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ABSTRACT: Rapid water oxidation catalysis is observed
following electrochemical oxidation of [Ru'(tpy)(bpz)-
(OH)]* to [Ru"(tpy)(bpz)(0)]*" in basic solutions with
added buffers. Under these conditions, water oxidation is
dominated by base-assisted Atom Proton Transfer (APT)
and direct reaction with OH™. More importantly, we
report here that the Ru™"=0?" form of the catalyst,
produced by le~ oxidation of [Ru"(tpy)(bpz)(OH,)]*" to
Ru(Il) followed by disproportionation to [Ru'(tpy)-
(bpz)(0)]** and [Ru"(tpy)(bpz)(OH,)]*", is also a
competent water oxidation catalyst. The rate of water
oxidation by [Ru'(tpy)(bpz)(0)]** is greatly accelerated
with added PO,*” with a turnover frequency of 5.4 s~
reached at pH 11.6 with 1 M PO,*” at an overpotential of
only 180 mV.

In water oxidation there is a requirement for 4e~/4H" loss
and O--O bond formation, eq 1. The multielectron/
multiproton nature of the reaction ensures that water oxidation
mechanisms are complex with mechanistic details and the rate-
limiting stelp or steps dependent on the catalyst and reaction
conditions. "

2H,0 — 4e” — 4H'" - 0O, (1)

Detailed mechanistic insight is available. The single-site
mechanism in Scheme 1 has been established for the Ru(II)
polypyridyl complexes [Ru(tpy)(bpm)(OH,)]** (tpy =
2,2':6',2"-terpyridine, bpm = 2,2"-bipyrimidine) and [Ru(tpy)-
(bpz)(OH,)]** (bpz = 2,2’—bi£)yrazine) based on the results of
kinetic and theoretical studies.”

As commonly found for these catalysts, the rate-limiting step
in catalytic water oxidation cycles is O--O bond formation.
PCET oxidation of Ru"—OH,* to Ru"Y=0"" is followed by
further oxidation to d> Ru'(O)>*. E° values for the Ru’(0)/
Ru"=0 couples are typically >1.6 V, and reaching the reactive
form of the catalyst is thermodynamically and mechanistically
demanding requiring the loss of 3e™ and 2H".

For the bpz complex [Ru(tpy)(bpz)(OH,)]*" in Scheme 1,
the potential for the 2e~ Ru"Y=0?*/Ru""—OH,>* couple is 0.87
V at pH 7.>%%° Water oxidation, 2RuV=0% + 2H,0 —
2Ru"-OH,** + 0,, is thermodynamically favored, but by only
0.05 V. Initial oxidation of Ru"—OH,*" occurs by 2¢~ to give
Ru"Y=0?" with Ru(III) a “missing oxidation state”, unstable
toward disproportionation from pH 0—14. The thermodynamic
instability of Ru(Ill) is due to stabilization of Ru(I) by
dz(Ru")—7*(bpz) backbonding which increases E°’ for the
Ru(III/1I) couple above E°’ for the Ru(IV/III) potential.***!
This means that electron transfer oxidation of Ru"™—OH,*" to
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Scheme 1. Single-Site Water Oxidation Mechanism for
[Ru(tpy) (bpz)(OH,)]>" **
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RuY=0?" occurs by initial le~ oxidation to Ru(III), as Ru™—
OH,*" or Ru""~OH*" depending on pH, followed by further
oxidation to Ru"Y=0". Ru(Ill) does not build up as an
intermediate since E°'(Ru(III)/[Ru"~0H,]*") > E°'([RuY=
O]**/Ru(Ill)). We have demonstrated disproportionation
experimentally by initial mixing experiments in 0.05 M
HCIO,. Stoichiometric oxidation of [Ru"(tpy)(bpz)(OH,)]**
to Ru(III) by [Ru"(bpy),]** is followed by disproportionation,
2 Ru(lll) - [Ru'(tpy)(bpz)(OH,)]** + [Ru"(tpy)(bpz)-
(0)]*, which occurs with k ~ 47 M~ s7%,

When combined, thermodynamic competence toward water
oxidation by Ru'Y=0%" and thermodynamic instability of
Ru(III) toward disproportionation raise the interesting
possibility of reaching the rate-limiting, O---O bond forming
step in Scheme 1 by single electron activation with RuV=0" as
the oxidant rather than Ru"(O)**. In a mechanism of this kind,
initial oxidation to Ru(III),

Ru"-OH,>* = Ru(III)

would be followed by disproportionation, 2Ru(III) — Ru'—
OH,*" + Ru'Y=0%, to give the active form of the catalyst. A
Ru"Y=0?" mechanism would have the added advantage of a
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considerable decrease in overpotential for water oxidation.'*

Single electron activation could be especially important in
photochemical and photoelectrochemical water oxidation with
water oxidation driven by single photon/single electron transfer
with the sequential buildup of multiple oxidative equivalents for
water oxidation.

