst to its inclusion in a full functional cell for the pro- 
duction of hydrogen. The following is a list  of conclusions that can 
be  extracted from the work just presented, together with a graph 
(Fig. 5) that helps to  identify all the significant reactions involved 
in the photoanode. 

 

(a)  The use  of P-bpy-RuII,2+ sensitizer anchored in TiO2  facilitates 

the formation of oxidative species of the catalyst Ru(IV)   Ru(IV) 
that are active toward the sulfoxidation of MeSPh. Importantly, 

the III/II redox potential  (1.10 V vs. SSCE) of the P-bpy-RuII,2+ 

sensitizer, is a pre-requisite to be able to generate the sufficient 
thermodynamic driving force so that the catalyst can  reach its 
active site: the Ru(IV)   Ru(IV) oxidation sate. A lower oxidation 
potential of the sensitizer will compromise the electron transfer 
kinetics from the dye  to  the catalyst and thus no  hydrogen or 
sulfoxide would be generated. 

(b)  The L-TAS shows that the recombination kinetics between the 
photo-injected electrons at the TiO2 and the oxidized sensitizer 

the higher oxidation states of the catalyst (red arrows 7–8) are 
lower than microseconds otherwise these reactions will  pre- 
clude the formation of the final products. 

 

Finally, we have successfully built, step by step, a complete pho- 
toelectrosynthesis cell  for  simultaneous generation of  hydrogen 
and sulfoxide based on  water and sunlight. We  have thoroughly 
studied and characterized all the potential reactions involved both 
from a thermodynamic and also  from a kinetics viewpoint. This 
work represents a first step toward the use  of sunlight and water 
as  sustainable and green oxidation agents using oxidation cata- 
lysts in homogeneous pahse, and sets up  the basis for the rational 
development of PESC for pure water splitting with sunlight. 
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Experimental details  and  additional  spectroscopic, electro- 
chemical, and catalytic data. 
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