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Single-electron activation of multielectron catalysis has been shown
to be viable in catalytic water oxidation with stepwise proton-coupled
electron transfer, leading to high-energy catalytic precursors. For the
blue dimer, cis,cis-[(bpy)2(H20)Ru"ORu"(H,0)(bpy)s]*", the first
well-defined molecularcatalyst for water oxidation, stepwise 4e /4H™
oxidation occurs to give the reactive precursor [(O)RuVORu (0)]*.
This key intermediate is kinetically inaccessible at an unmodified
metal oxide surface, where the only available redox pathway is
electron transfer. We report here a remarkable surface activation of
indium—tin oxide (In,O3:Sn) electrodes toward catalytic water oxida-
tion by the blue dimer at electrodes derivatized by surface phospho-
nate binding of [Ru(4,4’-((HO),P(0)CH,),bpy).(bpy)]**. Surface
binding dramatically improves the rate of surface oxidation of the blue
dimer and induces water oxidation catalysis.

The multielectron nature of water oxidation, 2H,O —
0, + 4e” + 4H™, poses significant mechanistic challenges.
For example, mechanisms involving le~ oxidation and
hydroxyl radical as an intermediate with E°COH/H,0) =
2.8 V vs NHE are too slow to be of interest, which can be
significantly inhibiting at electrode surfaces where the only
available pathway is electron transfer.'

In an earlier study, we reported that Ce'¥ water oxidation,
cata lyzed by the blue ruthenium dimer cis,cis- g Ipy)z(Hzo)

ufORu(OH,)(bpy).]** {[(H,0)Ru''ORu(OH,)]*.
can be enhanced by factors of up to 30 with added electron-
transfer mediators such as [Ru(bpy)s]*™ (bpy = 2.2/-bipyri-
dine). The rate enhancement was due to slow intrinsic
electron transfer by the Cew/III couple and rapid electron
transfer by the mediator.? In this manuscrll}%t we report a
pronounced surface activation effect at Sn' *-doped In,O3
(ITO, indium—tin oxide) electrodes modified by surface
binding of a functionalized [Ru(bpy)s]*" complex.

The mechanism of water oxidation in solutions dilute in
blue dimer with Ce'¥ as oxidant, in catalytic excess, is shown
in Scheme 1. It features oxidation to a transient intermediate
[(O)Ru¥YORu"(0)]*", which undergoes a rapid reaction with
water to give a transiently stable peroxidic intermediate. In
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Scheme 1. Mechanism of Ce'V-Catalyzed Water Oxidation by the Blue
Dimer at pH 1: &y = 630 M ' s ky = 32 M 's7! k3 = 2.0 x 10°
M 's ! and ks = 2 x 107357 (Measured in 0.1 M HCIO,) at 23 + 2 °C
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0.1 M HCIOy, the latter decomposes by first-order kinetics
and evolves oxygen (k4 in Scheme 1).°

In cyclic voltammograms (CVs) of the blue dimer in 0.1 M
triflic acid (HOTY), an electrochemically reversible, scan rate
dependent, le wave appears at £y, = 1.04 V vs NHE for
the [(H20)RumORuW(OH)]‘”/[(H20)RumORum(OH ) Ihad
couple (Figure 1A). A dramatically different response
(Figure 1B) appears at ITO electrodes with chemically linked,
phosphonate-derivatized [Ru(4,4’-((HO),P(O)CH,),bpy).-
(bpy)I** [ITO-Ru*"; 4,4-(HO),P(O)CH,),bpy = 4.4'-bis-
(methyl)phosphonato 2,2'-bipyridine].*