We report here that water oxidation catalysis does occur for
[Ru"(tpy) (bpz)(O)]*" but at significant rates only with added
bases, which enhance O--O coupling by a combination of
Atom-Proton Transfer (APT) and direct reaction with
OH".”™® Under these conditions, sustained water oxidation
catalysis occurs at reasonable rates with low overpotentials.

[Ru(tpy) (bpz) (OH,)](PF), (Ru"—OH,*") was synthesized
by a literature procedure.” Mixing experiments for [Ru(tpy)-
(bpz)(OH,)]** with added Ce" as oxidant in 0.5 M HCIO, at
room temperature with spectrophotometric monitoring reveal
that water oxidation by [Ru'(tpy)(bpz)(0O)]** is slow in acidic
solutions, occurring on a time scale of minutes by a complex
mechanism or mechanisms. In earlier work, we demonstrated
catalysis of water oxidation by Ru(O) assisted by added bases,
CH,COO, H,PO,", and HPO,>", by utilization of APT.”® As
illustrated in eq 2, APT is a concerted process in which a
proton acceptor base (B) removes a proton in concert with O--
O bond formation, in this case, to form a Ru(III) hydro-
peroxide intermediate.”””

Ru¥(0)** + HOH--B — Ru""-OOH** + HB" (2)

For electrochemistry, catalyzed water oxidation was inves-
tigated by electrochemical measurements in phosphate buffers
with added KNO; at an ionic strength of 025 at room
temperature. For kinetic measurements, a 0.07 cm” boron-
doped diamond (BDD) electrode was used as the working
electrode. For controlled potential electrolysis experiments with
oxygen detection, a reticulated vitreous carbon electrode was
used that had been surface modified by addition of nanoparticle
indium tin oxide (nanolTO—RVC) (Figure S1). 2

Figure 1 shows a series of current- normahzed cyclic
voltammograms (i/v'/* with v = scan rate) for Ru"—OH,**
at pH 6.7 (H,PO,”/HPO,>™ + KNO3, I=0.25) and for RuH—
OH" at pH 11.6 (HPO,>/PO,*” + KNO;, I = 0.25) at scan
rates from v = 10 to 400 mV/s at room temperature. For the
coordinated water in [Ru"(tpy)(bpz)(OH,)]*, pK, = 8.8.20 At
pH 6.7, normalized currents for the RuV=0?%*/Ru'-OH,?*

o
3
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Figure 1. Normalized (i/v'/?) cyclic voltammograms for Ru’—OH,**
(1 mM) in a phosphate buffer at pH 6.7 (a, H,PO,”/HPO,”” +
KNO;, I = 0.25) and for Ru"~OH" (1 mM) at pH 11.6 (b, HPO,>"/
PO,*” + KNO,, I = 0.25) at scan rates from 10 to 400 mV/s at a BDD
working electrode (0.07 cm?) illustrating current increases with
decreasing scan rate.
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wave were nearly independent of scan rate consistent with the
Randles-Sevcik relationship in eq 3. Under these conditions,
there was no evidence for water oxidation catalysis by Ru''=
0" on the CV time scale. In eq 3, i, is the peak current, [Ru''—
OH,>"] is the concentration of complex, n is the number of
electrons transferred with n = 2 for oxidation of Ru"—OH,>" to
RuY=0?. D is the diffusion coefficient for RuH—OH22+ with
D=11x 10" cm?/s (HZPO4‘/HPO4Z‘ + KNO,;, I =0.25) as
obtained from the plot of i, vs v'? in Figure S2 and eq 3. The
peak-to-peak potential separatlon, AE, =E,, EP o with E,,
and E, . the anodic and cathodic peak potentlals, increases Wlth
increasing scan rate from 140 mV at 10 mV/s to 420 mV at 400
mV/s consistent with kinetically inhibited, diffusional electron
transfer for the 2e™ couple at the electrode.

i, = 0.446nFA[Ru"—OH,>*)(nFvD/RT)""? 3)
Continuation of oxidative scans to E,, = 1.6 V with oxidation to
Ru"(0)* provides clear ev1dence for scan rate dependent
current increases and catalytic water oxidation, see below.

