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ABSTRACT: The abundant-metal-based polyoxometalate
complex [Co4(H2O)2(PW9O34)2]

10- is a hydrolytically and
oxidatively stable, homogeneous, and efficient molecular
catalyst for the visible-light-driven catalytic oxidation of water.
Using a sacrificial electron acceptor and photosensitizer, it
exhibits a high (30%) photon-to-O2 yield and a large turnover
number (>220, limited solely by depletion of the sacrificial
electron acceptor) at pH 8. The photocatalytic performance
of this catalyst is superior to that of the previously reported
precious-metal-based polyoxometalate water oxidation cata-
lyst [{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]

10-.

Efficient water oxidation is a key step in the production of fuel
from water by photochemical, electrochemical, and other

approaches.1-3 The development of efficient water oxidation
catalysts (WOCs) remains a major scientific challenge despite con-
siderable progress in recent years.4-21 Recently, a series of molec-
ular, carbon-free, soluble, and fast tetraruthenium and tetracobalt
polyoxometalate (POM) WOCs, including [{Ru4O4(OH)2-
(H2O)4}(γ-SiW10O36)2]

10- (1) and [Co4(H2O)2(PW9O34)2]
10-

(2), have been reported.22-31 Complex 2, which is based on
earth-abundant Co, exhibits a turnover frequency (TOF) for
homogeneous catalytic water oxidation using [Ru(bpy)3]

3þ as
the oxidant at pH 8 that is as high as any WOC reported to date,
one estimated to be ∼20 times higher than that of 1 below pH
7.2 (5 vs 0.25 s-1).22,31 We previously demonstrated that 1 and
its isostructural phosphorus-centered analogue catalyze oxygen
evolution in a homogeneous photon-driven water-oxidation sys-
tem (Scheme 1) using [Ru(bpy)3]

2þ as a photosensitizer and
S2O8

2- as a sacrificial electron acceptor.24,28 We report here that
2 does the same (Scheme 1) but exhibits substantially higher
rates and O2 evolution quantum yields (∼30%) than 1 and all
other POM-based WOCs. Significantly, 2 and 1 have different
selectivity features, indicating that the reactivities of one POM
WOC are not necessarily operable for others.22-31

The photocatalytic system was evaluated under the experi-
mental conditions described in Figure 1, where the system was
considerably optimized in comparison with that in our previous
paper, as shown in the Supporting Information (SI).24,28 Dioxy-
gen was formed quickly under visible-light illumination (420-
470 nm) catalyzed by even 0.5 μM 2 (results not shown). A series
of control experiments confirmed that fast O2 generation requires
the presence of all four components: photons, [Ru(bpy)3]

2þ,

persulfate, and 2. In the absence of 2, the maximum O2 yield after
15 min of illumination was ∼0.2 μmol (12 times lower than in
catalytic runs using 5 μM 2). After 10-15 min of illumination,
the amount of O2 reached a plateau value, the concentration of
S2O8

2- decreased from its initial value of 5.0 mM to <0.2 mM
(the detection limit), and the concentration of [Ru(bpy)3]

2þ

decreased by <15%. Significantly, photosensitizer decomposition
was markedly higher (>50-60% of the initial concentration) in
the absence of the catalyst, indicating that the photosensitizer is
protected from decomposition by the presence of the catalyst.
Furthermore, catalytic oxidation of water resumed upon the
addition of S2O8

2- (Figure S1 in the SI), suggesting that the
catalyst remains active and that [Ru(bpy)3]

2þ is protected and
regenerated. The final amount of O2 formed and the turnover
number [defined as TON = (O2 yield at end of run)/(catalyst
concentration) = [O2]f/[catalyst]; see Table 1] at the end of
each run was limited mainly by depletion of the sacrificial ele-
ctron acceptor. Catalyst reuse, spectroscopic and dynamic light
scattering data were all consistent with the absence of catalyst
decomposition during turnover (see the SI). For reasons yet to be
understood, the nature of buffer also affected the efficiency of O2

formation (Figure S2). In this work, 80 mM borate buffer
was found to maintain the pH well, with a pH decrease of only
0.1-0.3 pH unit by the end of the reaction.

To quantify the photocatalytic performance, we compared the
average stoichiometric dioxygen chemical yields (ΦCY= 2[O2]f/
[Na2S2O8]0, where [O2]f and [Na2S2O8]0 are the final yield of
O2 and the initial concentration of persulfate, respectively) and
the initial photon-to-O2 generation quantum yields {ΦQY(0) =
2[Δ(O2)/Δ(hv)]0, where Δ(O2) and Δ(hv) are the change
in the total amount of O2 and the number of photons absorbed,
respectively. According to eq 2 in Scheme 1, two photons and
two S2O8

