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ABSTRACT: The water insoluble complex
Rb4[RuH(bPY)3]5[{RHHI404(OH)2(H20)4}(7'SiW10036)2];
([Ru'"bpy]s[Ru'"",POM]), was synthesized from
RbK,[{Ru'Y,0,(0OH),(H,0),} (y-SiW,,044),] and used for elec-
trocatalytic water oxidation under both thin- and thick-film
electrode conditions. Results demonstrate that the
[Ru"bpy]s[Ru™,POM] modified electrode enables efficient water
oxidation to be achieved at neutral pH using thin-film conditions,
with [Ru(bpy),;]** ([Ru"bpy]) acting as the electron transfer
mediator and [Ru",POM] as the species releasing O,. The rotating
ring disc electrode (RRDE) method was used to quantitatively
determine the turnover frequency (TOF) of the catalyst, and a
value of 0.35 s™' was obtained at a low overpotential of 0.49 V (1.10
V vs Ag/AgCl) at pH 7.0. The postulated mechanism for the mediator enhanced catalytic water process in a pH 7 buffer
containing 0.1 M LiClO, as an additional electrolyte includes the following reactions (ion transfer for maintaining charge
neutrality is omitted for simplicity): [Ru"bpy]s[Ru™,POM] — [Rubpy]s[Ru",POM] + 13 e~ and [Ru""bpy]s[Ru",POM] +
2H,0 — [Ru"bpy]s[Ru"Y,POM] + O, + 4H*. The voltammetry of related water insoluble [Ru"bpy],[S,M;304,] (M = W and
Mo) and [Fe""Phen],[Ru™,POM] materials has also been studied, and the lack of electrocatalytic water oxidation in these cases
supports the hypothesis that [Ru"'bpy] is the electron transfer mediator and [Ru',POM] is the species responsible for oxygen

evolution.

B INTRODUCTION

Molecular hydrogen is a clean fuel that can be produced by the
electrolysis of water. With suitable electrodes, oxygen may be
evolved at the anode (eq 1) and hydrogen at the cathode (eq
2).

105" and a turnover frequency (TOF) of about 10° s™.'¢

Catalysts with high efficiency, long-term stability, and low cost,
which make them suitable for large-scale water electrolysis, have
been sought by mimicking nature.”” In addition to these
biologically inspired systems, tailored metal containing
synthetic catalysts that exhibit a series of electron transfer

+ -
2H,0 — O,1 + 4H" + 4e (1) and proton coupled processes over a narrow potential range

N ~ have been used to achieve water oxidation with a minimal
2H" +2¢ — Hyt 2 overpotential.

The overall process (eq 3) is thermodynamically unfavorable
by 1.24 V at 25 °C under standard conditions, and both half-
cell reactions are usually slow in the absence of catalysts.

2H,0 = O,1 + 2H,1 (3)

Water oxidation is the more kinetically demanding process
and gives rise to a large part of the overpotential. Consequently,
catalysts that allow electrochemical oxidation of water at a low
overpotential are of great interest. Recently, many catalysts have
been developed to minimize the overpotential." In nature, the
oxygen evolving center in Photosystem II catalyzes water
oxidation with an overpotential equivalent to around 0.3 V, a
turnover number (TON) was estimated to be as high as 6 X
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Investigation of structure—activity relationships is now
recognized as critical in the systematic development of effective
water oxidation catalysts. In this context, polyoxometalates
(POMs), a class of anionic clusters with frameworks built from
transition metal oxo anions, provide distinct advantages because
of their rich redox chemistry based on coupled electron and
proton transfer, catalytic activity, and photoactivity.” Encapsu-
lation of transition metals in the POM framework can change
the redox chemistry and enhance the catalytic properties of the
POM. In particular, incorporation of ruthenium has attracted
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attention due to its extensive redox and catalytic chemistry. For
example, recently, Hill and co-workers®® synthesized a POM
with an embedded tetra-ruthenium(IV)-oxo core,
Rbus[{RUIV4O4(OH)2(H20)4}(V‘Siwloow)z]; which is a
very effective molecular water oxidation catalyst. Simulta-
neously, Bonchio and co-workers synthesized the cesium salt of
the same anion by another synthetic route.® This POM has four
ruthenium centers that reside in a slightly distorted tetrahedron
and are stabilized by hydroxo and oxo ligands. Unlike many
other POMs, this compound is stable over a wide pH range,
including highly acidic 0.5 M H,SO,.”

Hill et al* used [Ru(bpy);** as the sacrificial electron
acceptor for [{Ru",0,(OH),(H,0),}(y-SiW,,05),]"* -cata-
lyzed oxidation of water at pH 7 with a TON of 18 (mol O,/
mol Ru-POM). Sartorel et al.’ used Ce*" as the sacrificial
electron acceptor for [{Ru'Y,0,(OH),(H,0),}(y-
SiW,4036),) 0 -catalyzed oxidation of water in an acidic
medium (pH 0.6) with a TOF of 0.13 s'. Bonchio and
coauthors have attached [{Ru'Y,0,(OH),(H,0),}(y-
SiW,;9034),]'°” to multiwalled carbon nanotubes functionalized
with positively charged polyamidoamine (PAMAM) ammo-
nium dendrimers and realized electrocatalytic water oxidation
at pH 7 with a TOF of 0.085 s™! at an overpotential of 0.60 V.*
The catalytic activity of [{Ru'Y,0,(OH),(H,0),}(y-
SiW,4036),]'" is significantly improved when dendron
functionalized graphene is chosen as the support for catalyst
immobilization.” We have recently immobilized
[{Ru'"",0,(OH),(H,0),}(7-SiW;y036),]'*” on a wet graphene
modified electrode, and achieved a TOF of 0.82 s™! in pH 7.50
bulizer at high ionic strength at an overpotential as low as 0.35
V.

