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Incorporation of a small amount of Ca?* ion into a polymeric Co
cyanide complex to form Cay[Co"(H,0),]1.5.x[Co"(CN)¢] resulted in
significant enhancement of activity for photocatalytic water
oxidation in an aqueous solution (pH 7.0) using [Ru(bpy)s]** (bpy =
2,2’-bipyridine) as a photocatalyst and Na,S,0s as as an electron
acceptor to achieve 200% quantum efficiency.

Development of highly active water oxidation catalysts has
been strongly demanded, because a water oxidation catalyst is
a crucial piece to construct an artificial photosynthetic system
composed of light-harvesting and charge-separation units, and
a proton or CO, reduction catalyst.3 In natural systems,
photocatalytic water oxidation is solely performed by the Ca2*
ion-incorporated Mn4Os cluster, which acts as the oxygen
evolving complex (OEC) in photosystem 1.4 Although the
essential role of the Ca2* ion is still disputed,>8 incorporation
of CaZ* ion to an artificial water-oxidation catalyst such as
manganese oxides has been reported to result in improvement
of the catalytic activity for water oxidation.?11 Not only Ca%*
ion but also other redox inactive metal ions have been
reported to act as Lewis acids to enhance the catalytic redox
activity.1213 Redox inactive metal ions can readily interact with
peroxo species, regulating the water-oxidation
activity.1* However, the effects of Ca2* ion and other metal
ions interacting with water molecules, which coordinate to
catalytically active metal ions for water oxidation, have yet to
be clarified.

There have been extensive studies on the photocatalytic
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water oxidation by persulphate (S;0s2") with [Ru(bpy)s]?* (bpy
= 2,2-bipyridine) as a photocatalyst using various
homogeneous and heterogeneous water oxidation catalysts
(WOCs) as shown in Scheme 1.15 The O, yield based on two
equivalents of persulphate (maximum 100%) is normally less
than 50% because the ligand of [Ru(bpy)s]3** produced during
the photocatalytic water oxidation was oxidised under basic
conditions in competition with the catalytic water oxidation.>
The quantum efficiency in the case of photocatalytic water
oxidation is defined as (number of holes / s)/(number of
photons / s), because holes are produced instead of electrons.
On the other hand, two equivalents of [Ru(bpy)s]3* are
produced by photoinduced electron transfer from the excited
state of [Ru(bpy)s]?* ([Ru(bpy)s]?**: * denotes the excited state)
to S,0827, because the electron-transfer reduction of S,0g%
results in formation of SO42~ and SO4°-, the latter of which can
oxidise another [Ru(bpy)s]?* to [Ru(bpy)s]3+.25-17 In such a case
the maximum quantum efficiency of [Ru(bpy)s]3* formation is
200% as reported previously.'? The maximum quantum
efficiency of O, evolution in Scheme 1 should also be 200%,
which has, however, never been achieved so far.

Recently, a polymeric Co cyanide complex,
[Co'"(H20)2]1.5[Co"(CN)e], has been reported to act as an
efficient WOC.1820 |n the complex, the one third of the
crystallographically equivalent positions for the [Co"(CN)e]3~
unit are vacant, because the number of Co'" ion is 1.5 times
larger than that of Co'' ion due to charge compensation. The
defect sites can form “water nests” suitable for incorporating
Lewis acid metal ions with interaction through water
molecules coordinating to Co' ions (Fig. 1). Thus, the polymeric
Co cyanide complexes are suitable scaffold to examine the

25,042 4[Ru(bpy)]>**
T hv
4[Ru(bpy)]?* 0, + 4H*
(woc)
450, 4[Ru(bpy)]** 2H0

Scheme 1 Overall catalytic cycle of visible-light driven water oxidation
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Fig. 1 A schematic drawing of Ca,[C0"(H,0),]1.5x[Co"(CN)¢]. Elements are colour-coded:
Co'" (yellow), C (gray), N (blue), Co" (green), O (red), Ca (cyan). H atoms of water
molecules are omitted for clarity. Red broken circles indicate “water nests”.
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Fig. 2 Powder X-ray diffraction patterns (left) and IR spectra (right) of Ca,[Co"(H;0),]15-
«[Co"(CN)g], [x = (a) 0.37, (b) 0.14, (c) 0.06 and (d) O].

