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ABSTRACT: We report an efficient molecular light-driven system to oxidize water to oxygen and the kinetic analysis of the 
factors determining the efficiency of the system. The system comprises a highly active molecular catalyst 
([RuIV(tda)(py)2(O)]), [RuII(bpy)(bpy-COOEt)2]2+ (RuP) as sensitizer and Na2S2O8 as sacrificial electron acceptor. This com-
bination exhibits a high quantum yield (25%) and chemical yield (93%) for photo-driven oxygen evolution from water. The 
processes underlying this performance are identified using optical techniques including transient absorption spectroscopy 
and photoluminescence quenching. A high catalyst concentration is found to be required to optimize the efficiency of 
electron transfer between the oxidized sensitizer and the catalyst, which also has the effect of improving sensitizer stability. 
The main limitation of the quantum yield is the relatively low efficiency of S2O8

2- as an electron scavenger to oxidize the 
photoexcited ruthenium sensitizer RuP* to 2 RuP+, mainly due to competing back electron transfers to the RuP ground 
state. The overall rate of light-driven oxygen generation is determined primarily by the rate of photon absorption by the 
molecular sensitizer under the incident photon flux. As such the performance of this efficient light-driven system is limited 
not by the properties of the molecular water oxidation catalyst, which exhibits both good kinetics and stability, but rather 
by the light absorption and quantum efficiency properties of the sensitizer and electron scavenger. We conclude by dis-
cussing the implications of these results for further optimization of molecular light-driven systems for water oxidation. 
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1. INTRODUCTION 

Harnessing solar energy to drive the synthesis of hydro-
gen from water, and the reduction of CO2 to other fuels 
such as methanol, offers a renewable, carbon zero (for H2) 
or neutral (CO2 reduced fuels) pathway to reduce our de-
pendency on fossil fuels. This process is called artificial 

photosynthesis, because it mimics plant’s use of solar en-
ergy, water and CO2 to store energy in chemical bonds. As 
in natural photosynthesis, one of the key processes that 
need to take place is water oxidation, in which four elec-
trons and four protons are extracted from two water mole-



 

cules, producing molecular oxygen. This process is both ki-
netically and energetically demanding. A key challenge in 
this field is thus the development of suitable water oxida-
tion catalysts (WOCs) that drive water oxidation induced 
by light. In recent years, substantial progress has been re-
ported on molecular water oxidation catalysts1,2 although 
light-driven water oxidation activity has been demon-
strated in only a small number of cases.3,4,5,6,7,8,9,10,11 Fur-
thermore analyses of the kinetic processes determining the 
efficiency of these photoactivated systems, have been very 
limited to date and in several cases the molecular catalyst 
has been reported to degrade to the corresponding metal 
oxide.3,6b,7,8,9a. 

Homogeneous photoactivated water oxidation systems 
typically consist of ternary systems including a light har-
vesting molecule, such as [Ru(bpy)3]2+ (bpy is 2,2’-bipyri-
dine; see Chart 1 for a chemical structures), a sacrificial 
electron acceptor, such as persulfate and a water oxidation 
catalyst. Amongst all the reported molecular water oxida-
tion catalysts, ruthenium complexes exhibit the highest 
performances when driven both chemically and electro-
chemically. However, such catalysts often exhibit rather 
poor efficiencies when used in light-driven systems, with 
quantum yields for oxygen generation per incident photon 
typically being ≤ 10 %.3,4a These modest efficiencies for 
light-driven systems have typically been assigned to limi-
tations associated with the low turnover frequencies (TOF) 
of the molecular water oxidation catalyst, as well as the se-
vere overpotentials required to drive the catalytic reaction. 
As such, efforts in this field have been recently focused on 
improving both the overpotential requirements and TOF’s 
for molecular water oxidation catalysts. It is worth men-
tioning here that increasing the catalyst-dye interactions 
via a supramolecular approach can also significantly en-
hance quantum yields.5 

 

Chart 1. Key ligands used in this work 

Recently, we have reported2 a highly efficient Ru based 
water oxidation catalyst [RuIV(tda)(py)2(O)], (abbreviated 
from now on as RuIV=O; py is pyridine and tda2- [2,2':6',2''-
terpyridine]-6,6''-dicarboxylato; see Chart 1), that is gener-
ated in neutral or basic pH from its precursor [RuIV(tda-κ-
N3O2)(py)2], RuIV-tda. The RuIV=O complex oxidizes water 
to dioxygen elecrocatalytically at pH = 7 with a maximum 
turnover frequency of 8,000 s-1 and is therefore an ideal 
candidate for use in  light-driven catalysis. Herein, we have 
employed this catalyst in a ternary photoactivated system, 
using a Ru-bpy derivative as a sensitizer and persulfate as 
a sacrificial electron acceptor. This yields a remarkably ef-
ficient homogeneous light-driven water oxidation system. 
We have used electrochemical, steady state and transient 

spectroscopic techniques to study the key steps occurring 
in this three-component system and to obtain a detailed 
kinetic analysis of the different reactions involved, and the 
efficiencies of the key individual steps. Our study provides 
insight to loss pathways in light-driven molecular water 
oxidation systems and highlights potential routes of im-
provement. 