By contrast, at pH 11.6 with [PO,*"] = 5.9 mM, there is clear
evidence in Figure 1b for a scan rate dependence in the
normalized oxidative current for the

—2¢7,—-H*
1I + ’ v 2+
Ru -OH" — Ru =0

wave and for catalytic water oxidation by both Ru'(0)*" and
RuY=0%. To confirm that catalyzed water oxidation was
occurring, we carried out controlled potential electrolysis at 1.6
V, E, . for oxidation of RuV=0%" to Ru'(0)*" in a HPO,>~/
PO4§ buffer ([PO,*"] = 59 mM) at pH 11.6, I = 0.25
(HPO,*/PO,*” + KNO,) with 1 mM Ru"—OH". Following
electrolysis periods of 15—30 s, reductive CV scans at the same
working electrode revealed the presence of O, by the
appearance of the characteristic O, reduction wave at E, . ~
—0.5 V. Qualitatively, the magnitude of the peak current
increased with electrolysis time. Electrolysis at 0.9 V with water
oxidation by Ru"=07" failed to reveal a reductive wave for O,
because of the decreased rate of O, formation and loss of O,
from the interface by diffusion (Figure S3). Controlled
potential electrolys15 at a high surface area nanoITO—RVC
electrode®® under the same conditions at 0.9 V for 1 h occurred
with 1.4 turnovers per catalyst to give O, with a faradaic
efficiency of 84% by GC analysis of the head space in the
electrolysis cell corrected for dissolved oxygen (Figure S4). The
catalyst was stable under the conditions of the electrolysis as
shown by UV-visible measurements before and after
electrolysis (Figure SS).

The dependence of the catalytic currents for water oxidation
by both Ru"V=0%" and Ru"(0)** on [PO,*"] and [OH] was
investigated by catalytic current measurements at 0.9 and 1.6 V
at room temperature in phosphate buffers at I = 0.25 (HPO,>”/
PO,*” + KNO,) at the 0.07 cm® BDD electrode. After 100 s,
stable catalytic plateau currents were reached (Figure S6a) and
analyzed by eq 4. In eq 4, i, is the sustained catalytic current,
kp, is the observed rate constant for water oxidation catalysis, D
= 11 X 1077 cm?/s from the scan rate dependent CV
measurements, and n = 4 for water oxidation. From this value
for D and the slope of the plot in Figure S6b, k., = 0.17 s™" at
0.9 V at pH 11.6 with [PO,*"] = 5.9 mM.

i, = nFA[Ru"—OH"](Dk,, )"* (4)

The dependence of ky,, on phosphate concentration from
1.8—12 mM at pH 11.6 was investigated by varying the total
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buffer concentration at constant buffer ratios, [HPO,*"]/
[PO,*"], with the results shown in Figure 2a. On the basis of
these data, k., for water oxidation by Ru'Y=0%" increases
linearly with [PO,*”] consistent with the rate constant
expression, Koporav) = ko + Kuv),pos PO "] with kpy(rv)pos
=54 M 57! as determined from the slope with ky = 0.15 5"
from the intercept.

0.05F E g
0.9V (Ru") 1.6V (Ru")
0 — 0 L
0 0.004 0.008 0.012 0 0.004 0.008 0.012
[POS]/M [PO.*T/M

Figure 2. Plots of k, vs [PO,*”] for Ru"=0?" (a) and Ru"(0)** (b)
at pH 11.6, I = 0.25 at room temperature.

In parallel experiments with i, measurements at 1.6 V for
water oxidation by Ru"(0)** (Figure S7), ky,, was also found
to vary linearly with [PO,*~], Figure 2b. From the slope of a
plot of kyporu(v) vs [PO,* ], kruvypos = 3.0 X 10> M~" s™" and
ko = 0.97 s~! (Figure 2b). Corrections for oxidation by Ru"V=
0" were negligible under these conditions. In a recent paper
on water oxidation by a related Ru(II) polypyridyl complex
with added Britton-Robinson buffer, a pH-dependent water
oxidation onset was observed past the Ru''=0*"/Ru"—OH,*"
wave and attributed to electron transfer from Ru™'=0%" to the
electrode in concert with O--O bond formation.'* Given our
results, with water oxidation by both Ru¥(0)*" and Ru"V=0%,
and the enhanced reactivity of Ru"(0)** compared to Ru"V'=
0%, the origin of the apparent pH dependence with the added
buffer mixture in the earlier work may be the same as found
here. Its origin may lie in base catalyzed APT oxidation by
Ru'(0)*" with the concentration of acceptor base(s) in the
buffer mixture increasing as the pH was increased.

For atom-proton transfer, the appearance of the term first
order in [PO,>"] for both Ru'(0)** and Ru"“V=0% is
consistent with APT water oxidation with PO,*~ as the
acceptor base, eq S. The considerable rate enhancement for
Ru¥(0)* compared to Ru"V=0?' is consistent with an
increase in driving force with E° < 1.16 V for the Ru'(0)**/
Ru"—~OH*" couple and E® = 0.72 V for the Ru"'=0%"/Ru"—
OH" couple at pH 11.6.