incorporation effect of CaZ* ion or other Lewis acids on the
water oxidation catalysis of N-bound Co' ions. The structural
difference induced by incorporation of CaZ* ion was examined
by powder X-ray diffractions (XRD), spectroscopic methods
including IR, and depth profile analysis by X-ray photoelectron
spectroscopy (XPS). The catalytic activity of the Co cyanide
complexes for visible-light driven water oxidation was
investigated by the addition of other redox-inactive metal ions.

Polymeric Co cyanide complexes incorporating CaZ* ion
were obtained as precipitates by dropping an aqueous solution
of H3[Co"(CN)¢] to that of Co(NOs), and Ca(NOs), at room
temperature. The compositions of the prepared complexes
determined by X-ray fluorescence (XRF) measurements
indicated that Ca2* contents varied from x = 0.06 to 0.37 in the
formula of Cax[Co'"(H20);]1.5-x[Co"(CN)s] depending on the
concentrations of Ca2?* ion in solutions (Table S1t).
Thermogravimetric analysis indicated that each complex
contained 12-16 water molecules per the monomer unit
irrespective of CaZ* contents (Fig. S1t). In contrast, depth
profile analyses of Ols peak areas by XPS indicate that the
amounts of water molecules beneath the surfaces increased
by incorporation of Ca?* ion (Fig. S27). Particles sizes were
determined by dynamic light scattering (DLS) and TEM
measurements (Figs. S3 and S4%), suggesting that
incorporation of Ca%* ion mainly effects on aggregability of the
particles. Bimodal size distribution at DLS measurements was
observed only for [Co'(H,0)2]15[Co"(CN)e] although the sizes
of primary nanoparticles are smaller than 100 nm as evidenced
by TEM observations. The high aggregability results from
charge-neutralized surfaces of the nanoparticles owing to the
inertness of N-bound Co'" ion. In contrast, lower aggregability
of nanoparticles of the complexes incorporating CaZ* ion may
result from negatively charged surfaces due to partial
dissociation of labile Ca2* ion. The XRD peaks of the complexes
were indexed to the cubic structure, which is characteristic for
Prussian blue analogues (Fig. 2).21 There are two possibilities
for the positions of CaZ* ions in the crystals; one is the defect
sites and the other is substitution of N-bound Co" ion. The
difference in lattice parameters determined by the (200)
diffraction peaks of the complexes (10.21 and 10.35 A for the
complexes with x = 0 and 0.37, respectively) was within 1.5%,
although Ca2*ion (1.14 A) is much larger than Co' ion
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(0.79 A).22 The structures of the obtained Co complexes were
also investigated by IR spectroscopy, because the
wavenumbers of CN stretching bands, V(CN), keenly reflect
local coordination environments of the CN ligand.?* The CN)
of Cayx[Co'"(H20);]1.5x[Co"(CN)es] with x = 0, 0.06 and 0.14
appeared at 2170 cmt and that of
Cap37[Co"(H20)2]1.13[Co"(CN)e] appeared at 2173 cm™ (Fig. 2).
The shift smaller than 3 cm™! suggested that the interaction
between a CN ligand and a CaZ* ion is negligible. Thus,
incorporated CaZ* ions mainly occupy the defect sites
interacting with water molecules, which coordinate to N-
bound Co"ions acting as active sites for water oxidation.

The other Co cyanide complexes incorporating redox-
inactive metal ion were prepared by the same method used
for Cax[Co'"(H20)2]1.5-x[C0"(CN)s]. The contents of Mg2+ and Sc3*
ions were determined by XRF (Tables S2 and S3*%) and the
cubic structures of Prussian blue analogues were confirmed by
XRD (Fig. S5t). The complexes were further characterised by IR
and TEM measurements (Figs. S6 and S7t). No significant shift
in Y{CN) was observed by incorporation of Mg2* and Sc3* ions
in IR spectra.