 

2. RESULTS  

2.1 Dark redox processes for the Ru-tda molecular cata-
lyst. 

We first consider the dark redox chemistry of the molec-
ular water oxidation catalyst employed in this study. Re-
cently we have reported a family of Ru complexes contain-
ing the pentadentate ligand tda2- that coordinates the 
metal center in the equatorial plane so that the remaining 
two axial coordination positons can be occupied by mono-
dentate ligands such as pyridine.2 At ruthenium oxidation 
state II the tda2- ligand binds in a tetradentate manner, 
[RuII(tda-κ-N3O)(py)2], labelled as RuII-tda (Scheme 1) but 
upon two successive one-electron oxidation the latter 
yields the seven coordinate complex [RuIV(tda-κ-
N3O2)(py)2], RuIV-tda, where now the tda2- ligand acts in a 
pentadentate fashion as shown in the upper part of Scheme 
1. As has been previously reported, pure samples of these 
complexes can be obtained either chemically or electro-
chemically by bulk electrolysis and have been individually 
characterized. The redox potentials of these complexes are 
outlined in Scheme 1.2 Chemically the oxidation can be 
achieved using Ce(IV) (Eo

IV/III = 1.7 V at pH = 1.0) 12 or with 
[Ru(bpy)3]3+ (Eo

III/II = 1.2 V). All potentials discussed in this 
work are reported vs. NHE. 

In the present context, it is important to note that per-
sulfate acts as an oxidative reagent. Indeed, a 1 mM solu-
tion of RuII-tda is slowly oxidized to its Ru(III) species with 
a 100 mM solution of S2O8

2- both at pH = 7 and at pH = 1 as 
shown in Figure 1 and the ESI. On the other hand, under 
similar conditions RuIV-tda is slowly reduced to Ru(III) at 
pH = 7, but is stable at pH =1.0 (see SI text and Figure S1 for 
details). 



 

 

Scheme 1. Ru-tda catalyst precursor at different oxida-
tion sates and simplified catalytic water oxidation cy-
cle proposed for [RuIV(tda)(py)2(O)], RuIV=O, at pH = 
7.2 

At pH = 7 the RuIV-tda complex undergoes aquation to 
generate [RuIV(tda)(py)2(O)], RuIV=O (see equation 3 in 
Scheme 1), which is an efficient electrochemical water oxi-
dation catalyst (WOC). This aquation process only takes 
place at oxidation state IV as has been detailed in our pre-
vious publications.2 The catalytic cycle followed by this 
complex has been described recently and a simplified reac-
tion sequence is illustrated in Scheme 1.2 A key step in this 
cycle is the RuIV=O to RuV=O oxidation, which occurs 
electrochemically at 1.40 V, followed by O-O bond for-
mation via a water nucleophilic attack (WNA) pathway 
that generates the corresponding RuIIIOOH. The latter 
step has been reported as the rate determining step (rds) 
of the whole catalytic cycle.2 A specific feature of this cata-
lytic system is the equilibrium between the catalyst precur-
sor (Ru-tda) species and those of the catalyst (Ru-H2O) 
(equation 3, Scheme 1). For the light-driven system re-
ported herein, we found this equilibrium to be a function 
of the irradiation time (See figure S6 in the SI). After 2 min 
irradiation, as employed in our transient absorption meas-
urements described below, cyclic voltammetry data indi-
cates that the ratio of [Ru-H2O]:[Ru-tda] is 1:50; over long 
irradiation periods (1 hour) the ratio increases up to 2.6:1 . 
These results indicate that at pH = 7 under the light-driven 

catalytic conditions the water molecule is able to coordi-
nate to the metal center and that we can accumulate more 
aqua species at longer time scales.   

In addition, it is important to bear in mind that at pH = 
1 the aquation reaction (equation 3, Scheme 1) does not oc-
cur and thus at this pH the complex does not show any 
catalytic activity.2 

 

Figure 1. UV-Vis kinetic monitoring for the oxidation of a 4 
µM RuII-tda by 10 mM S2O8

2- in the dark in a 25 mM phos-
phate buffer aqueous solution, the ionic strength was adjusted 
at 0.1 M by the addition of Na2SO4 . Pink trace, initial spec-
trum. Green trace final spectrum after 20 consecutive scans 
measured every 5 s’ during 1h. Inset, Cyclic Voltammetry and 
Open Circuit Potential measured before the addition of per-
sulfate (pink trace) and after 1 hour reaction time (green 
trace). Scan rate = 100 mV/s. The arrow indicates the scan di-
rection. 

Chemically the key oxidation of RuIV=O to RuV=O can-
not be accomplished with [RuIII(bpy)3]3+ because its III/II 
redox potential is too low. However the ethyl ester deriva-
tive [RuIII(bpy)(bpy-COOEt)2]3+ (bpy-COOEt, is 4,4’-ethyl 
ester dicarboxyalte-2,2’-bipyridine; see Chart 1), RuP+, has 
a Eo = 1.62 V4a and thus has sufficient thermodynamic driv-
ing force to carry out the redox reaction. Therefore, RuP+ 
can potentially be used do drive all the oxidation reactions 
involved in the catalytic cycle displayed in Scheme 1, and is 
employed in the study herein.  

 

2.2 Light-Induced water oxidation catalysis 

In order to carry out the light-induced water oxidation 
catalysis we use the RuIV=O species described above as the 
catalyst (generated in situ from its RuIII-tda precursor), 
driven by RuP+ generated from RuP with light irradiation 
in the presence of an excess of a sacrificial electron accep-
tor, such as S2O8

2-. For this purpose the reaction conditions 
were initially optimized in the absence of catalyst. 