Synthesis and characterization of the complex is described
in Supporting Information (SI). It was added to ITO by
soaking the electrodes for extended periods in methanol solu-
tions containing the complex (Figure SI1 in the SI). Surface
coverages (I" in mol cm %) were determined by integration of
the cathodic peak area for the surface Ru'"wave at E, n=
1.31 V vs NHE at pH 1 (Figure 1A) after background sub-
traction and conversion of coulombs to mol cm ™2 as de-
scribed previously.’ Maximum coverages of I ~ 1 x 1071°
mol cm™ 2 were obtained. Peak currents (ip) for the surface
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Figure 1. (A) Scan rate normalized (ip/vl’lz) CVs of 1 mM blue dimer in
0.1 M HOTfatan ITO electrode (1.55 cm?) at scan rates of 10 and 1000 mV
s 'andat23+2°C. ACV (ip/v) of surface-adsorbed [Ru(4,4'-(HO,),P-
(O)CH,)>bpy)»(bpy)]*™ on ITO (ITO-Ru*", T = 1.0 x 10" * mol cm 2,
1.55 cm?) is shown in blue. (B) CVs (ip/vl’yz) of 1.0 x 10~* M blue dimer in
0.1 M HOTfat ITO-Ru*" (' = 1.0 x 10”®mol cm ™2, 1.5 cm?) at various
scan rates.

Ru"™ wave vary linearly with the scan rate (v), as expected
for a surface-confined couple (Figures SI2 and SI3 in the SI).°

At the modified electrode with added blue dimer, the [(H,O)-
Ru™ORu"Y(OH)I**/[(H,O)Ru™ORu™(OH,)]*" wave ap-
pears at £, = 1.04 V and an additional oxidative wave at
E,,=1.57V for the 3¢”/3H" couple,” [(H,O)Ru"ORu'"-

L4+ —3e™, —3H* \ \P L
(OH)]"" —2¢ - =" [(O)Ru"ORu"(O)]"". Peak currents for
both waves vary with v'/%, consistent with diffusional couples
(Figures SI4 and SIS in the SI).°

The dramatic current enhancement for the 3¢ /3H" wave
at 1.57 V is due to an enhancement of the rate-limiting
electron-transfer oxidation of [(H,O)RuMORu'Y(OH)**
to Ru"YORu" (presumably as [(HO)Ru"VORu'Y(OH)**
at this pH:® eq la). Ru"YORu'Y is a kinetic intermediate
unstable toward disproportionation with E°(Ru'YORu'"/
RuVORu") > E°(RuYORu"/RuVORu"Y).** Once formed
in the rate-limiting step, it undergoes further 2¢ /2H" oxidation
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Fiqure 2. CVs of the peroxido intermediate formed by addition of x3
Ce'V to 1.0 x 107* M [(H,O)Ru™ORu"Y(OH)** in 0.1 M HOT with
surface-adsorbed [Ru(4,4’-((HO,),P(O)CH,),bpy)»(bpy)]*" on ITO
(T = 1.0 x 107" mol em™% 1.52 cm?). The background is of 3.0 x
1074 M Ce™ in 0.1 M HOTT at the same electrode.

to [(O)RuYORu"(0)]**, followed by water attack to give the
peroxide (eq 1b).

ITO-Ru** + [(H,0)Ru"ORu'Y (OH)]**
— ITO-Ru** + [(HO)RuVORu"Y (OH)*" + H* (la)

(HO)RYORu(OH)[* 102 o3t
[(HOO)Ru™ORuY(O)]**  (rapid) ~ (1b)

A mechanism related to Scheme 1 also holds for the surface-
mediated reaction. At even higher potentials, a catalytic water
oxidation wave appears with an onset at ~1.7 V. Catalytic
water oxidation at these potentials appears to be triggered bly
further oxidation of the peroxidic intermediate [(HOO)Ru""-
ORuY(O)*" to [(O0)Ru™VORuY(0)** (ks in Scheme 1) fol-
lowed by rapid oxygen release (eq 2). In CVs of this inter-
mediate {generated by the addition of x3 Ce" to [(H,O)Ru'"-
ORu"Y(OH)]*"} at a mediator-modified electrode (Figure 2),
an irreversible oxidation wave appears at ~1.8 V on a catalytic
background. The peroxidic intermediate is further characteri-
2ed by Amax = 4821nm (¢ = 13200 M~' cm™")* and a wave for
a (HOO)Ru"™ORu"/(HOO)Ru"ORU" couple at Ey, =
1.03 V vs NHE.

