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tic activity of solubilised species
obtained by counter-cation exchange of
K{CoII

1.5[Fe
II(CN)6]} for water oxidation†

Yusuke Seki,a Takashi Nakazono, b Hiroyasu Tabe c and Yusuke Yamada *ab

A cyano-bridged coordination polymer, K{CoII
1.5[Fe

II(CN)6]} {(K)Co–Fe}, reported as a highly active

heterogeneous catalyst for water oxidation was solubilised by a conventional counter-cation exchange

of K+ with Me4N
+ ions to provide the homogeneous catalyst of (Me4N){CoII

1.5[Fe
II(CN)6]} {(Me4N)Co–Fe}.

(Me4N)Co–Fe exhibited enhanced catalytic activity for photocatalytic water oxidation using [Ru(2,20-
bipyridine)3]

2+ and S2O8
2− as a photosensitiser and a sacrificial electron acceptor, respectively, in terms

of the initial reaction rate (1.26 mmol min−1), which is about twice that of (K)Co–Fe (0.61 mmol min−1).

Powder X-ray diffraction, pair distribution function and electrospray ionization mass spectrometry

measurements of (Me4N)Co–Fe manifested that small heptanuclear clusters of {Co4[Fe(CN)6]3}
4− formed

by depolymerisation are catalytically active species in solution.
Introduction

Water splitting utilising solar energy is a promising method to
produce hydrogen as a clean fuel, contributing to realising
sustainable society. Photocatalytic systems require at least three
components, i.e., water reduction and oxidation catalysts and
a photosensitiser for light harvesting and charge separation.1–8

Among the three components, development of water oxidation
catalysts (WOCs) should be accelerated because water oxidation
involving four-electrons and four-protons transfer is the most
sluggish.9–15 So far, various types of heterogeneous and homoge-
neous catalysts have been examined as WOCs.16–26 In general,
heterogeneous catalysts are advantageous for robustness
compared with homogeneous ones; however, rational insight into
the reaction mechanism at the atomic level is hardly achievable,
especially identication of catalytically active species is almost
unfruitful because of their insoluble nature. Solubilisation of
heterogeneous catalysts without losing catalytic activity is bene-
cial to study reaction mechanisms at the atomic level.

Recently, cyano-bridged coordination polymers (CPs) con-
taining Co ions have been reported as highly active heteroge-
neous catalysts for photocatalytic and electrocatalytic water
oxidation.27–37 Cyano-bridged CPs are insoluble solids; however,
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ESI) available: XRF spectra, IR spectra,
herms, TEM, DLS, CV, time courses of
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surface modication with hexacyanometallate enables
achieving high dispersibility in water because of negatively
charged surfaces.38–41 Also, the coordination of macrocyclic
extra ligands to Co ions, such as Na4{[Co

III(Me3-Tacn)]4[-
FeII(CN)6]4} (Me3-Tacn = 1,4,7-trimethyl-1,4,7-
triazacyclononane), succeeded in constructing discrete struc-
tures, resulting in high dispersion in water or an organic
solvent.42–47 Such solubilised cyano-bridged CPs can be sub-
jected to various analyses usually used for homogeneous
systems. However, these methods have rarely been applied to
cyano-bridged CPs acting as heterogeneous catalysts,48–51

because the modications may change the surface conditions
including active-site structures of heterogeneous catalysts.

In this context, counter-cation exchange would be a prom-
ising method to achieve high dispersibility without changing
the surface conditions of cyano-bridged CPs. For example, the
most typical cyano-bridged CP of FeIII4[Fe

II(CN)6]3 known as
Prussian blue is insoluble in water; however, K{FeIII[FeII(CN)6]}
occluding counter cations inside pores is highly soluble in
water.52,53 However, K{CoII1.5[Fe

II(CN)6]} {(K)Co–Fe} showing
high catalytic activity for water oxidation is insoluble in water
although its structure is similar to that of K{FeIII[FeII(CN)6]}. In
general, choice of counter cations highly affects the solubility of
metal complexes so that cation exchange of K+ ions in (K)Co–Fe
with larger ions can enhance the solubility.