2.2.1 Photochemical system optimization in the absence of 
water oxidation catalyst 

Under irradiation conditions in the presence of S2O8
2-, 

the generation of RuP+ is described by the equations 1-4 
shown in Table 1, where the efficiency definitions are also 
indicated. A schematic representation of these reactions is 



 

also illustrated in Scheme 2.We optimized this process 
(S2O8

2- concentration and ionic strength) based on steady 
state photoluminescence (PL) experiments following the 
quenching of the excited stated, RuP*, by persulfate (see 
equation 2, Table 1, also Figures S2 and S3 in the SI). This 
quenching process has been widely studied in the litera-
ture for [Ru(bpy)3]2+ 3,6,13, and is known to be a complex sys-
tem due to the ionic pairing between the RuP+ and the 
S2O8

2-, which causes a linearity loss in the Stern Volmer 
plots (see Figure S2b in the SI) associated with a change in 
ionic strength in the medium.14 We found  optimal reac-
tion conditions at pH = 7, using a 25 mM phosphate buffer 
(from now on labelled as 7-phbf). These are thus the con-
ditions that will be used throughout the present work un-
less explicitly mentioned. Under these conditions, a per-
sulfate concentration range of 10-100 mM gives quenching 
efficiencies φq of 0.75-0.90 respectively (See Table 1 for ef-
ficiency definitions and Fig S2). 

Transient absorption spectroscopy was used to investi-
gate the electron transfer kinetics involved in the binary 
solution of RuP dye and S2O8

2-. These processes have been 
widely studied for the commonly employed [Ru(bpy)3]2+ 
dye. 3,6,13,15 The change in absorbance of RuP in the pres-
ence of S2O8

2- after photoexcitation is characterized by a 
negative photobleach feature at wavelengths shorter than 

600 nm and a positive photoinduced absorbance at the 
650-800 nm region (See Figure S3), assigned to the pho-
toinduced generation of RuP+, by analogy with 
[Ru(bpy)3]2+. These transient absorption signals decay with 
a half-life time (t50%) of 0.7 s, as illustrated at 460 nm in 
Figure 2 (orange trace) and assigned to decay of photogen-
erated RuP+ species back to its ground state, RuP. The  
raise of these RuP+ signals was observed to be biphasic, 
with an initial instrument response limited (< 150 ns) rise, 
followed by a slower (t1/2 = 3.8 µs) rise, as shown in Figure 
S4. Following an analogous study by Scandola and cowork-
ers,7 the initial rise is assigned to the direct oxidation of 
photogenerated RuP* by S2O8

2- termed “direct oxidation” 
(eq. 2, Table 1), and the subsequent microsecond phase to 
diffusion limited oxidation of RuP by the radical SO4

.- to 
generate again RuP+, named “dark oxidation” (eq. 3, Table 
1 and Scheme 2). The efficiency of the dark oxidation rela-
tive to the preceding direct oxidation can be estimated 
from the relative amplitudes of these two phases, giving a 
value of φd = 0.6,3,7 (see Table 1 for details). The combina-
tion of these Transient Absorption Spectroscopy (TAS) and 
PL experiments allow to calculate an overall quantum effi-
ciency for the RuP+ generation, φRuP+ = 0.56, that considers 
both the direct and dark processes (see Table 1 for defini-
tion), corresponding to the generation of 1.12 RuP+ species 
per absorbed photon.  

 

Table 1. Efficiencies of Light and Dark Reactions Studied. 

Process Chemical Reaction Effiency Definition. 

Light absorption: RuP  +  h  ->  RuP*     (1)  

Direct generation of 
RuP+: 

RuP*  +  S2O8
2-  -> 

RuP+  +  SO4
2-  +  SO4

·-  (2) 

φq = 1–I/I0   
a 

Dark generation of 
RuP+: 

RuP  + SO4
·-  ->  RuP+  +    SO4

2-   (3) ɸ𝑑 =
𝛥𝑂.𝐷.𝑑

𝛥𝑂.𝐷.𝑙
  b 

Overall rxs (1)-(3) 2 RuP  +  h  + S2O8
2-  -> 

  2RuP+  +  2 SO4
2-  (4)  

ɸ𝑅𝑢𝑃+ =
1

2
{ɸ𝑞(1 + ɸ𝑑)} 

Bimolecular electron 
transfer 

RuP+  + RuIV=O  ->  RuP  +  RuV=O   (5) ɸ𝐸𝑇 = 1 −
𝑘0

𝑘𝑜𝑏𝑠
 c 

Measured oxygen 
quantum yield 

 

              h 

2 H2O  -------->  O2 + 4H+ + 4e-  (6) 

ɸ𝑂2 =  
2 ×(𝑂2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠)𝑡

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 × ∆𝑡 ×𝐴𝑟𝑒𝑎
 𝑥 100% d 

 

Calculated oxygen 
Quantum yield 

φTotal = φRuP+ * φET  * φCat 
e 

a I and I0 are the photoluminescence intensities in the presence and absence of S2O8
2- respectively. 

b From TAS decays probed at 460 nm in the absence of catalyst: O.D.l, is the amplitude of the initial phase of the decay probed 

at 460 nm. O.D.d, is the amplitude of the second phase (see Figure S4).12 

c From TAS decays probed at 460 nm with different catalyst concentrations: k0 = 1/t50% without Catalyst and kobs= 1/t50% in the 
presence of catalyst. 

d This calculation assumes an ideal quantum efficiency of 2 photons per molecule of oxygen, accounting for the ideal generation 
of two RuP+ per photon and four RuP+ per oxygen molecule.  

e φCat is the chemical efficiency of water oxidation by the catalyst, assumed herein to correspond to the Faradaic efficiency meas-
ured under electrochemical oxidation.  