To establish whether high catalytic efficiency could be
achieved at low overpotential, we adopted an electrode
modification approach based on that employed in commercially
successful glucose enzyme electrodes. In the glucose biosensor,
an electron transfer mediator is frequently used to facilitate the
electron transfer between glucose oxidase and the electrode."!
That is, the mediator is oxidized electrochemically to give a
product that oxidizes the glucose oxidase enzyme and recovers
the mediator to give a reaction scheme that achieves catalysis of
the oxidation of the substrate, glucose. This approach also has
been used by Anson et al. for catalytic reduction of O, by
cobalt(Il) tetrakis(4-N-methylpyridyl)porphyrin mediated by
the [Ru(NH;)4]*"/*" reaction at Nafion-coated electrodes.'?
Inspired by these studies, we report that electrodes modified
with water insoluble Rb,[Ru(bpy);]s[{Ru™,0,(OH),(H,0),}-
(7-SiW,0056),] ([Ru"bpy]s[Ru,POM]) films have now been
developed for the electrocatalytic oxidation of water, where the
oxidized form of the counter cation [Ru(bpy);]**([Rubpy])
serves as an electron transfer mediator. This approach differs
from that reported by Anson et al,'* where the mediator and
catalyst are derived from different compounds.

Bond and co-workers already have synthesized water
insoluble [Ru''bpy] complexes of [S,Mo,304,]*",
[S;W1504,]*, and [a-SiW,04]* and showed that they
exhibit attractive photocatalytic and electrocatalytic proper-
ties.">'* Importantly, if both the Ru-based mediator and the
POM catalyst are aligned in close proximity in a solid-state
thin-film form, it is postulated that electron transfer will be
facilitated and mass transport limitations encountered in
bimolecular reactions in solution will be minimized. Under
these circumstances, the catalytic efficiency of
[{Ru",0,(0OH),(H,0),}(y-SiW,;03),]°” should be substan-
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tial at low overpotential, as demonstrated in this study. The
rotating ring disc electrode (RRDE)"® method has been used to
determine the TOF values. This technique has been used by
Murray et al. for the measurement of O, generated from a
catalytic water oxidation reaction.'®

B EXPERIMENTAL SECTION

Reagents. The following chemicals were used as received:
[Ru(bpy);]CL, (ruthenium-tris(2,2’-bipyridyl)dichloride) and NaBH,
from Sigma-Aldrich, Na,HPO, and NaH,PO, (Fluka, AR grade),
LiClO, (AR grade, BDH), H,SO, (AR grade, Univar), KPFq
(Aldrich), Nafion, ruthenium red, RuO,, and iron phenanthroline
(Sigma-Aldrich). RbgK,[{Ru',0,(0OH),(H,0),}(7-SiW,y05),] was
synthesized according to a procedure in literature.” Deionized water
from a MilliQ—MilliRho purification system (resistivity 18 MQ-cm)
was used to prepare all aqueous electrolyte solutions. Buffer solutions
were prepared by mixing 0.1 M Na,HPO, and 0.1 M NaH,PO,
solutions and adjusting the pH to the desired value, which was
measured using a Mettler-Toledo SevenCompact $220-BIO pH/ion
meter equipped with an InLab Routine Pro-ISM sensor (Mettler-
Toledo, Greifensee, Switzerland). For 0.1 M buffer solutions
containing 0.1 M additional electrolyte, the pH was adjusted to 7.0
in all cases.

Sa/nthesis of Rb,[Ru''bpyls[Ru''',POMI,
(IRubpyls[Ru™,POM]), and Other [Ru'bpy] Complexes. To
prepare the water insoluble [Ru"bpy]-[{Ru™,0,(OH),(H,0),}(r-
SiW,,034),]'*" complexes, we first reduced
RbgK,[{Ru'"Y,0,(OH),(H,0),}(7-SiW,4034),] to
[{RuIH4O4(OH)2(HZO)4}(y—SinO36)2]147 by adding S mM of
NaBH, to 0.5 mM of RbyK,[{Ru'Y,0,(OH),(H,0),}(y-
SiW,0034),]. [Ru(bpy);]ClL, (4 mM) was then added to the solution.
The precipitated solid was collected by centrifugation, purified by
redispersing in water, and then collected after centrifugation, before
finally drying overnight under vacaum. RDE voltammetry was used to
establish the oxidation state of the Ru centers after the reduction of
[{Ru",0,(OH),(H,0),}(7-SiW,y034),]"° by a 10-fold excess of
NaBH, under a N, atmosphere. Ten minutes after the NaBH,
addition, 0.14 mL of concentrated H,SO, was added to the solution
(5 mL) to adjust the final concentration of H,SO, to 0.5 M. RDE
voltammograms were obtained immediately. These results proved that
all Ru(IV) atoms were reduced to Ru(Ill) (vide infra). Elemental
analysis gave C, 19.70; N, 4.42; and H, 1.85% versus C, 20.01; N, 4.69;
and H, 1.83% as predicted for Rb,[Ru-
(bpy)sJs[{Ru",0,(OH),(H,0),}(7-5iW,0035),]-«H,0O  (x 17).
The number of water molecules represents the best fit of elemental
analysis data but is subject to considerable uncertainty. Energy-
dispersive X-ray spectroscopy (EDX) results show the presence of
rubidium. The average weight ratio of 0.246 for Ru/W equates to 9 Ru
atoms per 20 W atoms. This result is consistent with a [Ru"bpy]/
[Ru™,POM] ratio of 5:1. No potassium or sodium was detected. ICP-
OES (Varian 720) analysis gives a ratio of 4.2:9.0:19.5 for Rb/Ru/W,
which is very close to the ratio of 4:9:20 predicted for Rb,[Ru-
(bpy)g]5[{Rum404(OH)7_(HZO)4}(}/-SinOO36)2]. For convenience,
and because Rb* exchange probably occurs with electrolyte cation in
the electrochemical studies, the solid is referred to as [Ru"bpy],[
Ru'™,POM] henceforth in this Article.

Water insoluble [Ru''bpy],[Ru'V,POM] and
[Fe""Phen],[Ru™,POM] materials were synthesized using a similar
approach. EDX results for [Ru"bpy],[Ru™,POM] material again
showed the presence of a small quantity of rubidium. The average
weight ratio of 0.221 for Ru/W equates to 8 Ru atoms vs 20 W atoms,
or a [Ru"bpy]/[Ru",POM] ratio of 4:1, which indicates that the
material is Rb,[Ru"bpy],[Ru’,POM]. Again, no potassium or sodium
was detected. This material is referred to as [Ru"bpy],[Ru"Y,POM] in
the rest of this Article.