Photocatalytic O, evolution was conducted by visible-light
irradiation (1 > 420 nm) of a phosphate buffer (2.0 mL, 50 mM,
pH 7.0) containing Co cyanide complex incorporating a redox-
inactive metal ion as a WOC (80 ug,
Cao.06[C0"(H20)2]1.44[Co"(CN)6], Sco.08[Co"(H20)2]1.38[Co"'(CN)s],
Mgo.05[Co"(H20)2]1.45[Co"(CN)6], or [Co'"(H20)2]1.50[Co"(CN)e]),
[Ru(bpy)s]?* (1.0 mM) as a photocatalyst, Na;S;0s (5.0 mM) as
a sacrificial electron acceptor. The amount of Co leached from
the complexes during the reaction was negligible as confirmed
by atomic absorption spectroscopy. Time courses of O;
evolution (Fig. 3) indicated that incorporation of redox-inactive
metal ions enhanced the catalytic activity
of[Co"(H20)2]1.5[Co"(CN)e] in terms of an O-evolution rate and
an O, yield based on the stoichiometry of the water oxidation
by Na25208 (2Na25208 + 2H20 -> 2N32504 + 2H2$04 + 02). The
fast O,-evolution rate and the highest O, yield of 100% (5.0
umol) were achieved for the reaction systems employing Ca2*
and Sc3*-incorporated Co cyanide complexes as the WOCs.
Incorporation effect of Sc3* ion is similar to that of Ca2* ion,
however, the complexes incorporating Ca2* ion were mainly
investigated, because Ca?* ion is an earth abundant element

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Time courses of O, evolution by visible-light irradiation (4 > 420 nm) of a
phosphate buffer (2.0 mL, 50 mM, pH 7.0) containing [Ru(bpy)s]?* (1.0 mM), Na,S,0s
(5.0 mM) and a WOC (80 pg), Capos[Co"(H;0),]1.44[C0"(CN)s] (red square),
S€0.08[C0"'(H20)2]1.38[Co"(CN)¢] (blue diamond), Mgo.os[Co"(H;0),]1.45[Co™(CN)e] (orange
triangle), [Co"(H;0),]1.50[Co"™(CN)s] (green circle)]. The black inverse triangles are the
data obtained without catalyst.

and also used in natural photosynthesis systems.

When the amount of incorporated Ca?* ion was changed in
Cax[Co'"(H20)2]1.5-x[COo"(CN)s] (x = 0.06-0.37), the highest
catalytic activity was obtained at x = 0.06 (Fig. S8t). The
catalytic activity and the O, yield increased with increasing pH
from 6.0 to 8.0 (Fig. S91). The quantum efficiencies for the
photocatalytic O, evolution with various amounts of
Cao.06[C0"(H20)2]1.44[Co"(CN)s] were determined by using
monochromatic light (4 = 450 nm) and actinometer at pH 7.0
as shown in Fig. 4a (see Experimental sectiont and Fig. S10%).
The quantum efficiency increased with increasing the amount
of the WOC to reach the maximum value (200%) as shown in
Fig. 4b.

The highest catalytic activity was obtained for
Cap.05[Co"(H20),]1.44[Co"(CN)s], however, further increase in
Ca2* contents in Cay[Co'(H20),]1.5-x[Co"'(CN)s] resulted in lower
initial O-evolution rates and vyields. Differential pulse
voltammetry (DPV) measurements manifested that the
oxidation potentials of Cax[Co"(H20);]1.5-x[Co"'(CN)e] increased
in proportion to the Ca2* contents from 1.07 to 1.16 V (Fig. 5).
Although the higher oxidation potentials were achieved at
higher Ca2?* contents, the activity for photocatalytic water
oxidation was not further enhanced. This is probably due to a
decrease in the number of Co' ions, which not only act as
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Fig. 5 Differential pulse voltammograms of Ca,[C0"(H,0),]15-x-[Co"(CN)¢]. x = (a) O, (b)
0.06 and (c) 0.14 and (d) 0.37. The measurements were performed in a phosphate
buffer (2.0 mL, 50 mM, pH 7.0) suspension of Ca,[Co"(H,0),]15-x[Co"(CN)s] (1.0 umol)
using a glassy carbon electrode, a Pt wire and a saturated calomel electrode as a
working electrode, an auxiliary counter electrode and a reference electrode,
respectively.

active sites for water oxidation but also provide water nests
for incorporating Ca2* ions, by increasing the CaZ* contents.