 



 

2.2.2 System optimization in the presence of the water ox-
idation catalyst 

Once the combination of RuP dye and sacrificial elec-
tron acceptor had been optimized and the main kinetic 
and spectroscopic parameters unveiled for this binary sys-
tem, the next step involved the addition of the water oxi-
dation catalyst into the system. 

Figure 3 shows that, in the absence of persulphate, the 
emission spectrum of a 4 µM RuP is not quenched by the 
addition of 4 µM of the catalyst precursor RuII-tda in a 7-
phbf solution (orange). However, when a solution of 10 
mM persulfate is added to the RuP / RuII-tda solution, the 

emission is quenched by 60%, approximately independent 
of the catalyst concentration (φq as a function of [S2O8

2-] in 
the presence of catalyst is presented in Figure S5). We find 
that under identical conditions (Compare Figure S2a and 
S5 in the SI) in the absence of RuII-tda, the quenching yield 
is φq = 0.75, indicating that in the former case the presence 
of the Ru catalyst reduces the efficiency of the electron 
scavenging, possibly due to additional deactivation path-
ways. With φq = 0.60 in the presence of the catalyst and the 
sacrificial agent, then the overall quenching efficiency for 
the generation of RuP+ is, φRuP+ = 0.50 (i.e.: one RuP+ per 
photon absorbed). 

  

Figure 2. a, Normalized TA decays probed at 460 nm (λex = 500 nm; laser intensity = 177.48 µJ cm-2) for a 7-phbf solution RuP (20 
µM), S2O8

2- (10 mM) in the absence of catalyst (orange trace) and with different [RuIV=O] (pink, 80 nM; violet, 160 nM; light blue, 
0.4 µM; dark blue, 1 µM, green 2 µM) that were generated from the corresponding [Ru-tda] precursors (see text). Data collected 
under N2 at 10 µs-2 s timescales. Inset, plot of kobs vs. [RuIV=O] at pH = 7 and pH -= 1. 

b, TAS decays measured at 460 nm under pulsed laser (pink) and 5 s LED irradiation (15.4 mW cm-2) (violet). Data shown for a 20 
µM RuP, 10 mM Na2S2O8 and 40 µM RuII-tda solution that generates a [RuIV=O] = 0.8 µM. Inset, full linear timescale traces of the 
transient signal under LED excitation showing the change of both at light on and light off, in the absence (orange) and presence 
of 0.8 µM RuIV=O (violet). 

 

 

Figure 3. Emission spectra of a 4 µM RuP and 4 µM RuII-tda 
solution (orange) in the absence of a sacrificial electron accep-
tor. Emission spectra of RuP (4 µM), Na2S2O8 (10 mM) and 

different RuII-tda concentrations (violet, 2 µM; pink, 4 µM; 
green, 6 µM; blue, 8 µM) all in a 7-phbf solution. 

2.2.3 Kinetic characterization of the light-induced reac-
tion between the catalyst and the dye with the complete sys-
tem. 

Transient absorption spectroscopic measurements with 
the complete system involving the dye, the sacrificial elec-
tron acceptor and the water oxidation catalyst were carried 
out in order to investigate the kinetic processes involved. 
All TAS measurements were performed after a 2 minute 
sample irradiation in order to equilibrate all the species in 
solution and thus measured under steady state catalytic 
conditions. Under these conditions, the catalyst precursor 
equilibrates with the active catalytic species (see equation 
3 in Scheme 1). The relative concentrations were estimated 
to be 50:1 RuIV-tda:RuIV=O , after 2 minute irradiation, as 
discussed above (see Figure S6 in the SI). The kinetic anal-
ysis shown in Figure 2a inset supports the extrapolation of 
this ratio at different precursor concentrations. However 

10
-4

10
-3

10
-2

10
-1

10
0

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

n
o

rm
a

li
z
e

d
 

O
. 

D
.

time (s)

0 µM

2 µM

0.0 1.0x10
-6

2.0x10
-6

0

5

10

15

20

25

30

pH=1

k
o

b
s
 (

s
-1
)

[Ru
IV

=O] (M)

pH=7

y=1.32+1.36*10
7
x

r
2
= 0.99

a

10
-3

10
-2

10
-1

10
0

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

PIA

n
o

rm
a

li
z
e

d


O
. 

D
.

time (s)

TAS

0 2 4 6 8 10

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

n
o

rm
a

li
s

e
d

 
O

. 
D

.

time (s)

b

RuP + S2O8
2-

RuP + RuIV=O + S2O8
2-

550 600 650 700 750 800

0.0

2.0x10
5

4.0x10
5

6.0x10
5

8.0x10
5

1.0x10
6

1.2x10
6

1.4x10
6

1.6x10
6

E
m

is
s
io

n
 i
n

te
n

s
it

y
 (

u
.a

.)

 (nm)



 

with low intensity irradiation the catalyst concentration 
might be even lower. 