The known compounds [Ru(bpy);],[S,Mo0,304,] and [Ru-
(bpy);)2[S;W1304,] were synthesized by adding [Ru(bpy);]Cl, (4
mM) to a solution containing 0.5 mM of the relevant anion,
followed by purification and drying as for [Ru"bpy]s[Ru™,POM].

~
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Preparation of Modified Electrodes. The electrodes modified
with [Rubpy][Ru™,POM] were prepared by dispersing the solid in
water and then drop-casting 5 uL of the slurry onto the electrode
surface and allowing it to dry at room temperature. Two loadings were
used. For a thin-film modified electrode, the coating solution
contained 0.16 mg mL™" of [Rubpy]s[Ru"™,POM], and for thick-
film modified electrodes, the coating solution contained 8.0 mg mL™"
of the solid. For preparation of the [Ru"bpy],[Ru,POM] and
[Fe'"Phen],[Ru,POM], [Ru''bpy],[S,Mo0,304,] and
[Rubpy],[S;W15s04,] modified electrodes, the coating solutions
contained the same molar concentration of POM as used for
preparation of the [Ru"bpy]s[Ru™,POM] thick-film modified electro-
des. In RRDE (Pt ring, glassy carbon (GC) disk) studies,
[Ru"bpy]s[Ru™,POM] modified electrodes were coated with 3 uL
of 0.02% Nafion solution to improve the adhesion of the film to the
electrode surface.

Electrochemistry. Voltammograms were acquired at 22 + 2 °C
using a CHI 760D electrochemical workstation (CH Instruments,
Austin, TX). A standard three-electrode electrochemical cell arrange-
ment was employed using a GC (3.0 mm diameter, CH Instruments,
Austin, TX) working electrode, a Pt wire counter electrode, and a Ag/
AgCl (3 M NaCl) reference electrode (0.210 V vs SHE)."” The
effective areas of the macrodisk GC and Pt electrodes were determined
by measuring the reduction of 1.0 mM [Fe(CN)4]*>~ as K;[Fe(CN),]
in water (0.5 M KCl) by cyclic voltammetry and using the Randle—
Sevcik equation with a known diffusion coefficient of 7.6 X 107 cm?
s7! for [Fe(CN)¢]*~."'* For RRDE and rotating disk electrode (RDE)
studies, a rotating ring disk electrode rotator (RRDE-3A, ALS Co.,
Japan) was connected to the electrochemical workstation. A GC disk
(4.0 mm diameter)—Pt ring (5.0 mm i.d./7.0 mm o.d., ALS Co,, Ltd,
Japan) working electrode was used for RRDE studies, while a GC disk
(3.0 mm diameter, ALS Co., Japan) or a Pt disk (3.0 mm diameter,
ALS Co., Ltd,, Japan) working electrode was used for RDE studies,
along with the same reference and auxiliary electrodes employed in the
voltammetry. The collection efficiency of the RRDE'® was measured
using 1.0 mM [Fe(CN)4]*>~ (0.1 M sodium phosphate buffer, pH 7.0,
and 0.1 M LiClO,), and calculated to be 0.42. The working electrodes
in all experiments were polished with an aqueous slurry of 0.3 pm
alumina, cleaned with deionized water, sonicated, rinsed with water,
and then dried under nitrogen. The solution was purged with nitrogen
for at least 15 min before measurement, and then the electrochemical
cell was kept under a positive pressure of nitrogen at all times.

Simulations of cyclic voltammograms were carried out with DigiSim
(Version 3.05) software.”

B RESULTS AND DISCUSSION

Voltammetry of [{Ru",0,(0H),(H,0),}(y-SiW;(036),1'*~
in Aqueous Solutions. Previous studies in our laboratories
have shown that the voltammetry of [{Ru",0,(OH),(H,0),}-
(7-SiW4036),]""" in aqueous solutions is strongly pH
dependent.” In 0.5 M H,SO, medium, both the cyclic and
RDE voltammograms obtained for [{Ru",0,(OH),(H,0),}-
(7-SiW,4036),]1'% show two one-electron Ru™"Y processes with
E°’ (defined as (E “+E re‘1)/2) values of +869 and +1057 mV,
where E,* and EP’“l are oxidation and reduction peak
potentlals, respectively; four successive one-electron Ru!V/1
processes at around +621, +475, +255, and +202 mV; and a
multielectron reduction process at —346 mV, which is
associated with reduction of the polytungstate framework
(Figure 1). Two further Ru'V"V oxidation processes were also
detected at very positive potentials by FT ac voltammetry.”

At neutral pH, well-defined voltammograms can only be
obtained in the presence of high concentrations of additional
electrolyte.” Tt was postulated that the electrical double layer
suppresses the rate of electron transfer.

RDE Voltammetry in Aqueous 0.5 M H,SO, Solution
of the Product Produced by Reduction of
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Figure 1. Cyclic (a) and RDE (b) voltammograms of 0.5 mM
RbgK, [{Ru",0,(0H),(H,0),}(7-SiW,0056),] at a glassy carbon
electrode in 0.5 M H,SO,. For the cyclic voltammogram, the scan
rate is 50 mV s™'. For the RDE voltammogram, the rotation rate is
104.7 rad s7', and the scan rate is 10 mV s~'.

RbgK,[{Ru'Y,0,(0OH),(H,0),}(y-SiW,,056),] with NaBH,.
RDE voltammetric experiments were carried out to establish
the oxidation states of the Ru centers in the product formed
when 0.5 mM [{RuIV4O4(OH)2(H20)4}(}/-5in0036)2]10_
solution was reduced by an excess of NaBH, (5 mM) (see
Experimental Section for details). The RDE voltammogram of
0.5 mM [{Ru'",0,(OH),(H,0),}(y-SiW;y034),]'* solution
(0.5 M H,SO,) (Figures 1b and 2) shows a zero-current region
at a potential of about +750 mV and two oxidation and five
reduction processes (1nc1ud1ng one tungsten framework based
multielectron process).” After the addition of NaBH,, the zero-
current region shifts to around 0 V. A total of six oxidation and
the multielectron reduction processes are now observed (Figure
2). This confirms that NaBH, reduces all four Ru(IV) centers
to Ru(1II). Further addition of NaBH, does not change the
RDE voltammograms, indicating that NaBH, does not reduce
the tungsten polyoxometalate framework or reduce the Ru(III)
centers to Ru(II).

