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ABSTRACT: We report here the application of a simple
hydrodynamic technique, linear sweep voltammetry with a
modified rotating-ring-disc electrode, for the study of
water oxidation catalysis. With this technique, we have
been able to reliably obtain turnover frequencies, over-
potentials, Faradaic conversion efficiencies, and mecha-
nistic information from single samples of surface-bound
metal complex catalysts.

Water oxidation, 2H2O → O2 + 4H+ + 4e−, is the
fundamental “other half-reaction” in energy conversion

processes in plant photosynthesis and in solar fuel applications in
artificial photosynthesis.1−3 The first designed molecular catalyst
for water oxidation was the “ruthenium blue dimer”, cis,cis-
[(bpy)2(OH2)Ru

IIIORuIII(bpy)2(OH2)]
4+.4 Interest in this area

has blossomed with multiple single-site water oxidation catalysts
reported, mainly based on RuVO and IrVO intermedi-
ates.5−9

In investigating water oxidation mechanism and catalysis by
molecular complexes, the most commonly used oxidants have
been salts of cerium(IV).5,6,8,10−15 These reagents are limited to
strongly acidic solutions, pH ≤ 1, because of hydrolysis and loss
of the oxidative driving force. Electrochemical techniques offer a
much wider latitude in solution conditions with additional
mechanistic insight available by surface binding to electrode
surfaces.16,17

Recently, Murray et al. applied rotating-disc-electrode (RDE)
and rotating-ring-disc-electrode (RRDE) techniques to study
water oxidation electrocatalysis by iridium dioxide nano-
particles.18,19 A key element in these experiments was attachment
of the nanoparticles to the disc. Analysis of RRDE data for
solution catalysts is complicated, especially when the substrate is
the solvent. At the potentials used for oxygen detection at the
ring, competitive reduction of the oxidized catalyst also occurs.
We report here the application of RRDE techniques to the

study of water oxidation catalysis by surface-confined ruthenium-
(II) polypyridyl molecular catalysts. We show that this technique
offers unprecedented insight with a single set of experiments
providing turnover frequencies as a function of the overpotential,
the onset potential for water oxidation, and quantitative product
analysis at the ring. The technique is based on anchoring catalysts
to glassy carbon disc electrodes that are surface-modified by the
addition of tin-doped indium oxide (ITO); see Supporting
Information (SI) for details. The presence of the particles on the
disc is easily identified by an increase in the capacitive current
during cyclic voltammetry scans compared to unmodified

electrodes (Figure 2) and by scanning electron microscopy
(Figure S2 in the SI). Once the glassy carbon electrode has been
modified with the metal oxide nanoparticles, the catalyst is
loaded onto the nanoparticles by using standard anchoring
groups [−COOH, −PO(OH)2, etc.]. In this work, we compare
the performance of two known ruthenium-based, single-site
water oxidation catalysts (Figure 1) with respect to over-
potentials, turnover frequencies, and Faradaic conversion
efficiencies for water oxidation.

Figure 2 shows a cyclic voltammogram of [RuII(Mebimpy)-
(4,4′-(PO(OH)2-CH2)2-bpy)(OH2)]

2+ (2, Figure 1) on a nano-

ITO-RRDE in 0.1 M HClO4. A background scan is also shown
under the same conditions. Similar data for [RuII(tpy)(4,4′-
(PO(OH)2-CH2)2-bpy)(OH2)]

2+ (1, Figure 1) are shown in
Figure S4 in the SI. A prominent surface wave for the surface-
bound −RuIIIOH2

3+/−RuIIOH2
2+ couple of 2 is observed with a

separation of 35 mV between the anodic and cathodic peak
potentials. This is indicative of good conductivity and
homogeneity throughout the nano-ITO film. The −RuIV
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Figure 1. Structures of 1 and 2.

Figure 2. Blue: Cyclic voltammogram of 2 on nano-ITO−glassy carbon
in 0.1 M HClO4. Scan rate: 100 mV/s (see the text for details).
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O2+/−RuIIIOH2
3+ couple is well separated from the

−RuIIIOH2
3+/−RuIIOH2

2+ couple, but it is kinetically more
inhibited than that for 1.20 A partial reduction wave for this
couple is observed at 1.05 V. Integration of the RuIIIOH2

3+/
RuIIOH2

2+ wave gives a surface coverage (Γ) of 6.4 × 10−9 mol/
cm2 over the projected area of the 0.196 cm2 glassy carbon disc,
which is the equivalent of ∼64 electroactive monolayers on a
planar surface.21 For 1, Γ = 5.8 × 10−9 mol/cm2 was found, the
equivalent of ∼58 electroactive monolayers. No attempt was
made to quantify the per particle catalyst loading.
A second experiment was conducted with 2 attached to the

nano-ITO disc. The blue trace displays this result with the
potential scanned at 10 mV/s from 1.00 to 1.79 V. A wave
corresponding to the oxidation of −RuIIIOH2

3+ to −RuIVO2+

is clearly observed, followed by a steep increase in the current
starting at∼1.45 V. The wave for the oxidation of−RuIIOH2