Figure 2a shows the RuP+ bleach signal decay kinetics at 
460 nm in the presence of Na2S2O8 as a function of catalyst 
precursor RuII-tda concentration in a 7-phbf solution. The 
decay kinetics observed in the TAS experiments corre-
spond to the slowest ET transfer step (equation 4, Scheme 
1), that is a bimolecular interaction between RuIV=O and 
RuP+. As shown in Figure 2, the decay kinetics accelerate 
with increasing the catalyst’s concentration. The half-
times of these decays fitted well with a simple bimolecular 
expression with a reaction time linearly dependent on the 
catalyst concentration. This is in agreement with a pseudo-
first order behavior where the [RuIV=O] >> [RuP+], and 
thus kET can be extracted from the plot of kobs vs. [RuIV=O] 
as shown in the inset of Figure 2 and described in equations 
5a-5c). 

 

v = kET [RuIV=O][RuP+]   (5a) 

[RuIV=O] >> [RuP+]; kobs = kET[RuIV=O]   (5b) 

v = kobs[RuP+]     (5c) 

 

The calculated electron transfer constant is kET = 1.4·107 
M-1 s-1. Further evidence that confirms the pseudo-first or-
der nature of the reaction comes from the transient ab-
sorption decays using laser intensities of 180 and 20 µJ/cm2 
(Figure 4). These experiments generate different concen-
trations of RuP+ depending on the energy used but the 
normalized bleach kinetics is independent of [RuP+], con-
sistent with the pseudo-first order behavior indicated in 
the suite of equations 5a-5c.  

 

Figure 4. Normalized transient absorption decays at 460 nm 
of a 20 µM RuP, 10 mM Na2S2O8 solution (7-phbf), containing 
two RuIV=O concentrations (violet, 80 nM; green, 2 µM) in a 
7-phbf solution. Data collected under N2 at a 10 µs-2 s time-
scale after dye excitation (λex = 500 nm), using two different 
laser intensities of 180 (dark line) and 20 (light line) µJ cm-2. 

We next estimate the quantum efficiency of the oxida-
tion of RuIV=O by RuP+. This, ɸET, can be estimated from 
the acceleration of the RuP+ bleach decays (Figure 2a) at 

different catalyst concentrations (see Table 1). Such analy-
sis gives ɸET values that range from of 0.45 at initial 4 µM 
RuII-tda to an impressive 0.96 at 100 µM as is discussed 
further below.  

Photoinduced Absorbance (PIA) experiments were un-
dertaken on the same ternary system at pH = 7  employed 
in Figure 2a, using quasi-steady state irradiation achieved 
by 5 s 365 nm LED (light emitting diode) excitation pulses; 
the results are shown in Figure 2b. The inset shows full 
time traces measuring the RuP+ bleach signal in the pres-
ence and absence of RuIV=O. In the absence of catalyst, a 
RuP+ bleach signal is observed, with a rise and fall times of 
~ 1 s (t50%), assigned to the accumulation of oxidized RuP+ 
under these quasi steady state conditions. The rise and fall 
times (t50%) of ~ 1s are consistent with the RuP+ lifetime 
observed under laser excitation in the absence of catalyst 
with TAS measurements (Figure 2a). In the presence of the 
RuIV=O catalyst, the LED irradiation resulted in a faster 
RuP+ bleach rise and decay due to electron transfer be-
tween the dye and catalyst. The decay kinetics of the RuP+ 
bleach signal, monitored when the LED is turned off, and 
assigned to the oxidation of RuIV=O under these quasi-
steady state conditions, are shown in the main part of Fig-
ure 2b (violet trace) and are strikingly similar to those one 
obtained under short pulse laser excitation (pink trace). 
These experiments support our previous assumption that 
the TAS experiments are indeed already under steady state 
conditions. In addition, a similar PIA experiment was car-
ried out using a Clark electrode to simultaneous measure 
the formation of O2, further confirming the mentioned 
steady state equilibrium (see Figure S7). 

Similar experiments were carried out at pH = 1, where 
the aquation reaction (reaction 3, Scheme 1) does not oc-
cur. At this pH and under steady state conditions the cata-
lyst precursor is oxidized to its higher oxidation states 
RuIV-tda but no further reactions occur because no cata-
lytic species can be generated.2 In agreement with this, the 
TAS kinetics of the bleach (kobs) were observed to be inde-
pendent of the catalyst precursor concentration, as can be 
observed in the inset of Figure 2a (see also Figure S9). This 
is a key result that further supports our discussion above 
that at pH = 1, light irradiation (such as the 2 minute light 
equilibration time employed prior to our TAS measure-
ments) results in the initial catalyst precursor at oxidation 
state II being completely driven to its oxidation state IV 
species RuIV-tda, with this species being unable to un-
dergo further oxidation by RuP+.   

2.3 Light-driven O2 generation 

With the above-described quasi-steady state irradiation 
conditions, we were in a position to design steady state ex-
periments for light-induced water oxidation using RuP as 
photosensitizer, RuII-tda as a water oxidation catalyst pre-
cursor and persulfate as sacrificial electron acceptor in a 7-
phbf solution. Figure 5a shows the oxygen evolution pro-
files as a function of time during one hour of irradiation, 
measured with a gas phase Clark electrode, for different 
Ru-tda concentrations ranging from 1-90 µM in the pres-
ence of 10 mM persulfate and 200 µM RuP at 7-phbf.