Ru"V=0’" + HO-H--OPO;*” — Ru"~OOH"* + H-OPO,*~

(5a)

Ru’(0)’* + HO-H--OPO,*~ — Ru"'~OOH’* + H-OPO,*~
(Sb)
The dependence of k,,, on [OH™] was also investigated for
both oxidants from pH 11.6 to 12.5 by varying the [HPO,*"]/
[PO,7] ratio at [PO,>"] = 5.9 mM with I = 0.25 (HPO,>/
PO,*” + KNOs3). A plot of kg, vs [OH] is shown in Figure 3.
The first order dependence on [OH™], with kg, = (k, +
kpoa[5.9 mM PO,*"]) + kou[OH™], is consistent with OH™
acting as the buffer base or with direct attack of OH™ on
Ru’(0)* or Ru"V=0 to give the hydroperoxide inter-
mediates, Ru"~OOH** or Ru"-OOH", eq 6, as reported
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Figure 3. Plots of k,, vs [OH™] for RuV=0* (a) and Ru"(0)** (b).

earlier.® From the slopes of the plots of kg, vs [OH™] in Figure
3, kpa(vyon = 19 M7 s7" and kpy(v)on = 6.8 X 10° M~ 57\,

(6a)
(6b)

RuV=0%" + OH™ - Ru'-00OH"
Ru'(0)*" + OH™ — Ru""-OOH**

Following the rate-limiting O---O bond forming step, further
oxidation of the coordinated peroxide intermediates leads to
release of O, and re-entry into the catalytic cycle, eq 7.

—4¢7,—3H%,+H,0
_

Ru"-OOH" RuV=0" + O, (72)
—4e”,—3H*,+H,0
Ru—OOH> T Ry V=0 4 O, (7b)

In summary, our results show that 2e” oxidation to
[Ru"(tpy) (bpz)(0)]*" is sufficient to initiate water oxidation
catalysis. The rate limiting step remains O---O bond formation
but with le~ oxidation to Ru(III) sufficient to initiate catalysis
by disproportionation to Ru'Y=0%". 0---O bond formation is
greatly accelerated with added buffer bases, reaching a turnover
frequency of kg, = 5.4 s at pH 11.6 with 1 M added PO,*".
Under these conditions, both APT and direct addition of OH™
contribute significantly. The overpotential for water oxidation
under these conditions is 180 mV given E;,, = 0.72 V for the
Ru"V=0%"/Ru"~OH" couple at pH 11.6.

Table 1. Rate Constant Summary for Water Oxidation by
RuY=07?* and Ru¥(0)**; I = 0.25 M (KNO;) at 22 + 2 °C

B kRu(IV),B/ M s kRu(V),B/ M s
H,0 ko = 0.15 571 ko = 097 s71
PO~ 5.4 3.0 X 10*

OH~ 19 6.8 X 10*

Rate constants for water oxidation by both Ru'(0)*" and
RuY=0?" are summarized in Table 1. There are notable
features in these data and lessons for catalyst design: (1) The
rate enhancement for O---O bond formation for OH™
compared to H,O is notable. For Ru"'=0"" as the oxidant,
the rate constant ratio for oxidation of OH™ compared to
oxidation of H,0 is ~1.3 X 10% It is 7.0 X 10 for Ru¥(0)3".
Rate enhancements parallel proton acceptor base strength with
pK,, = —1.7 for H;0" and 15.7 for H,O. (2) When controlled
by added buffers, pH plays a secondary role in reactivity.
Enhanced rates are due to APT and the effect of added buffer
bases. (3) At high pH, where its concentration becomes
significant, OH™ may play a direct role undergoing O atom
transfer and O—O bond formation with the oxo-based oxidants.
(4) The importance of APT with added proton acceptor bases
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increases with the concentration of buffer base and the pK, of
the conjugate acid. Its impact on rates can be considerable with
rate constants for direct OH™ attack only 2.3—3.5 times higher
than APT with PO,>” (pK,(HPO,*") = 12.2) as the added
base. (5) At high pH, the Ru"'=0%" form of the catalyst
[Ru"(tpy)(bpz)(OH)]* is competent to carry out water
oxidation with water oxidation occurring with a small
overpotential. (6) Exploitation of a le™ activation mechanism
for water oxidation requires a bimolecular disproportionation
step for Ru(Ill) as shown in eq 8.

—2e”
2Ru"-0H,*" — 2Ru(1II) (8a)

2Ru(1l) — Ru"-OH,** + Ru"'=0"* + 2H"* (8b)
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