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Abstract: Oxygen is generated under visible light illumination of highly acidic (0.5 M 
H2SO4) aqueous solutions of tris(2,2-bipyridine-4,4'-dicarboxylic acid)ruthenium(n) 
containing SjOg® as electron acceptor in the absence of heterogeneous redox catalyst. An 
autocatalytic reaction mechanism is proposed.

The oxidation of water to oxygen con­
stitutes a crucial reaction in photochemical 
water cleavage systems. Recently, very ac­
tive redox catalysts have been developed 
which allow to minimize the energy expen­
diture for this difficult process111. So far, 
few investigations have dealt with the 
optimization of sensitizers employed in 
these devices. Our earlier water decom­
position studies in microheterogeneous 
solution have employed the isopropyl ester 
of tris(2,2'-bipyridine-4,4'-dicarboxylic 
acid)ruthenium as a chromophore12,31. In 
subsequent investigations, we have scruti­
nized the properties of the hydrolyzed 
complex, i.e. tris(2,2'-bipyridine-4,4'- 
dicarboxylic acid)ruthenium(n) dichloride, 
[RuLJ2®, which was shown to sensitize 
titanium oxide with a charge injection 
quantum efficiency of 60% at pH 2H1. The 
present investigation focusses on oxygen 
generation from water which is accom­
plished by this sensitizer in acidic solu­
tions, even in the absence of redox catalyst.

[RuLJ2® 2Cle was synthesized and pu­
rified according to literature procedure151. 
Deionized water was distilled twice. All 
other chemicals were at least reagent grade 
and employed as received by the vendor.

Titania-supported RuO2 was prepared by 
impregnating 1 g of TiO2 powder (Degussa 
P-25, mainly anatase, surface area 55 m2/g) 
with 10 mL H2O containing 35 pmol 
RuCl3 aq. The slurry was dried at 100 °C 
and subsequently calcined for 1 h in air at 
300 °C. Calculated loading of TiO2 with 
RuO2 is 0.5% (w/w).

Illuminations were performed with a 450 
Watt Xe lamp equipped with a water 
jacket and a 435 nm cut-off filter to remove 
infrared and ultraviolet radiations, respec­
tively. Solution (20 mL) was contained in 
the inner part of a double-walled cylindri­
cal pyrex glass vessel (headspace in the cell 
11 mL) whose outer compartment was 
continuously flushed with thermostated 
water. Oxygen concentration in solution 
was monitored by a Clark type membrane 
electrode (Yellow Springs Instruments, Y- 
SI model 53) connected to a potentiostat. 
In addition, the appearance of oxygen in 
the gas phase above the solution was ascer­
tained by GC analysis. A poropack 5 A 
molecular sieve column was used in con­
junction with a Gow-Mac thermal conduc­
tivity detector. Argon served as a carrier 
gas. Air leakage was negligible on the time 
scale of the present experiments and made 
no significant contribution to the observed 
oxygen generation rates.

Cyclic voltammetry was performed with 
a Wenking POS-73 potentiostat using a 
conducting SnO2 electrode (area 0.66 cm2) 
cut from a glass received from Balzers AG.

Fig. 1 shows oxygen evolution curves 
obtained from visible light illumination of 
10"4 m [RuL3]2® solution in 0.5 m H2SO4 
containing 2 x 10”2 m S2O|e as electron ac­
ceptor. The ordinate represents the 
amount of oxygen measured by the Clark 
sensor in solution which was calibrated by 
injection of air saturated water. Prior to 
irradiation, the solution was flushed with
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Ar. The cell was then closed, the gas stream 
turned off, and the solution stirred in the 
dark until the detector gave a reliable and 
stable baseline. The three curves in Fig. 1 
were taken under the same experimental 
conditions. Unambiguous evidence was 
obtained that [RuL3]2® sensitizes water oxi­
dation in the absence of RuO2 redox cata­
lyst. There is an induction period of ca. 1 
min after which the rate of oxygen genera­
tion (r(O2)) attains 10 pL/min. A plateau is 
reached after 6 min of irradiation when 30 
pL of O2 are present in solution. At this 
time, the amount of O2 that escaped into 
the gas phase is 20 pL. Hence, a total vol­
ume of 50 pL of oxygen was generated, 
corresponding to a turnover number of 4 
for [RuL,]2®. Addition of 2 x 10 3 m 
Ce2(SO4)3 suppresses the oxygen evolution. 
Here, illumination with visible light re­
sulted in the formation of Celv.
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Fig.l. Visible light induced oxygen 
evolution from aqueous solutions (0.5 m 
H2SO4) containing 10~4 m [RuLJ2® or 
[Ru(bpy)J2® as a sensitizer and2 x 10~2 m 
S_,O2se as electron acceptor. The upper curve 
was obtained in the presence of 100 mg 
RuO2/TiO2 redox catalyst.