 

 

Figure 5. Bulk oxygen evolution experiments measured in the gas phase during 1 h irradiation (1 sun) at different [RuII-tda] (black, 
1 µM; red, 2 µM; orange, 3 µM; dark green, 4 µM; light green, 8 µM; grey, 16 µM; blue, 34 µM, violet, 71 µM) containing the following 
Na2S2O8 concentration: black, 9.9 mM; red 9.9 mM; orange, 10.9 mM; dark green, 10.9 mM; light green, 9.9 mM, grey, 12.4 mM; 
blue, 10.7 mM and violet, 10 mM and 0.2 mM RuP in a 2 mL 7-phbf solution. (a) Oxygen evolution vs. time. (b) Chemical efficiency 
(red) and final pHf (green) vs. [RuII-tda] that after one hour irradiation is partially converted to the catalyst giving a final ratio 
[RuIV=O]/[RuII-tda] = 2.5, see SI. (c) Initial Quantum yield (ɸO2) (turquoise) and TONs (orange) based on the final [RuIV-=O]. 

 

Figure 5b shows a plot of the chemical efficiency, φChem, 
defined as (2 x moles of oxygen generated/ moles of per-
sulfate added) x 100. It is interesting to see how increasing 
the concentration of RuII-tda from 1 to 16 µM φChem also 
increases from 7 to 80%. Upon further increase of RuII-tda 
concentration, the chemical efficiency levels off reaching 
about 93% at 90 µM. This result shows that for this system 
at high catalyst concentrations, the overall amount of oxy-
gen generated is limited only by the amount of sacrificial 
electron donor added to the solution, confirming the high 
efficiency and stability of the catalyst under the present 
conditions. Indeed it is also impressive to see that the sys-
tem achieves a value of 1050 turnovers per hour with a 4 
µM RuII-tda (3 µM RuIV=O) concentration, ranking 
amongst the most efficient light-induced molecular water 

oxidation catalysts reported (Figure 5c).3-4,6-11 

The low chemical efficiency at low catalyst concentra-
tions is consistent with the lower quantum efficiency for 
the oxidation of the catalyst by RuP+ (ɸET) determined 
from our transient absorption data above, and indicates 
that competing deactivation pathways become important. 
The main deactivation processes for RuP+ are likely to be 
associated with the oxidation of the bpy ligand of the RuP 
dye by the RuP+ species as well as by the radical SO4

·- spe-
cies, as has been previously proposed for related systems.15 
These deactivation pathways also result in significant dye 
degradation, apparent from progressive photobleaching of 
the dye optical absorption, which was most pronounced at 
low catalyst concentrations. (see Figure S11 in the SI).4a,15 

During the light-driven catalytic experiments, as oxygen 
is released four protons are generated per molecule of ox-
ygen and even under a buffered solution the pH signifi-
cantly decreases, as shown in Figure 5b. The pH decrease 
can alter the rates of electron transfer, which will probably 
be slower at lower pH due to the decrease in  energetic 

driving force,2 as well as changing the equilibrium of equa-
tion 3 (Scheme 1) that is responsible for the generation of 
the active species. Therefore, it can significantly influence 
the delicate balance among the different chemical reac-
tions involved in this complex process. The addition of al-
kali to reverse this pH change would result in a significant 
increase in ionic strength of the system, which will also de-
crease the RuP+ generation efficiency, thus preventing  ef-
ficientrecycling of the system. 

Quantum efficiencies for oxygen generation (φO2) were 
calculated based on the initial rates of oxygen formation 
and the density of photons absorbed per second as indi-
cated in Table 1 and the SI, and displayed in Figure 5c as a 
function of catalyst precursor concentration. As can be ob-
served in Figure 5c, φO2 increases with increasing [RuII-
tda] and closely parallels that of φChem. However while for 
the latter we reach values close to 100%, for the former it 
levels off at approximately 25% for 20 µM RuII-tda; this 
photon to oxygen quantum efficiency still constitutes the 
highest efficiency reported to date for this type of molecu-
lar light-driven water oxidation systems. We note that our 
calculation of φO2 assumes, conservatively, that each ab-
sorbed photon can optimally generate two RuP+ and there-
fore that φO2 = 100 % would correspond to one molecule of 
O2 per two photons. The factors still limiting this impres-
sive quantum efficiency will be discussed below. 

 

3. DISCUSSION 

We have demonstrated that the proper combination of a 
dye, RuP+, a water oxidation catalyst, RuIV=O, and persul-
fate as sacrificial electron acceptor can constitute a light-
driven system with unprecedentedly high chemical (φChem 
= 96%) and quantum (φO2 = 25%) efficiencies, for the light-
induced oxidation of water to molecular oxygen. This is 
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achieved thanks primarily to the high stability and ex-
tremely fast water oxidation kinetics associated with the 
RuIV=O catalyst. The latter is generated in situ from the 
RuII-tda catalyst precursor under irradiation. Both catalyst 
and catalyst precursor remain in equilibrium during the 
steady state oxygen formation under which the transient 
absorption spectroscopic measurements are carried out in 
the present work. Under these conditions we measure the 
rate constant for electron transfer from RuP+ to RuIV=O to 
be kET = 1.4·107 M-1 s-1. This rate constant is obtained based 
on a simple kinetic model assuming a pseudo-first order 
regime where [RuP+] << [RuIV=O]. This is further corrob-
orated by identical kinetic decay of samples irradiated with 
lasers of different intensity (See Figure 4). Similar kinetics 
were also obtained from quasi-steady state irradiation con-
ditions (Figure 2b). Finally an indirect additional support 
is obtained based on the unchanged kinetics at pH = 1 with 
different catalyst concentrations, pH conditions under 
which the catalyst is trapped in its inactive RuIV-tda state. 
The value of kET obtained for our system is one to two or-
ders of magnitude slower than for related systems with pol-
yoxometalate complexes reported in the literature,3,7a,8  
However in these cases there was no proof of oxygen for-
mation during the time scale of the measurements and 
therefore they may be related to the oxidation of an inter-
mediate at low oxidation states, that are known to be much 
faster.16  