2+ to
−RuIIIOH2

3+ appears below 1.0 V. The red trace shows the
corresponding reductive current at the platinum ring, which
begins to increase at ∼1.49 V. This is expected because of the
generation of oxygen at the disc and reduction to H2O at the ring
(as determined with a platinum disc−platinum ring RRDE; see
the SI). Generation of oxygen at the disc begins to occur 320 mV
above the thermodynamic potential for water oxidation at pH 1
(1.17 V). Similar experiments for 1 are shown in Figure S5 in the
SI. The onset potential for water oxidation by 2 is 115 mV lower
than that for 1.
For linear sweep voltammetry (LSV) at a RDE, the current at

the disc is given by the Koutecky−́Levich equation, eq 1 (see the
SI for explanation of terms).22 For water oxidation in aqueous
solutions, water is the substrate, and because the catalysts are
surface-immobilized, the limiting current in RDE experiments is
independent of the rotation and scan rates.
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Thus, the catalytic current for water oxidation in these
experiments is dictated by the turnover frequency of the catalyst
at the applied potential E [kcat(E)], the surface loading of the
catalyst (Γ), and the area of the electrode (A), eq 2.23

= Γi nFA k E( )cat cat (2)

Turnover frequencies, as kcat(E), as a function of the applied
potential for 2 in 0.1 M HClO4 are shown in Figure S6 in the SI
and for 1 in Figure S7 in the SI. They were determined by use of
eq 2. The blue trace shows the values obtained by assuming that
all the oxidative current results in water oxidation to oxygen at
the disc. It reaches kcat(E) = 0.18 s−1 at 1.65 V and remains
constant to 1.79 V. This is 3 times faster than the rate observed
for 1 at the same potential. The red trace shows the values
obtained from the actual evolved oxygen measured at the ring.
These data have been corrected for background current in the
absence of 2. It has also been corrected (×4.0) for the collection
efficiency (24.9%) of the ring electrode, which is dictated by the
ring-disc geometry; see the SI. It reaches a maximum of 0.09 s−1

at 1.79 V, 50% of the value calculated from the oxidative current.
No hydrogen peroxide was detected by holding the potential of the
ring at 1.13 V, where the oxidation of hydrogen peroxide to oxygen at
platinum is dif fusion-limited; see Figures S11−S13 in the SI.
For both catalysts, the turnover frequency as a function of the

applied potential displays two regimes. Initially, it increases as the
applied potential is increased. This is because the concentration
of the catalytically active form, RuVO3+, increases according to

the Nernst equation as the applied potential approaches E1/2 for
the RuVO3+/RuIVO2+ couple. At some point, the turnover
frequency is dictated by the rate of O−O bond formation and
enters a second regime independent of the applied potential. The
potential at which the change between the two regimes takes
place is significant because it points to a change in the rate-
limiting behavior in the catalytic cycle. It also provides a good
estimate of E1/2 for the apparently irreversible Ru

VO3+/RuIV
O2+ couple.
This conclusion is further supported by Figure S3 in the SI,

which shows the Faradaic efficiency (ηF) as a function of the
applied potential, with ηF the fraction of the total current passed
that is used to oxidize water to oxygen. It was calculated as the
ratio of the ring to disc current with background and collection
efficiency corrections ×100%. It varies from 0 at 1.49 V to ∼50%
at ∼1.65 V, with a 16 mV window between the onset potential
and the maximum efficiency for oxygen generation. The
efficiency remains constant from 1.65 to 1.79 V.
In the RRDE experiment, the turnover frequency, kcat(E),

provides kinetic information about the key O---O bond-forming
step in the reaction between RuV(O)3+ and water in Scheme S1
to give a detectable peroxide intermediate.5,6,16 Past the RuV
O3+/RuIVO2+ couple, kO−O is the turnover frequency, and
kcat(E) = kO−O.
The RRDE experiment on nano-ITO provides additional

insight about catalyst stability. Faradaic efficiencies for oxygen
generation by catalyst 1 only reach 27%, with 73% of the anodic
current not leading to oxygen production. As for 2, there was no
evidence for hydrogen peroxide production at the ring at 1.13 V,
where hydrogen peroxide oxidation at platinum is diffusion-
limited. The loss in the Faradaic efficiency provides direct
evidence for catalyst deactivation. Additional evidence appears in
the change in the i−V behavior after a series of LSV scans (Figure
S14 in the SI). For catalyst 2, the Faradaic efficiency reaches 50%,
just 16 mV past its onset potential, without evidence for
deactivation after multiple RRDE scans (Figure 3). Control

experiments show that the unaccounted for anodic current for 2
arises, at least in part, from oxidation of the glassy carbon
electrode by the catalyst. Experiments are underway to overcome
this limitation.
The advantages in applying the RRDE technique to catalytic

water oxidation for surface-bound catalysts are clear. Quantita-
tive information is provided concerning (1) rates, by measure-
ment of the turnover frequencies, (2) the appearance of O2 and/
or H2O2 as products both qualitatively and quantitatively, (3)
Faradaic efficiencies for O2 production and/or H2O2 formation,
(4) overpotentials, and (5) evidence for catalyst instability.

Figure 3. RRDE voltammogram in 0.1 M HClO4 (see the text for
details).
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