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The electrocatalytic generation of @@ one of the most important
and well-studied reactions in electrochemistry, with applications
ranging from regenerative fuel cells to large-scale industrial
processed.The first reported @electrocatalysts were nickel and
nickel oxide electrode&Since then, numerous other materials have
been investigated, including Ry@nd IrQ, as well as perovskite
and mixed oxide systen¥s.

The chemistry of transition metal heteropolyanions is highly
developed, and much of the current interest in these compounds is
driven by their prospects as “green” oxidation catalysts and model
transition metal oxide surfacés’ An attractive feature of these
materials is that the wholly inorganic coordination environment is
inherently stable toward oxidative decomposition.

Tourneet al. first reported the synthesis of a series of chiral
polytungstometalates, including [W#i,0)2(ZnWgO3z4)5]12-, that
can be described as consisting of a central “belt” of four transition
metals (WZn) capped at both axial positions by a polyoxometalate
(POM) frameworlé Later, Neumann and co-workers synthesized
the di-Ru-substituted analogue, [WZnRDH)(H,O)(ZnWgOz4)7] 11,
using a DMSO solvat&This compound has been shown to catalyze
a variety of organic oxidation reactions but has not previously been
used to catalyze the @eneration reaction, despite some structural
similarities with the dioxoruthenium catalysts used for this pur-
posel®

Here, we describe a previously unreported di-Ru-substituted o B
POM that can be used to catalyze the electrochemical generation 94 1. _ORTEP plot (ellipsoids at 40% probability) of the X-ray structure

. . . of [RU Zan(HZO)z(ZnW9034)2] .
of O,. This compound was synthesized from the corresponding
unsubstituted ZrPOM precursor, NelWZnZny(H20),(ZnWgOss)2], pulse was 5 s; after each pulse, the potential was stepped back to
using Neumann’s synthesis{-ray diffraction measurements and  +0.2 V to re-establish the baseline response of theddsor. The
elemental analysis show that the resulting di-Ru-substituted POM amperometric response of the Clark electrode was measured

corresponds to NgRu'"',Zny(H20)2-(ZnWeOss)2], with a Ru—Ru continuously as the Au anode was subjected to this potential
distance of 0.318 nm. An ORTEP plot of the crystal structure of program and is plotted as a function of time in Figure 2.
the POM is shown in Figure . Trace A shows the response of the Au anode (no catalyst) to a

Electrochemical generation of;@vas investigated using pulsed  series of voltage pulses. No measurabjeg@neration is observed
voltammetry. In the first set of experiments, the amount ef O from naked Au until a potential of greater thar1.05 V is applied
produced was measured using a Clark sensor fabricated with a 50Qnot shown), consistent with the known behavior of Au anddes.
um diameter Pt disk. The sensor was separated from the test solutiorThe narrow current spikes that are observed in this data set are
with an oxygen-permeable Teflon membrane and held in close due to capacitive charging that occurs when the working electrode
proximity to a polycrystalline Au anode. The Clark sensor and Au is subjected to a voltage step and are not faradaic. Trace B shows
anode served as dual working electrodes in a four-electrode the response of the system to an identical potential program after
electrochemical cell in which a Pt wire was the counter electrode the addition of the di-ZnPOM (formal concentration:®) to the
and an Ag wire served as a quasireference electrode (QRE). Theelectrochemical cell. The behavior of this system is identical to
potentials of the Clark sensor and the Au anode were controlled the behavior of the Au anode alone, indicating that the di-ZnPOM
using a conventional bipotentiostat. The potential of the Ag QRE is not catalytically active for @generation. Trace C shows the
was calibrated against a standard hydrogen electrode (SHE), andesponse of the Clark sensor after the addition of the di-RuPOM
all potentials are referenced to the/H, couple. The supporting (2 uM concentration) to pure electrolyte. Electrochemically driven
electrolyte was a pH 8 phosphate buffer in which the analytical generation of @ by this system is clearly observed as negative-
concentration of phosphate was 0.10 M. Solutions were purged with going current spikes in phase with the applied potential pulses.
ultrahigh purity N for at least 30 min and maintained under a N Negative changes in current correspond te g@neration, and
atmosphere during all subsequent measurements. The Au anodgositive-going currents correspond to a decrease in the amount of
was stepped from a rest potential-80.2 V (vs H/H,) to a series O, at the sensor. It is clear that,@eneration is only observed
of increasingly positive potentials. The duration of each voltage when the working electrode potential is stepped positive from the
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Figure 2. Electrocatalytic generation ofdrom (A) naked Au, (B) Au+
2 uM di-ZnPOM, (C) Au+ di-RuPOM, and (D) Au and mono-RuPOM.
Note: the traces have been offset for clarity of presentation.
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Figure 3. Rotating ring-disk measurements. Disk current (upper trace) and
ring current (lower trace) were acquired simultaneously. Conditions: rotation
rate, 1600 rpm; disk geometrical area, 0.272cm

rest potential; when the potential is stepped back-@2 V, the
response of the Clark sensor returns to its baseline value. Finally,

trace D shows the response of the Clark sensor in a solution contain-

ing a monosubstituted RUPOM catalyst, [P®5RU" (H,0)],*~ a
compound first synthesized by Pope et al. that exhibits a Keggin-
type structuré? Interestingly, no catalytic activity for gyeneration
is observed for this compound.

Further characterization was undertaken using a rotating ring disk
assembly, Figure 3. The Pt ring was maintained at a constant
potential of—0.20 V, while the potential of the Au disk was stepped

to increasingly positive voltages (pulse duration, 5 s)génerated
at the Au disk was collected at the Pt ring. Mass transport from
the disk to the ring was controlled by the electrode rotation rate.
The disk response consists of an initial rapid positive (i.e., anodic)
increase in current, followed by a slower, quasi-Cottrell (i.&],
t~12) decrease (inset). The curreriime response is similar to that
of a stationary electrode because the voltage pulses were kept shorter
than the time required to establish a steady-state current in order
to prevent the accumulation of excess. @hen the potential is
stepped back to its base value, a negative-going current is observed
due to reduction of @in the double layer. The response of the Pt
ring to this voltage program is shown in the lower trace; the pulse
shapes are qualitatively similar to those seen for the disk. A small
but noticeable dip in the ring response occurs at the same time
point that the cathodic disk current reaches its maximum value and
is due to the disk shielding the ring. An approxim&g, for the
electrocatalytic generation of,@f +0.750 V was calculated from
the diski — E data and is consistent with the thermodynamics of
oxygen generationr* = +0.760 V vs SHE at pH 8) and with the
redox properties of the di-RuPOM electrocatalyst. Cyclic voltam-
metry shows three waves at ca0.15,+0.28, and+0.76 V for
this compound, which we tentatively assign as corresponding to
the RUM  RU and RWV couples. These assignments are
consistent with the values o0f-0.10, +0.20, and +0.85 V,
respectively, reported by Pope for [RMDsoRU'" (H,0)].4~ We
sampled the disk current at a constant delay time after each voltage
pulse and performed a Tafel analysis (i.e., a plot of Us E). A
Tafel slope of ca. 120 mV was found, about twice the value
typically observed for Ru@ but typical of values measured for
perovskite anode¥. In conclusion, the di-Ru-substituted POM
Nayo[RuZn, (H20)x(ZnWg034),] catalyzes the electrochemical
generation of oxygen. The proximity of the two Ru atoms appears
to be a key factor in the electrocatalyst’s ability to generaté>O
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