Voltammetry of [Ru"bpy]s[Ru'",POM] Films in 0.5 M
H,SO,. The electrochemistry of a [Ru"bpy]s[Ru™,POM]-
coated GC electrode also was studied in aqueous 0.5 M H,SO,
solution. At a thin-film modified electrode, only one surface-
confined oxidation process was observed with an E°’ value
(midpoint potential E,, again assumed to be equal to E°’) of
+1065 mV for the first cycle and +1049 mV for second and
subsequent cycles (Figure 3a). The analogs of the solution
phase series of one electron processes associated with oxidation
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Figure 3. Cyclic voltammograms obtained with (a) thin- and (b)

thick-film [Ru'bpy]s[Ru™,POM] modified GC electrodes in 0.5 M
H,SO,. Scan rate: 100 mV s~

of [Ru"™,POM] are essentially absent. [Ru'¥,POM] has been
immobilized on graphene'® and polyethylenimine®® and has
shown well-defined voltammograms when in contact with
acidic solutions. However, in the case of
[Ru"bpy]s[Ru™,POM], presumably the [Ru,POM] pro-
cesses are inhibited by the presence of the [Ru'bpy] cation,
and thus, [Ru™bpy] acts as the electron transfer mediator for
the oxidation of [Ru™,POM] at slightly more positive
potentials than 1000 mV to give a multielectron process. The
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overall underlying electrode reactions giving the multielectron
process are summarized by eqs 4—8 for the first voltammetric
sweep, taking into account the known reversible potentials for
both [Ru"bpy]/[Rubpy] (1.06 V wvs Ag/AgClu) and
[Ru™,POM] oxidation:”

[Ru'"bpy]s[Ru™,POM] = [Ru""bpy]s[Ru'",POM] + Se~

(4)
[Ru""bpy];[Ru™,POM] — [Ru"bpy]s[Ru"Ru"’ ;,POM]
(s)
[Rqupy]5 [RuVRuIV3POM]
= [Ru""bpy],[Ru"Ru" ;POM] + Se~ (6)
[Ru""bpy]s[Ru"Ru'" ,POM]
— [Ru"bpy][Ru""bpy], [Ru",Ru'",POM] 7)
4 2 2
[Ru"bpy][Ru""bpy] 4 [Ru",Ru'",POM]
= [Ru""bpy]s[Ru’,Ru",POM] + e~ (8)

The surface-confined electron transfer reactions (eqs 4, 6,
and 8) also must involve the ingress and egress of ions into or
out of the film (e.g., the uptake of anions HSO,™ and SO,*~ or
the loss of cations Rb* and H*) to maintain charge neutrality, a
process which is omitted here and in the rest of this Article for
simplicity. On the basis of reversible potentials in acidic
solutions,” [Rubpy] is thermodynamically capable of accept-
ing two electrons from [Ru'Y,POM]. Therefore,
[Ru",Ru",POM] is the highest oxidation state accessible in
the film.

In the first cycle of potential, the peak area associated with
the multielectron oxidation process is significantly larger than
that of the companion reduction component due to the
contribution from the initial oxidation of [Ru™,POM] to
[Ru",Ru'Y,POM] by [Rubpy] (eqs S and 7). Because the
reactions in eqs S and 7 are irreversible, their contribution is
diminished in the second and subsequent cycles of potential
due to [Ru"™,POM] depletion from the film. Eventually, from
the second scan, the reaction in eq 9 takes place:

[Ru'bpy][Ru",Ru"Y,POM]

= [Ru""bpy]s[Ru",Ru" ,POM] + Se” 9)

This proposed reaction mechanism (eqs 4—9) is supported
by the simulated results (Figure S1, Supporting Information)
obtained from a similar but simplified mechanism, which
demonstrates a qualitative agreement with the experimental
data (Figure 3).

At a thick-film modified electrode (Figure 3b), the current
magnitude is much larger and only a single oxidation process is
detected with a midpoint potential of +1025 mV (first cycle)
and +1000 mV (second and subsequent cycles). The potential
for this process is similar to that found in the thin-film case. In
essence, the same reactions described in eqs 4—9 are proposed
to occur. The voltammograms obtained with multiple cycling of
potentials are constant after the initial cycle which indicates that
the thick-film configuration is stable.

The shapes of voltammograms in Figure 3 imply that the
electrooxidation of [Ru'bpy]s[Ru™,POM] (eqs 4—8) does not
give rise to any significant catalytic oxidation of water under
either thin- or thick-film conditions when 0.5 M H,SO, is the

dx.doi.org/10.1021/ic500878w | Inorg. Chem. 2014, 53, 75617570
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electrolyte. This is expected because [Ru',Ru",POM] is not
the catalytically active form for water oxidation in acidic
media.”

The charge associated with oxidation in Figure 3 (the second
and subsequent cycles of potential) for the surface-confined
process (eq 9) was obtained by integration. The quantity of
[Ru"bpy]s[Ru™,POM] confined to the surface was then
calculated on the basis of Faraday’s Law, assuming the number
of electrons transferred per [Ru"bpy][Ru™,POM] moiety is 5
(based on eq 9). In the thick-film case, the lack of efficient film-
to-electrode communication, due to slow coupled charge
neutralization through ion partition, may restrict the extent of
oxidation. However, assuming n = 5, the loadings of
[Ru"bpy]s[Ru™,POM] were calculated to be 1.3 X 107 and
1.5 X 107 mol cm™ for the thin- and thick-films, respectively.
These values correspond to the oxidation of fractions of 1.0 and
0.23 of the values estimated from the known mass of
[Ru"bpy]s[Ru™,POM] introduced onto the electrode surfaces.
This result implies that the communication between the
electrode and [Ru"bpy][Ru™,POM] is excellent in the thin-
film case and reasonable for the thick-film.