Addition of 100 mg RuO2/TiO2 increases 
the initial rate of O2 generation to 35 pL/ 
min. After 6 min the volume of oxygen 
present in solution is 130 pL and the total 
amount produced is 160 pL corresponding 
to a turnover number of 14 for [RuL3]2®.
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Replacing [RuL3]2® by [Ru(bpy)J2® re­
sulted in the suppression of O, generation. 
Even in the presence of 100 mg TiO2/RuO2, 
we detected only traces of O2 under illumi­
nation.

By analogy with [Ru(bpy)3]2®H, the 
photoinduced reaction of [RuLJ2® with 
peroxodisulfate may be formulated as

2[RuL3]2® + S2Og© ^
2 [RuLJ3®+ 2 SO2®

Subsequently, [RuL3]3® oxidizes water to 
oxygen:

4[RuLJ3® + 2H2O^
O2 + 4[RuL3]2® + 4H®

In the case of [Ru(bpy) J2® the standard 
redox potential (E = 1.26 V (NHE)) is not 
sufficient to afford water oxidation at 
pH 0. However, due to the electron with­
drawing property of the carboxylic acid 
ligand, the redox potential of the [RuL3]3®/ 
[RuLJ2® couple is 0.3 V more positive 
than that of the [Ru(bpy)J3®/[Ru(bpy)J2® 
couple. From the cyclic voltammogram of 
a fresh solution of [RuLJ2® in 0.85 m 
H2SO4 shown in Fig. 2a, one derives a stan­
dard redox potential of 1.56 V (NHE). In­
terestingly, if such a solution is anodized at 
1.64 V for ca. 60 min, one obtains a cata­
lytic wave (Fig. 2b). The current rises in a

Fig. 2. Cyclic voltammetry of 4 * 10~4 m 
[RuL3]2® solutions in 0.85 m H2SO4: a) 
fresh solution; b) solution anodized at 1.4 V 
(SCE) for ca. 60 min. A conducting SnO2 
electrode (surface 0.66 cm2) was employed. 
The background current remained below 1 
/iA over the whole potential range investi­
gated.

sigmaoidal fashion to a plateau value, and 
the potential at which half of the limiting 
current flows corresponds to the standard 
redox potential of the [RuLJ3®/[RuLJ2® 
couple, i.e. 1.56 V. The plateau current was 
little affected by the scanning speed. It in­
creased from 23 to 27 p A upon increasing 
the scanning speed from 5 to 50 mV/s. 
Such a behavior is characteristic for a pro­
cess where the reversible charge transfer at 
the electrode is coupled to a catalytic reac­
tion in solution. The latter replenishes the 
reduced form of the sensitizer leading to 
higher oxidation currents than in the ab­
sence of catalyst and to the lack of a reduc­
tion wave during the cathodic scan. In such 
as case1’-101, the limiting current density is 
related to the rate constant for the catalytic 
reaction k^ via

i=nFc\Dk^2 (3)

where c° is the concentration of depolar­
izer in the bulk and D is its diffusion coeffi­
cient. Using 7) = 3 x 10-6 cm2/s, derived 
from Fig. 2a11'1, one obtains k^ ~ 0.3 s1.

The observation in Fig. 1 of visible light 
induced oxygen generation in [RuLJ2® 
solutions in the absence of RuO2 can be 
rationalized in terms of an autocatalytic 
mechanism. It is suggested that a fraction 
of the [RuLJ3® produced via reaction (1) 
undergoes a chemical change giving rise to 
the formation of a molecular catalyst for 
water oxidation. Monomeric1121 and dime- 
ric113,141 ruthenium complexes derived from 
[Ru(bpy)J2® have previously been shown 
to mediate oxygen evolution from water, 
and the catalyst operative in the present 
system could be structurally related to 
these species. Such a mechanism could ex­
plain the relatively low turnover number 
obtained in Fig. 1 since part of the sensi­
tizer is used up for the generation of the 
catalyst1'51. Another possible reaction of 
[RuLJ2®, which was found171 to occur with 
[Ru(bpy)J2®, could be light-induced oxida­
tion by peroxodisulfate. At present, it can­
not be excluded that this reaction generates 
the water oxidation catalyst. A third possi­
bility which may be envisaged is that the 
photoredox reaction of [RuLJ2® with 
S2O|® generates a catalyst for the thermal 
decomposition of peroxodisulfate into ox­
ygen and sulfate. However, this pathway 
can be ruled out since oxygen generation 
stopped when the light was switched off, 
indicating that it is the redox reaction of 
the sensitizer which affords water oxida­
tion.

The effect of Ce1", which suppresses 
photolytic oxygen generation in the ab­
sence of RuO2/TiO2, lends further support 
to this interpretation. Cerium(in) ions act 
as electron donors reducing [RuLJ3®:

Ce3® + [RuLJ3® -> Ce4® + [RuLJ2® (4)

In this way, Ce111 intercepts the forma­
tion of the water oxidation catalyst from 
[RuLJ3® preventing oxygen generation.
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