2- ions can lead to the evolution of one O2 molecule in
the absence of loss pathways. The value ofΦQY(t) can also be cal-
culated from the ratio of the rates of O2 generation and photon
absorption and is related to the slope of the plot of O2 versus
illumination time shown in Figure 1. It is clear that ΦQY(t) is
largest at the onset of the reaction and decreases with time, ap-
proaching zero at∼15min. For this reason, only the initial quantum
yields were compared in this work. It was shown previously that the
ratio of [O2] formed to [Na2S2O8] consumed changes negligibly
throughout the course of the catalytic runs.24Only the average value
of 2[O2]/[Na2S2O8] (over the course of the reaction) was
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measured in this study. The values ofΦCY andΦQY(0) as func-
tions of catalyst concentration are plotted in Figure 2 and listed in
Table 1. In calculating these reported values, we subtracted the
maximal contribution of O2 generated from noncatalytic path-
ways (obtained from the control experiment without catalyst).38

Both the chemical yield and the initial quantum yield increased
with catalyst concentration.

The photocatalytic O2 evolution in this system is believed to
follow the well-established reaction mechanism presented in
Scheme 1.24,27,28 The reaction is initiated upon the absorption
of two photons by two [Ru(bpy)3]

2þ complexes. Because of the
large extinction coefficient (ε454 = 1.4 � 104 M-1 cm-1) and
high concentration of [Ru(bpy)3]

2þ (1 mM), all of the incident
photons are captured by [Ru(bpy)3]

2þ in the solution. Following
photoexcitation, the excited [Ru(bpy)3]

2þ* is quenched by S2O8
2-

through both bimolecular and unimolecular electron transfer (ET)
pathways.32-34 The quenching (or ET) efficiency (φq) increases
with the S2O8

2- concentration (as shown in Figure S3) and is
67% at 5.0 mM Na2S2O8, the initial concentration used in the
catalytic runs. The photoinduced ET results in the generation of
two [Ru(bpy)3]

3þ complexes and two SO4
-• radical anions. The

latter subsequently oxidize two additional [Ru(bpy)3]
2þ to give

two [Ru(bpy)3]
3þ, with a yield of φr. Finally, four [Ru(bpy)3]

3þ

complexes oxidize water to make one O2 with a yield of φc.
On the basis of Scheme 1, the chemical yield and quantum effi-

ciency of O2 generation can be related to the yields of individual
steps according to eqs 3 and 4 (see the SI for detailed deriva-
tions):

ΦCY ¼ 2
½O2�f

½Na2S2O8�0
¼ 0:5ð1þφrÞφc ð3Þ

ΦQYðtÞ ¼ 2
ΔðO2Þ
ΔðhνÞ

� �
t

¼ 0:5φqðtÞð1þφrÞφc ð4Þ

Furthermore, from eqs 3 and 4, the chemical yield, quantum
yield, and quenching efficiency are related by eq 5:

ΦQYðtÞ ¼ φqðtÞΦCY ð5Þ
This relation was confirmed to good measure by our experi-
mental data (Table 1) and accounts for the observed decrease in
the rate (quantum yield) of O2 formed as a function of time and
the catalyst concentration. For example, with the measured initial
φq andΦCY (0.67 and 0.45, respectively, for 5 μM 2; see Table 1),
the initialΦQY is 0.30, which agrees well with the measured value
(0.30). As the reaction proceeds, φq(t) and therefore ΦQY(t) de-
crease as a result of the depletion of S2O8

2-. Inmeasurements with
different catalyst concentrations, the initial quenching efficiencyφq
should be identical (67%) because the same initial concentrations
of [Ru(bpy)3]

2þ and S2O8
2-were used. According to eq 5, the re-

duced initial quantum yield for O2 generation can be attributed to

Table 1. Turnover Numbers (TON), Chemical Yields, and
Initial Quantum Yields for Homogeneous Visible-Light-
Driven Water Oxidation Catalyzed by 2a

catalyst (μM) TONb chemical yieldc initial quantum yieldd

0 N/A 0.04( 0.01 0.03( 0.01

1.5 158( 15 0.09( 0.01 0.09( 0.01

2 143( 3 0.11( 0.01 0.10 ( 0.01

3 149( 15 0.18( 0.02 0.14( 0.01

4 175( 6 0.28( 0.01 0.20( 0.01

5 224( 11 0.45( 0.02 0.30( 0.05

5 (1)e 136( 5 0.27 ( 0.01 0.24( 0.01
a For experimental conditions, see the Figure 1 caption. TONs and
chemical yields were averaged for results at 12.5 and 15 min. bTON =
(O2 yield at end of run)/(catalyst concentration) = [O2]f/[catalyst].
cΦCY = 2[O2]f /[Na2S2O8]0.

dΦQY(0) = 2[Δ(O2)/Δ(hv)]0 = initial
O2 formation rate/photon flux. eUsing 5 μM 1; reported values,
excluding 0 μM, were corrected for the amount of O2 generated in
the control experiment.