The cyclic voltammetry of a thick-film
[Ru"bpy],[Ru"Y,POM] modified electrode in 0.5 M H,SO,
electrolyte is very similar to that of thick-film
[Ru"bpy]s[Ru™,POM] modified electrode (compare Figure 3
and Figure S2 in the Supporting Information). Thus, a single
oxidation process is again found with an E_, value of +1090 mV
for the first cycle and +1052 mV for second and subsequent
cycles. The latter value is about 52 mV more positive than that
found on second and subsequent cycles with the thick-film
[Ru"bpy]s[Ru™,POM] modified electrode (Figure 3b), imply-
ing that the charge neutralization process is less favorable.
Furthermore, in this case, the peak current decreases rapidly on
multiple cycling of the potential (Figure S2, Supporting
Information). This suggests that the [Ru'bpy],[Ru",POM]
film is less stable (more soluble) in this acidic medium.
However, the mechanism associated with the voltammetric
process is similar in both cases, as would be expected.

Voltammetry of [Ru"bpy]s[Ru",POM] Films in 0.1 M
LiClO, (Unbuffered) Solution. In addition, the voltammetry
of both thick- and thin-film chemically modified
[Ru"bpy]s[Ru",POM] glassy carbon electrodes was studied
in an unbuffered solution containing 0.1 M LiClO, as the
supporting electrolyte. The pH of this solution is about S.5.
Oxidation of the [Ru"bpy]s[Ru™,POM] film on the electrode
surface again requires jon transfer to maintain charge neutrality
in the solid film phase. The hydrophobic anion ClO,™ has often
been found to be suitable for this purpose because it can
transfer rapidly into solid films and inhibit film dissolution.**
Data in Figure 4 provide evidence of weak catalytic current,
particularly in the thin-film case at potentials where oxidation
occurs, based on the diminished reversibility of the
voltammetric response and by an increase in the current at
positive potentials. However, long-term catalytic water
oxidation is not favorable in an unbuffered solution because
the generation of O, will be accompanied by a large H*
concentration increase close to the electrode surface. This
will significantly lower the pH near the electrode surface, which
in turn would lead, in accordance with the pH dependent
reversible potential for water oxidation, E°y (eq 10), to a
significant positive shift in the reversible potential required for
water oxidation, thereby inhibiting this process.
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EOpH = E° — 0.059 PH (10)
(where E° (1.24 V vs SHE or 1.02 V vs Ag/AgCl) is the
reversible potential of water oxidation under standard unit
activity conditions.) Consequently, to more efficiently oxidize
water, a buffered electrolyte solution is preferred so that the
thermodynamics of water oxidation can remain favorable even
after the initial production of O,. The E value with 0.1 M
LiClO, as the electrolyte (pH = 5.5) is similar to that found
with highly acidic 0.5 M H,SO,, as expected if this oxidation
process corresponds to the [Ru(bp?r)ﬂ“/ 3* couple.
Voltammetry of [Ru"bpyls[Ru",POM] Films in a 0.1 M
Sodium Phosphate Buffer (pH 7.0) Containing 0.1 M
LiClO, as an Additional Supporting Electrolyte. Chemi-
cally modified [Ru"bpy]s[Ru™,POM] electrodes exhibit
irreversible rather than close-to-chemically reversible oxidation
when a phosphate buffer solution (pH 7.0) containing 0.1 M
LiClO, is used as the electrolyte (Figure S). Importantly, gas
bubbles are now visually detected on the working electrode
surface (Figure 6) when the potential is scanned to values more
positive than 800 mV. Consequently, this irreversible oxidation
process is now associated with water oxidation catalyzed by
electrogenerated [Ru"'bpy]s[Ru',POM] (see below). In the
case of the thin-film configuration, this voltammetric process in
pH 7 buffer containing 0.1 M LiClO, has a peak potential of
+1093 mV, which is still similar to that without the buffer, but
the peak current of about 70 pA is now significantly enhanced
(Figure Sa). The peak potential is now approximately 490 mV
more positive than the standard reversible potential for the
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Figure S. Cyclic voltammograms derived from (a) thin- and (b) thick-
film [Ru"bpy]s[Ru™,POM] modified GC electrodes with 0.1 M
sodium phosphate buffer (pH 7.0) containing 0.1 M LiClO, as the

additional supporting electrolyte. Scan rate: 50 mV s~

el

G =

Figure 6. Photo taken after the potential was cycled five times between
0 and +1300 mV vs Ag/AgCl at a scan rate of 50 mV s7! on a thin-film
[Ru"bpy]s[Ru™,POM] modified GC electrode with 0.1 M sodium
phosphate buffer (pH 7.0) containing 0.1 M LiClO, as the additional
supporting electrolyte.

oxidation of H,O to O, at pH 7.0 (0.607 V vs Ag/AgCl) at 22
°C. The decrease in catalytic current on repetitive cycling of the
potential (Figure 5) is likely to be due to blockage of the active
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sites by generated O, bubbles remaining adhered to the surface.
This hypothesis is supported by the fact that the catalytic
current could be recovered to about 95% of its initial value
when the modified electrode without any applied potential was
left in the electrolyte solution for 10 min after the initial
generation of oxygen in the voltammetric experiment (Figure
S3, Supporting Information), when time is available to allow
gradual release of O, from the electrode surface active sites.

Under buffered pH 7.0 conditions, and unlike in 0.5 M
H,SO,, complete oxidation of [Ru™,POM] to [Ru",POM] by
electrochemically generated [Ru"'bpy] is now thermodynami-
cally favorable on the basis of the known reversible
potentials.”'” The overall solid-state electron transfer processes
and the catalytic reaction involving [Ru'bpy]s[Ru",POM] that
occur on the voltammetric time scale for the first voltammetric
sweep therefore can be described by eqs 11 and 12.