DPV measurements of the Mg2* and Sc3* incorporated
complexes also showed positive shift of the oxidation
potentials (Fig. 6). The oxidation potentials were more
positively shifted by increasing the amounts of Mg?* and Sc3*
ions, confirming their incorporation in the complexes, however,
no direct correlation was found between the redox potential
and catalytic activity (Figs. S11 and S127).

The of Cag.06[C0"(H20)2]1.44[Co"(CN)e] was
evidenced by no significant change in the composition
determined by XRF and the structure examined by XRD and IR
after reactions (Figs. S13 and S14%). However, successive

robustness

addition of a small aliquot of a concentrated Na,S,0s solution
to the reaction solution after O, evolution ceased resulted in a
decrease in the amount of O, evolution (Fig. S15%), probably
because of decomposition of the ligand of [Ru'l(bpy)s]?* by
decrease in pH in the solution during the reaction,!> or partial
decomposition of Cag.0s[C0"(H20)2]1.44[Co"(CN)s].
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Fig. 4 (a) Time courses of O, evolution by photoirradiation (1 = 450 nm) of a phosphate
buffer (2.0 mL, 50 mM, pH 7.0) containing various amounts of Cagos[Co(H,0)]
[Co(CN)e] (5 — 80 pg), [Ru(bpy)s]** (1.0 mM, 1.6 mg), Na,S,0z (5.0 mM, 2.4 mg) in a
quartz cuvette (light path length: 1.0 cm). (b) Plot of the quantum efficiency vs. the
amount of the catalyst, Cag os[Co(H,0),] [Co(CN)e].
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Fig. 6 Differential pulse voltammograms of Mg,[Co'(H,0),]15-x-[Co"(CN)e] [x = (a) 0.05
and (b) 0.17] and Sc,[Co"(H;0),)15-1.5c [CO"(CN)e] [x = (c) 0.08 and (d) 0.12]. The
measurements were performed in a phosphate buffer (2.0 mL, 50 mM, pH 7.0)
suspension of Mg,[Co"(H,0),]1.5-x[Co"(CN)e] or Scx[Co"(H,0),]1 5-1.5x[Co™(CN)¢] (1.0 pmol)
using a glassy carbon electrode, a Pt wire and a saturated calomel electrode as a
working electrode, an auxiliary counter electrode and a reference electrode,
respectively.
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Conclusions

Incorporation of a small amount of Ca2* ion into a polymeric
Co cyanide complex (Cap.0s[C0"(H20)2]1.44[C0"(CN)e]) resulted
in significant enhancement of the catalytic activity for the
photocatalytic water oxidation by persulphate with
[Ru'(bpy)s]?* to achieve the maximum quantum efficiency of
200% for the O, evolution as well as 100% O, yield in neutral
water (pH 7.0). Incorporation of other redox-inactive metal
ions to the polymeric Co cyanide complex also resulted in
enhancement of the catalytic activity for the photocatalytic
water oxidation. Thus, incorporation of redox-inactive metal
ions as Lewis acids, which can interact with catalytically active
sites for water oxidation through coordinating water
molecules, is a promising method to achieve the maximum
quantum efficiency for the photocatalytic water oxidation.
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Water Oxidation Catalyst: (LA),[Co(H,0),], [Co(CN),] (LA: Lewis Acid)

Incorporation of a small amount of Ca?* ion into a polymeric Co cyanide complex
enhanced the catalytic activity for photocatalytic water oxidation by persulphate with
[Ru(bpy)s]?* at pH 7.0 to achieve the maximum quantum efficiency of 200%.
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