Scheme 2 summarizes the main reactions occurring in 
the present system including the kinetics of each individ-
ual step. Once the RuP* is generated, all the main produc-
tive process involved in the generation of O2 occur within 
the time scale of ns to ms, including oxidation of the water 
oxidation catalyst. This molecular water oxidation catalyst 
exhibits both exceptional stability and the potential to 
drive water oxidation with a TOF of up to 8,000 s-1. These 

very favorable light-driven kinetics and catalyst character-
istics are presumably responsible for the record high quan-
tum yields obtained. 

The quantum efficiency for oxygen evolution ɸO2 corre-
sponds to the efficiency with which our light-driven sys-
tems utilizes absorbed photons to drive water oxidation, 
and is therefore a key measure of the efficiencies of the mo-
lecular processes determining system function. The three 
main processes involved in this light-driven catalytic func-
tion, as depicted in scheme 2, correspond to: (1) RuP+ gen-
eration with a quantum efficiency of ɸRuP+ (determined per 
0.5 absorbed photons, as discussed above), (2) electron 
transfer between RuP+ and RuIV=O under constant illumi-
nation, with a quantum efficiency of ɸET and (3) water oxi-
dation by the oxidized catalyst to yield molecular oxygen 
generation, with an efficiency of ɸCAT. The efficiencies ɸRuP+  
and ɸET , determined from our kinetic analyses above, are 
plotted in Figure 6 as a function of RuII-tda concentration. 
For ɸCAT, we assume a value of 92%, determined from the 
faradaic efficiency of this catalyst under electrocatalytic 
system (see further discussion below).2 This figure also in-
cludes a plot of the overall system quantum efficiency cal-
culated from these three separate efficiencies: ɸTOTAL = 
ɸRuP+ * ɸET * ɸCAT as well as the directly measured quantum 
efficiency for oxygen evolution ɸO2. The near unity value of 
this Faradaic efficiency is further supported by our high 
chemical efficiency (93%) measured under light-driven 
catalytic operation. It is apparent from Figure 6 that the 
quantum yields of oxygen evolution measured directly 
from oxygen concentration measurements (ɸO2) show sim-
ilar behaviour to those calculated from our kinetic analyses 
(ɸTOTAL). Our calculated maximal quantum yield is in rea-
sonable agreement with our measured one, differing by 18 
% (we discuss the origin of this difference below). As such 
we can conclude that the kinetic data and analysis we re-
port herein are indeed able to determine the main factors 
limiting the quantum efficiency of our light-driven system.  

 

Scheme 2. Main processes and their time scales involved in the oxygen evolution reaction involving the RuP dye, 
the RuIV=O water oxidation catalyst and persulfate as sacrificial electron acceptor in a 7-phbf solution. (1) RuP+ 
photogeneration. (2) Electron transfer between RuP+ and the RuIV=O catalyst. (3) Initial dioxygen generation from 
water in the photoactivated system. 
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As has been discussed above, the measured quantum 
yield of O2 (ɸO2) depends on the catalyst concentration 
(light blue trace Figure 6). We can assign this dependency 
to the increased efficiency of electron transfer between 
RuP+ and RuIV=O with increasing catalyst concentration. 
(Compare violet trace with light and dark blue lines, Figure 
6). This is related to the bimolecular nature of the process, 
with increasing the catalyst concentration enhancing the 
probability that RuP+ species will oxidize a catalyst mole-
cule rather than alternative oxidation substrates. This phe-
nomena has been previously reported, but, the instability 
of the catalyst at high concentrations prevented the 
achievement of high efficiencies.3,6b,8b,9 In the literature 
there are other examples showing that enhancement of the 
interaction between the dye and the catalyst increases the 
quantum yields by favouring the dye-catalyst electron 
transfer.5,6a, 8a,10. In our system the stability of the RuP sen-
sitizer is also improved by increased catalyst concentration 
(Figure S11). The susceptibility of RuP to irreversible de-
composition in its oxidized state has been reported previ-
ously, and is most likely associated with secondary oxida-
tions of the bpy ligands.15 It is striking that for the light-
driven system reported herein, the system stability is not 
limited by catalyst degradation but rather by the degrada-
tion of the sensitizer, as well as the increase in ionic 
strength and proton concentration during operation. 