[Ru"bpy]s[Ru™ ,POM]

— [RuIIIbpy]S[RuV4POM] + 13e” (11)
[Ru""bpy]s[Ru’ ,POM] + 2H,0
— [Ru""bpy]s[Ru" ,POM] + O, + 4H" (12)

In the electrooxidation of [Ru"bpy]s[Ru™,POM] to form
[Ru"bpy]s[Ru’,POM] (eq 11), [Ru™,POM] is oxidized to
[Ru",POM] by [Ru'bpy] as an electron transfer mediator,
similar to the process described in eqs 4—8 for the 0.5 M
H,SO, case. In eqs 4, 6, 8 and 11, it is assumed that
[Ru™,POM] is oxidized by the electrogenerated [Ru'bpy] on
the basis of the evidence that direct electron transfer to the
electrode is very slow.

In the case of the thick-film modified electrode, the peak
current for the catalytic process is detected at +1100 mV with a
peak current of about 140 uA (Figure Sb). This peak current
value is only about twice that of the thin-film modified
electrode under the same voltammetric conditions, even though
the loading of [Ru"bpy]s[Ru',POM] is about S0 times that for
the thin-film electrode. This further indicates that a thick-film
configuration is not suitable for efficient electrocatalytic
oxidation of water.

The addition of 0.1 M LiClO, electrolyte to the buffer
solution is believed to facilitate rapid anion transfer to the solid-
state [Ru"bpy][Ru",POM] film during its oxidation to form
[Ru"bpy]s[Ru’,POM] (eq 11) and hinder its dissolution. The
use of 0.1 M KPF electrolyte that also contains a hydrophobic
anion (PF4~) gives similar voltammetric results when used with
0.1 M sodium phosphate buffer.

Molecular catalysts may not be stable under catalytic
conditions, and very often, the decomposed products are the
active forms of the catalysts.”® It is well-known that RuO, is a
good water oxidation electrocatalyst in both acidic and alkaline
media.** To rule out the possibility that the catalytic water
oxidation current resulted from RuO,, a possible decom-
position product of oxidized [Rubpy]s[Ru™,POM], control
experiments were undertaken using RuO, modified electrodes.
In determining the amount of RuO, used for this controlled
experiment, it was assumed that all Ru, including that associated
with [Ru"bpy], was decomposed into RuO, in the highly
positive potential region to give a worst-case scenario. The
cyclic voltammetric result (Figure S4, Supporting Information)
shows that the current decreases rapidly upon cycling of the
potential, suggesting that the RuO, film is unstable. This poor
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stability, not observed in the case of [Rubpy]s[Ru",POM]
modified electrode, may be attributed to the fact that the rapid
ion transfer required to maintain charge neutrality in the RuO,
film has to be achieved via H* or OH™,*® which is difficult in
neutral media. Furthermore, unlike the case with the
[Ru"bpy]s[Ru™,POM] modified electrode (Figure $), no
oxygen gas bubbles were visible to the unaided eye, and the
voltammetric characteristics differ (compare Figure S and
Figure S3 in the Supporting Information). All the evidence
suggests that the catalytic activity of [Ru'bpy][Ru",POM]
toward water oxidation is not due to RuQO, formed as a
decomposition product.

The voltammetry of a [Ru"bpy],[Ru'V,POM] thick-film
modified electrode was also studied in 0.1 M sodium phosphate
buffer (pH 7.0) solution containing 0.1 M LiClO,. The catalytic
process found at a potential of +1150 mV (Figure SS,
Supporting Information) is about 50 mV more positive than
that observed with the thick-film [Ru"bpy]s[Ru™,POM]
modified GC electrode under the same conditions (Figure
5b). Consequently, [Ru"bpy]s[Ru™,POM] was chosen for
quantitative studies, described below, instead of
[Ru"bpy],[Ru"Y,POM], for the reasons of better stability and
lower overpotential for catalytic electrooxidation of water.
However, before these results are presented, a brief report on
the absence of catalytic activity of related compounds is
provided.

Voltammetry of Thick-Film [Ru'bpyl,[POM] (POM =
[S,W,506,1* and [S,Mo0,30,,]*") Modified Electrodes in
0.1 M Sodium Phosphate Buffer (pH 7.0) with 0.1 M
LiClIO, as an Additional Electrolyte. To establish the
important role of the [Ru"™,POM] in the mechanism for the
catalytic water oxidation, we studied the [Ru'bpy] salts of
[S;W1506,]*” and [S,Mo,404,]*" polyoxometalates, where
again the POMs themselves cannot be oxidized. As can be
seen from the oxidation shown in Figure 7, within the positive
potential window available in the aqueous electrolyte media, the
major voltammetric response for [Ru"bpy],[S,Mo,30¢,] and
[Ru"bpy],[S,W,50¢,] modified electrodes involves [Ru-
(bpy);)**/** redox chemistry. In the case of the thick-film
[Ru"bpy],[S,Mo0,50¢,] modified electrode, the fact that the
voltammetric response associated with the [Ru(bpy);]**/**
process is not fully reversible suggests that catalytic water
oxidation may occur via the [Ru"'bpy]. However, the peak
current is significantly smaller than that found in the thick-film
[Ru"bpy]s[Ru™,POM] case, and no bubbles of gas were
visually observed when the potential was held at 1.3 V.
Moreover, RRDE experiments failed to detect oxygen (vide
infra). With the thick-film [Ru'bpy],[S,W,30s,] modified
electrode, there is no evidence for oxygen formation from the
voltammetric perspective, because the [Ru(bpy);]**/>* process
exhibits reversible characteristics. Tests with thick-film
([Ru"bpy]5[S,;M504,), (M = Mo and W) electrodes, where
[S,M,30¢,1°" is the one-electron reduced form of
[S;M 04, ]+, also showed no detectable catalytic activity
(RRDE analysis) toward water oxidation. This is as expected
because [S,M;3O¢,]°" is converted into [S,M;3O4,]*" in the
positive potential region. Therefore, use of
[Ru"bpy]s[S,;M;504,], modified electrode is effectively the
same as a [Ru'bpy],[S,M,sO¢,] one, although the reduced
form is expected to be less water-soluble. These results support
the hypothesis that it is the [Ru,POM] component of
[Ru"bpy]s[Ru™,POM] complex that contains the catalytically
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Figure 7. Cyclic voltammograms from thick-film (a)
[RuubPY]z[SzMolsosz] and (b) [RuanY]z[s2wlsoez] modified
electrodes with 0.1 M sodium phosphate buffer (pH 7.0) containing
0.1 M LiClO, as the additional supporting electrolyte. Scan rate: SO
mV s~

active component, while [Ru"bpy] acts solely as an electron
transfer mediator.