[(HOO)Ru™ORuY (0)]*" —*_="'[(00)Ru"VORu" (0)**
(2a)

[(OO)RUIVORUV(O)]3+ +H,0,+H"
[(H,0)Ru™ORuY (OH)]*" +0, (rapid)  (2b)

As noted below, holding the potential past E° for the
Ru™ wave at 1.31 V leads to electrocatalytic water oxida-
tion. Peak currents increase linearly with surface coverage of
the mediator and with concentration of the blue dimer in the
external solution (Figures SI6 and SI7 in the SI). The rate
constant for surface oxidation of the blue dimer calculated
from catalytic current measurements (Figure SI6 in the SI)
is kear = 2.1 x 10° M~ 's™ 1. Catalysis is not observed at bare
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ITO electrodes. In our earlier report, a comparable
rate enhancement of blue dimer catalysis was observed with
keat = 1 9 % 10° M~"s™! for [Ru(bpy)s]* " as the mediator in
solution.?

A complication appears in CV data at higher blue dimer
concentrations, especially in HCIOy, arising from the adsorp-
tion/microprecipitation of salts of [(O)RuYORuY(0)]*" on
the electrode surface. Adsorption is characterized by a
reductive spike in the current—potential profile at £,
1.43 V in reverse scans (Figures SI8 and SI9 in the SI). Under
other conditions, a nearly reversible 3e” /3H" surface wave is
observed (Figure SI10 in the SI).” A related effect has been
reported for chemical oxidation of the blue dimer with x4
Ce'Vinice cold 1.0 M HCIO,.” "

Depending on the solution conditions, blue dimer adsorp-
tion causes a slow loss of surface catalysis over time as the
mediator is lost from the surface. Steady-state surface loading
was maintained by adding 2.5 x 107> M [Ru(4.,4’-((HO,),-
P(O)CH,),bpy)»(bpy)]*" to the external solution to maintain
a monolayer surface coverage (Figure SI1 in the SI).

Electrocatalytic water oxidation was investigated with
0.5 mM blue dimer in the external solution in 0.1 M HOTf
atan applied potential of 1.46 V vs NHE, just past the Ru""/!!
surface couple at 1.31 V (Figure SI11 in the SI). Steady-state,
catalytic current densities of 44 uA cm > were obtained for
more than 5 h under these conditions. At this potential, water
oxidation is initiated by oxidation of the mediator with an
overvoltage of ~0.3 V relative to the O,/H,O couple. Illus-
trating the importance of catalyst surface binding, there was
no evidence for catalysis at an unmodified ITO electrode with
2.5 x 107> M [Ru(bpy);]*" in the external solution.

Evolved oxygen measurements in an airtight electroche-
mical cell confirmed the electrocatalytic production of oxy-
gen. O, was measured by the difference in the initial reading
of O, in the headspace of an airtight, degassed electrochemi-
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cal cell and the final reading. The final reading was stable
indefinitely. After 500 min of electrolysis at 1.46 V,0.95 C had
passed, producing 2.5 x 10~ mol of O,, corresponding to
17500 turnovers of the surface mediator, 1.25 turnovers of
the blue dimer, and a Faradaic efficiency of 95%.

Spectrophotometric monitoring revealed that the domi-
nant form of the catal}/st in the initial stages of the electrolysis
was [(HZO)RumORu VOH)* (Anax = 495 nm; € = 22000

M™! 2, consistent with its rate-limiting ox1dat10n to
RuIVORuI . As the electrolysis proceeds, the spectrum shifts
to 492 nm, consistent with earlier observations of anation
to form [(HZO)Ru“IORu'V(OTf)]‘”.3 Anated intermediates
inhibit catalysis because of the requirement to undergo
aquation before re-entering the catalytic cycle.

Our results demonstrate that multielectron-transfer water
oxidation catalysis can be accelerated by mediating inter-
facial electron transfer near the potential of the O,/H,O
couple with relatively low overvoltages. There are potentially
impolrltant implications for photodriven water oxidation as
well.
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