It is also apparent from Figure 6 that the largest quan-
tum efficiency loss (~ 50 %) results from inefficient gener-
ation of RuP+ by the sacrificial electron donor S2O8

2- 
(ɸRuP+). Whereas in principle this sensitizer/donor system 
should yield two RuP+ per photon, in practice inefficien-
cies in both oxidation reactions result in only 0.98 RuP+ 
per photon. We expected to enhance this efficiency by in-
creasing the concentration of S2O8

2-, but lower oxygen 
yields were measured, assigned to the resulting higher 
ionic strength and/or lower pH, reducing the efficiency of 
catalyst oxidation by RuP+. Furthermore, at low catalyst 
concentrations, additional quantum efficiency losses result 
from the inefficient catalyst oxidation by RuP+ 
(ɸET).Remarkably, the efficiency of this photoactivated sys-
tem for oxygen generation is not limited by the activity of 
the catalyst, whereas by the photon flux and the generation 
of the RuP+. This analysis therefore clearly identifies that 
further advances in system performance will require focus 
on the development of the sensitizer and sacrificial elec-
tron donor systems, rather than on the improvement of the 
catalyst turn over frequency.  

 

Figure 6. Summary of the efficiencies of the light-driven sys-
tem as a function of [RuII-tda]. Dashed lines represent the es-
timated efficiencies for the individual processes: RuP+ gener-
ation (ɸRuP+) (pink); Electron transfer between RuP+ and 
RuIV=O accumulated in the steady state of the catalytic cycle 
(ɸET) (violet); Faradaic efficiency of RuIV=O under electrocat-
alytic conditions (ɸCAT) (green). Solid lines indicate the quan-
tum yield efficiency estimated from: bulk oxygen generation 
(ɸO2) (light blue) and from spectroscopic experiments 
(ΦTOTAL) (dark blue). 

The above discussion has focused on the chemical and 
quantum efficiencies of our light-driven system. We now 
turn to consider the rate of oxygen evolution. Whilst the 
RuIV=O WOC is capable of a TOF of 8,000 s-1 when driven 
electrochemically, in the light-driven system reported 
herein, the light-driven  TOF is in the range of 6 - 50 s-1 
(determined as moles of oxygen per second / moles of 
RuIV=O. The light-driven catalytic TOF increases upon 
lowering the concentration of the catalyst, indicating that 
it is not limited by the RuIV=O WOC performance. Rather 
it will be determined by the flux of photons absorbed by 
the system, and by the quantum yield associated with the 
use of the absorbed photons to drive water oxidation. Un-
der one sun irradiation, the absorbed photon flux is 0.17 
µmoles s-1. Using the value for ɸTOTAL determined above un-
der conditions of maximal oxygen evolution rate (40 µM of 
RuII-tda added, corresponding to 1.6 nmoles RuIV=O), this 
absorbed photon flux should results in a TOF of 22 s-1, com-
pared to a measured TOF under these conditions of 13 s-1. 
These calculations confirm that the final performance is 
mainly determined by the absorbed photon flux, with the 
difference between our measured and calculated TOF’s in-
dicating an additional loss pathway. 

There is an additional efficiency loss not accounted for 
by our kinetic analysis; this most probably results from the 
different conditions, RuP+ concentration and RuIV=O / 
RuP+ / S2O8

2- ratio, employed for our spectroscopic and 
bulk oxygen measurements. These differences could 
mainly effect the efficiencies related with the oxidized dye 
generation (ɸRUP+)and the electron transfer between the 
RuP+ and the RuIV=O (ɸET). The dependency of light-
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driven catalytic quantum yield upon RuII-tda concentra-
tion estimated from O2 bulk and from spectroscopic meas-
urements, suggests that the most inefficient process is the 
oxidized dye generation (ɸRUP+).  

The absorbed photon flux limitation we observe herein 
reflects the limited light harvesting capability of our light-
driven system. We note that increasing the concentration 
of the sensitizer will not substantially improve this, as over 
the spectral range of absorption of the sensitizer, almost all 
photons are absorbed. The ratio of sensitizer per catalyst 
can be improved by lowering the catalyst concentration, 
but at the expense of lowering ɸET, the efficiency of electron 
transfer from the oxidized sensitizer to the catalyst. This 
light harvesting limitation is addressed in photosynthetic 
organisms by the assembly of large antenna complexes 
(100’s of molecular light absorbers) funneling excitation 
energy into each catalytic site. Our observation that the ef-
fective TOF of our light-driven system is limited primarily 
by light harvesting efficiency is further evidence of the high 
performance of the molecular water oxidation catalyst em-
ployed herein.  

 

4. CONCLUSIONS:  

Herein we have reported a remarkably efficient molecu-
lar light-driven system for oxidation of water to oxygen and 
have undertaken a kinetic analysis of the factors determin-
ing the efficiency of this system. At high concentrations of 
catalyst, the system operates with a quantum yield of 25% 
and a chemical efficiency of 93 %, the highest reported to 
date for this type of light-driven system, attributed primar-
ily to favorable electron transfer and oxygen evolution ki-
netics. A high catalyst concentration is found to be re-
quired to optimize the efficiency of electron transfer be-
tween the oxidized sensitizer and the catalyst, which also 
has the effect of improving sensitizer stability. The main 
limitation to the light-driven system quantum efficiency is 
found to be the relatively low efficiency of S2O8

2- as an elec-
tron scavenger to oxidize RuP* to RuP+ , mainly due to the 
competing relaxation back to the RuP ground state. The 
overall rate of light-driven oxygen generation is found to 
be determined primarily by the incident photon flux. The 
RuIV=O catalyst is found to be so robust and fast that nei-
ther the system efficiency nor lifetime are limited by its 

performance. As such we conclude that the performance of 
this remarkably efficient light-driven oxygen production 
system is limited not by the properties of the catalyst, but 
rather by the sensitizer and electron scavenger properties 
and by the incident photon flux. 
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