Voltammetry of [Fe''Phen],[Ru'',POM] Material
([Fe"Phen] = Iron Phenanthroline) Thick-Films in 0.1 M
Sodium Phosphate Buffer (pH 7.0) with 0.1 M LiClIO, as
an Additional Supporting Electrolyte. The cationic
electron transfer mediator iron phenanthroline was also used
to form water insoluble complexes with [Ru",POM], using
analogous procedures developed for synthesis of
[Rubpy]s[Ru™,POM]. Tris(phenanthroline)iron(II),
[Fe"Phen], has been used as a redox mediator in other studies
and has a standard reversible potential of +860 mV (vs Ag/
AgCI).20 Consequently, [Fe™Phen], in principle, is thermody-
namically capable of generating [Ru",Ru",POM], based on the
reversible potential data,” but not the more oxidized form of the
catalyst needed for turnover. The electrochemistry of
[Fe"Phen] [Ru™,POM] was investigated in 0.1 M sodium
phosphate buffer (pH 7.0) containing 0.1 M LiClO, as the
additional electrolyte. A voltammogram derived from this
[Fe"Phen],[Ru™,POM] modified GC electrode is shown in
Figure 8. The oxidation process having a reversible potential of
+890 mV is assigned to the Fe?*’3* process derived from
oxidation of [FePhen]. No gas bubble formation was
observed, and RRDE experiments show no detectable oxygen.
These results, along with retention of reversibility, imply that
[Fe'"Phen] is not a good electron transfer mediator, probably
because its oxidized Fe** form is not a strong enough oxidant to
generate the catalytically active [Ru",POM].

Quantitative Detection of Oxygen Generated by
Water Oxidation at a [Ru'bpyls[Ru",POM] Modified
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Figure 8. Cyclic voltammograms from [FePhen],[Ru™,POM] thick-
film modified electrode in 0.1 M sodium phosphate buffer (pH 7.0)
containing 0.1 M LiClO, as the additional supporting electrolyte. Scan
rate: 50 mV s~

Glassy Carbon Electrode Using the RRDE Method. In
cyclic voltammetric studies with [Ru"bpy]s[Ru',POM]
modified electrodes, bubbles were observed to form on the
modified electrode surface when the potential was sufficiently
positive. This implies that oxygen is generated by catalytic
oxidation. In order to identify and quantify the amount of
oxygen generated, a rotating ring disk (Pt collection ring, glassy
carbon generation disk) electrode (RRDE), where the glassy
carbon disk was modified with [Ru"bpy]s[Ru™,POM], was
used. The oxygen reduction process is complex. To use the
RRDE method quantitatively, the mechanism for O, reduction
at the Pt electrode used under the relevant experimental
conditions needs to be known, as does the collection efliciency
of the RRDE electrode.

Oxygen Reduction at the Pt RDE. Because the nature of
oxygen reduction is strongly dependent on the electrolyte and
electrode material,”® the mechanism applicable under con-
ditions where oxygen is produced in the catalytic water
oxidation process needs to be known. A platinum RDE
electrode was used to measure the number of electrons
involved in oxygen reduction in an air saturated solution of 0.1
M phosphate buffer (pH 7.0) containing 0.1 M LiClO, as an
additional supporting electrolyte. Data obtained with the
platinum electrode using rotation rates over the range 52.4 to
314.2 rad s™' were examined. The limiting current is only
proportional to the square root of the angular frequency over
rotation rates of 52.4 to 157.0 rad s™', which is expected if the
process is controlled by mass transport. This linear relationship
breaks down when the rotation rate is above 157.0 rad s™* and
O, reduction kinetics becomes rate-limiting. To ensure
calibration is undertaken in the mass-transport-controlled
regime, we used rotation rates of 52.4, 104.7, and 157.0 rad
s~ for the estimation of the number of electrons involved in O,
reduction and the Levich equation. A value of 0.25 mM was
used for the oxygen concentration in air-saturated water.”’
Assuming the diffusion coeflicient of oxygen dissolved in water
is 2.0 X 107° cm? s7,?® the number of electrons involved in the
reduction process was calculated to be n = 3.6 (£0.1). It is
therefore concluded that four electrons are involved in oxygen
reduction in an aqueous buffer solution (pH 7.0) at the
platinum electrode and that the overall process is postulated to
be O, + 4e~ + 4H* — 2H,0.
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Detection of Oxygen at a [Ru"bpy]s[Ru" ,POM] Modified
GC Disk Using RRDE. The quantity of oxygen generated during
the catalytic water oxidation at both thick- and thin-film
[Ru"bpy]s[Ru™,POM] modified electrodes was determined by
the RRDE method. Because [Ru'bpy]s[Ru™,POM] did not
adhere very well to the smooth GC electrode under RRDE
hydrodynamic conditions, film adhesion was improved by
coating the modified surface with a thin Nafion film (see the
Experimental Section for details) to prevent detachment of
[Ru"bpy]s[Ru™,POM]. Introduction of the Nafion film caused
a decrease of 15% in the oxidation peak current under
stationary electrode conditions, attributed to some catalytically
active sites being blocked by the Nafion. During RRDE
measurements, the disk electrode potential was scanned from
+300 to +1400 mV for the thin film case (or +1200 mV for the
thick-film case) at a rate of SO mV s™'. A constant potential of
—300 mV applied to the ring electrode was selected as being
appropriate to reduce the oxygen after it was swept to the ring
electrode, subsequent to generation at the modified GC
electrode. The electrode reactions taking place at the disk
and ring electrodes are assumed to be the following for the
forward (positive potential direction) scan:

Reaction at disk electrode:

2H,0 — O, + 4H" + 4e” (13)
Reaction at ring electrode:
0, + 4e” + 4H" - 2H,0 (14)