Scheme 1. Principal Processes of O2 Evolution in a Homo-
geneous Light-Driven Water Oxidation System

Figure 1. Kinetics of O2 formation in the photocatalytic system at
different concentrations of 2: 0 (brown g), 1.5 (pink �), 2 (blue 4),
3 (green ]), 4 (red 0), and 5 μM (black O). Conditions: Xe lamp,
420-470 nm, 16.8 mW light beam with a diameter of∼0.75 cm focused
on the reaction solution; 1.0 mM [Ru(bpy)3]

2þ, 5.0 mM Na2S2O8,
80 mM sodium borate buffer (initial pH 8.0); total reaction volume
2 mL; vigorous stirring (5 � 103 rpm).

Figure 2. Dependence of chemical yield (black O) and initial quantum
yield (red 3) on catalyst concentration, [2]. For experimental condi-
tions, see the Figure 1 caption.
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the decrease in the chemical yield at lower catalyst concentrations,
consistent with the experimental observations shown in Figure 1
and Table 1.

Our result suggests that a key factor that limits the quantum
yield is the chemical yield ΦCY, which is significantly less than
unity in the current systems. According to eq 3,ΦCY is determined
by both φr and φc. The φr is generally taken to be near unity,
although several reports have indicated that it is less than unity and
highly dependent on the solution environment.35-37 In a previous
study, we determined thatφc = 67% for 2 at pH 8 in stoichiometric
water oxidation in the dark by [Ru(bpy)3]

3þ.31 From the mea-
suredΦCY (0.45 at 5 μM 2), the minimal φc (when φr = 1) can be
estimated to be 0.45, consistent with the previously reported φc
value.31 ΦCY and hence φc increase with the catalyst concentra-
tion, implying a competition between catalytic (see Scheme 1) and
noncatalytic pathways for the photogenerated [Ru(bpy)3]

3þ.
To gain further insight into the factors limiting the quantum

and chemical yields for catalytic O2 generation, we also compared
the catalytic activities of 1 and 2 under identical conditions. As
shown by both Figure S4 and Table 1, the chemical yield and
TON in the reactions catalyzed by 2 are ∼1.7 fold higher than
those catalyzed by 1, with a 1.25 higher quantum yield. These three
criteria demonstrate that 2, an abundant-metal-based material,
catalyzes visible-light-driven water oxidation more rapidly than 1,
which contains a precious metal, ruthenium. Furthermore, the
photochemical reactions using 1 and 2 were carried out under the
same conditions, so φr should be the same in both systems. There-
fore, a higher ΦCY for 2 suggests a higher φc using this catalyst.
These data suggest that 2 has a higher selectivity toward water
oxidation than 1, which is consistent with a higher TOF for dark
water oxidation by 2 than by 1.31

Light-driven water oxidation utilizes [Ru(bpy)3]
3þ as an inter-

mediate oxidant (eq 1 in Scheme 1). A higher φc indicates a faster
conversion of [Ru(bpy)3]

3þ to [Ru(bpy)3]
2þ in the presence of

the catalyst. The concentration of [Ru(bpy)3]
3þ can be followed

by the absorption at 670 nm (ε670 = 4.2� 102M-1 cm-1), where
[Ru(bpy)3]

2þ has only a very low extinction coefficient (ε670 =
5 M-1 cm-1). Hence, the catalytic efficiencies of 1 and 2 for water
oxidation (φc) can also be compared using the kinetics of the dis-
appearance of [Ru(bpy)3]

3þ in the stoichiometric dark water
oxidation system. These kinetics traces (shown in Figure 3) were
measured by the stopped-flow technique, in which solutions
containing [Ru(bpy)3]

3þ and the catalysts, respectively, were
rapidly mixed. It was found that [Ru(bpy)3]

3þ is consumed via
two competing pathways: catalytic water oxidation (eq 1) and
the self-decomposition reaction.25 At pH 8, the [Ru(bpy)3]

3þ

half-life of∼30 s (no catalyst) was reduced to 11 and 1.3 s upon
addition of 1 and 2, respectively. Here, the half-life, defined as the
time at which the concentration has decreased to one-half of
the initial value, was used to compare the relative decay rates of
[Ru(bpy)3]

3þ because the kinetics are complex (not single-
exponential). While oxidative catalysis of the bpy ligand cannot be
ruledout as a pathway for the consumption of [Ru(bpy)3]

3þ,38 this
along with the results in Figure 1 and Figure S4 suggests that 1 and
2 are both efficient WOCs. This result shows that 2 is almost
10 times more efficient than 1 in catalyzing the dark reaction
(eq 1), suggesting that 2 should also be a more efficient catalyst in
the photodriven systems. Indeed, the O2 formation kinetics shows
this to be the case.

In summary, we have demonstrated that 2, a carbon-free
molecular WOC consisting of only earth-abundant metals, is a
very efficient and stable molecular catalyst for photodriven water

oxidation. Under the same conditions (pH 8), 2 is more efficient
than 1 in oxidizing water, which can be attributed to the higher
turnover frequency of 2 relative to 1.
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