We report herein the solubilisation of (K)Co–Fe with
enhanced catalytic activity for water oxidation by the counter-
cation exchange of K+ with Me4N

+ ions to form (Me4N)
{CoII1.5[Fe

II(CN)6]} {(Me4N)Co–Fe}. Photocatalytic water oxida-
tion conducted by photoirradiation of a phosphate buffer (pH
8.0) containing a cyano-bridged CP, [RuII(bpy)3]

2+ ([RuII(2,20-
bipyridine)3]

2+), and S2O8
2− indicated that the catalytic activity
© 2024 The Author(s). Published by the Royal Society of Chemistry
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was enhanced aer solubilisation in terms of the initial reaction
rate and O2 yield. The solid structure of (Me4N)Co–Fe was
compared with that of (K)Co–Fe based on powder X-ray
diffraction (PXRD) and the pair distribution function (PDF).
Additionally, electrospray ionization mass spectrometry (ESI-
MS) was performed to identify the water-soluble species ach-
ieved aer counter-cation exchange.

Experimental section
Materials

All chemicals were used as supplied without further purica-
tion. Aqueous solutions were prepared with ultrapure water
provided using a Barnstead Smart2Pure water purication
system (Thermo Scientic, US) where the electronic conduc-
tance was 18.2 MU cm. Cobalt(II) nitrate hexahydrate, silver(I)
sulphate, potassium hexacyanoferrate(II) trihydrate, disodium
hydrogen phosphate, sodium dihydrogen phosphate, sulphuric
acid, and sodium persulphate were purchased from FUJIFILM-
Wako Pure Chemical Industries Corporation. Tris(2,20-bipyr-
idine)ruthenium chloride ([Ru(bpy)3]Cl2) and tetramethy-
lammonium chloride were purchased from Tokyo Chemical
Industry Co., Ltd. Lead(IV) oxide was purchased from Kanto
Chemical Co., Inc. Tris(2,20-bipyridine)ruthenium sulphate
([Ru(bpy)3]SO4) was synthesised by adding one equivalent of
Ag2SO4 to an aqueous solution of [Ru(bpy)3]Cl2 (0.13 mmol, 10
mL).54 The stock solution of [RuIII(bpy)3]

3+ was prepared by
oxidising [RuII(bpy)3]

2+ with PbO2 in H2SO4 aq.21 The solution
was kept in the dark under an Ar atmosphere. The molar
concentrations of the solution containing a cyano-bridged CP
were calculated based on the moles of Fe.

Synthesis of K{CoII1.5[Fe
II(CN)6]} {(K)Co–Fe}

An aqueous solution of potassium hexacyanoferrate(II) (K4-
[FeII(CN)6], 100 mM, 1.5 mL) was slowly added to an aqueous
solution of cobalt(II) nitrate (CoII(NO3)2, 300 mM, 1.5 mL). The
formed precipitates were collected by centrifugation and
washed with distilled water a couple of times. The precipitates
were dried in vacuo for 12 h.

Synthesis of water-dispersible (K)Co–Fe modied with
[FeII(CN)6]

4− (ref. 38)

(K)Co–Fe (0.4 mmol, 157 mg) was dispersed in an aqueous
solution containing K4[Fe

II(CN)6] (60 mM, 2.0 mL). Stirring the
dispersion for 3 days provided water-dispersible (K)Co–Fe. The
water-dispersible (K)Co–Fe modied with [FeII(CN)6]

4− was
centrifugally collected for PXRD and TEM measurements.