From Figure 9a, an oxygen reduction current of —5.2 ytA was
measured at the ring electrode when the potential at the thin-
film modified disk reached +1100 mV. The voltammetric
response at the disk was independent of rotation rate, which
implies that the catalytic water oxidation reaction is kinetically
limited.'” As a consequence, the TOF of the catalyst, defined as
the moles of O, produced per mole of POM per second, can be
calculated from the oxygen reduction current at the ring
electrode, Iy, using the following relationship,15

_IR

TOF = ——
ng FANG I’

(15)

where ny is the number of electrons transferred per oxygen
molecule at the ring electrode, F is Faraday’s constant, A is the
area of the disk electrode, I' is the surface concentration of the
catalyst, and N is the collection efficiency. Because the surface
concentration of [Ru"bpy]s[Ru",POM] for the thin-film case
was calculated to be 7.4 X 107!° mol cm™, on the basis of the
known amount of [Ru"bpy]s[Ru™,POM] cast onto the
electrode surface (see the Experimental Section for details), a
TOF value of 0.35 s™" was obtained at +1.10 V. Analogously, a
TOF value of 1.6 X 107 s™" was obtained at +1.15 V when the
thick-film modified electrode was used (Figure 9b). It should be
noted that the ring current due to 4e” reduction of O, is
considerably smaller than expected on the basis of the disc
current for the 4e” O, evolution process and the known
collection efficiency of 0.42, which suggests that not all anodic
processes ultimately result in O, production, presumably
because some [Ru"bpy][Ru™,POM] material is buried inside
the film. The fact that the Faraday efficiency is larger under the
thin-film condition (0.28 vs 0.18, estimated on the basis of eq
16*°) confirms that use of the thin-film configuration is
desirable.
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Figure 9. Detection of O, generated during catalytic water oxidation
when (a) thin- and (b) thick-flm [Ru"bpy]s[Ru™,POM] modified
RRDEs are in contact with 0.1 M phosphate buffer (pH 7.0)
containing 0.1 M LiClO, as the additional electrolyte. At the disk
electrode (black line), the potential was scanned from +300 to +1200
or 1400 mV at a rate of 50 mV s™'; at the ring electrode (red line), the
potential applied was —300 mV. Rotation rate: 104.7 rad s™".

Iyn
Faradaic efficiency = RD

Neppng (16)
(where np, is the number of electrons transferred per oxygen
molecule generation at the disk electrode, which is 4, as
suggested by eq 13, and I, stands for the disk current.)
Control experiments were also carried out using a bare
RRDE placed in contact with 0.1 M phosphate buffer (pH 7.0)
containing 0.1 M LiClO, and at a [Ru"bpy]s[Ru",POM]
modified RRDE placed in contact with 0.5 M H,SO, using
otherwise identical conditions. No oxygen was detected at the
platinum ring electrode in either case. This confirms that the
reduction current detected at the platinum ring electrode when

the disk electrode was modified with [Rubpy]s[Ru,POM]
was derived from reduction of oxygen generated by the
oxidation of water catalyzed by [Ru"bpy]s[Ru,POM]. O, also
was undetectable at the ring electrode when the electrodes were
modified with thick-films of [Ru'bpy],[S,W30¢,],
[RuIIbpy]z[SzMolgoéz] , and [Fe''Phen] [Ru'™,POM] materials.

Comparison with Literature Data on Other Systems.
Several examples of TOF values reported for catalytic
electrochemical water oxidation are given in Table 1. The
[Ru"bpy]s[Ru"™,POM] thin-film modified electrode used in
this study shows an order of magnitude higher TOF at ~0.49 V
overpotential than when [{Ru'Y,0,(OH),(H,0),}(y-
SiW,y03),]'°" anion was attached to a multiwall carbon
nanotube (MWCNT) modified electrode at pH 7.0.” However,
the TOF value is still well below the >6 s~ value per iridium
site reported by Murray and coauthors'>** when using either
dissolved IrO, nanoparticles or a IrO, film as the catalyst for
water oxidation, albeit with a higher overpotential of >0.69 V.
Furthermore, the value of 6.6 s™' per mole of IrO, with an
overpotential of 0.58 V at pH 5.8 reported by Yagi and
coauthors® is higher than the 0.26 s™' value obtained at a
dendron functionalized graphene at a higher overpotential of
0.6 V’ but not quite as high as the value of 0.82 s™! reported at
a graphene modified electrode at an overpotential of 0.35 Vin a
pH 7.5 buffer with 1 M Ca(NO;), as the additional
electrolyte. '

B CONCLUSIONS

A water insoluble compound, [Ru"bpy]s[Ru™,POM], has been
synthesized and used to modify GC electrodes under thin- and
thick-film conditions. The results imply that
[Ru"bpy]s[Ru",POM] facilitates efficient water oxidation,
particularly under thin-film modified electrode conditions,
where [Ru"bpy] acts as the electron transfer mediator and
[Ru",POM] is the O,-releasing form of the catalyst. TOF data
imply that combining the electron transfer mediator and the
catalyst into a single complex provides greatly improved
catalytic water oxidation efficiency by this tetra-ruthenium
POM. Thus, the turnover frequency of 0.35 s™' achieved at the
low overpotential of 0.49 V at the thin-film modified electrode
is much higher than reported for the same catalyst using
MWCNT® or dendron-functionalized graphene’ approaches,
but not as high as that found at a graphene modified
electrode.'® The mechanism of mediator enhanced catalytic
water oxidation process is believed to be associated with the
sequence of reactions given in eqs 11 and 12.

Table 1. Comparison of Data Available with Other Systems

system pH overpotential (V) TOF (s7!) reference
[Ru'bpy]s[Ru,POM] 7.0 0.49 0.35 (thin-film) this work
0.54 0.016 (thick-film)
POM @ MWCNT 7.0 0.35 0.01 8
POM @ MWCNT 7.0 0.48 0.028 8
POM @ MWCNT 7.0 0.55 0.055 8
POM @ MWCNT 7.0 0.60 0.085 8
POM @ dendron-graphene 7.0 0.60 0.26 9
POM @ graphene 7.5 0.35 0.82 10
dissolved IrO,, 13 0.74 8—11 30
IrO, film 7.0 0.69 6.0 14
IrO, film 53 0.58 66 31
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