Synthesis of (Me4N){Co
II
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe}

An aqueous dispersion of (K)Co–Fe (50 mg) containing Me4NCl
(500 mM, 5 mL) was stirred at 50 °C for 20 h to achieve
precipitates with a blight green supernatant. The precipitates
collected by centrifugation were washed with a small amount of
water once and then with methanol three times. The obtained
precipitates were dried in vacuo for 12 h. Yield 25 mg (46%).
Anal. calcd. for C10.8H18.4N7.2O2K0.1Cl0.1Co1.4Fe
© 2024 The Author(s). Published by the Royal Society of Chemistry
[(Me4N)1.2{Co1.4[Fe(CN)6]}$(H2O)2$(KCl)0.1]: C, 30.38: H, 4.34: N,
23.63. Found C, 30.21: H, 4.10: N, 23.81.

Physical measurements

The atomic ratios of (K)Co–Fe and (Me4N)Co–Fe were deter-
mined by X-ray uorescence (XRF) measurements using a Mal-
vern PANalytical Epsilon 1. Powder X-ray diffraction (PXRD)
patterns were recorded on a RigakuMiniFlex 600. Incident X-ray
radiation was produced using a Cu X-ray tube operating at 40 kV
and 15 mA with Cu Ka radiation (l = 1.54 Å). The scan rate was
5° min−1 from 2q = 10–60°. Ultraviolet-visible (UV-vis) absorp-
tion spectra and diffused reectance UV-vis spectra were
recorded on a JASCO V-770 spectrometer. Infrared (IR) spectra
were obtained on a Jasco FT/IR-6700 spectrometer with an
attenuated total reectance unit using a diamond window. ESI-
TOF-MS measurements were performed with a JEOL JMS-
T100LP mass spectrometer in the negative ion mode. The
sample was dissolved in the mixed solvent of water and aceto-
nitrile [1 : 39 (v/v)]. Transmission electron microscope (TEM)
images were taken on a JEM-2100 (Japan Electron Optics
Laboratory Co., Ltd) operating at 200 kV. Dynamic laser scat-
tering (DLS) measurements were conducted at room tempera-
ture using a Zetasizer Nano S90 particle size analyzer from
Malvern Instruments. Nitrogen (N2) adsorption–desorption
isotherms at −196 °C were obtained with a MicrotracBEL
Belsorp-mini II. Weighed samples (∼50 mg) were used for
adsorption analysis aer pretreatment at 150 °C for 1 h in vacuo.
The samples were exposed to N2 within a relative pressure range
from 0.01 to 101.3 kPa. The adsorbed amounts of N2 were
calculated from the pressure change in a cell aer reaching
equilibrium at −196 °C. X-ray photoelectron spectroscopy (XPS)
analyses were performed using a Shimadzu ESCA-3400HSE. The
incident radiation was a Mg Ka X-ray (1253.6 eV) at 200 W. The
samples were mounted on a stage with double-sided carbon
tape. The binding energy of each element was corrected using
the C 1s peak (284.6 eV) from the carbon tape.

X-ray total scattering and pair distribution function (PDF)
analyses

The X-ray total scattering data of samples lled in quartz
capillaries were collected with two CdTe detectors covering the
Q range up to 25 Å at the BL04B2 beamline in SPring-8 (113.4
keV, l = 0.11 Å). The collected scattering was normalised to
obtain the Faber–Ziman total structure factor S(Q), being pro-
cessed by absorption, background, and Compton scattering
corrections.55 The PDF was calculated by the Fourier trans-
formation of S(Q) with a Lorch modication function using Igor
Pro soware.56,57

Electrocatalytic water oxidation

Electrocatalytic water oxidation was conducted in a phosphate
buffer (pH 8.0, 50 mM) containing (Me4N)Co–Fe (1.0 mMFe)
using glassy carbon as a working electrode, a Pt wire as
a counter electrode, and a saturated calomel electrode (SCE) as
a reference electrode. Currents and potentials were recorded
with an EC stat 302 (EC Frontier Co. Ltd).
Chem. Sci., 2024, 15, 16760–16767 | 16761
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Fig. 1 PXRD patterns with Miller indices (hkl) of (a) (Me4N){CoII
1.5[-

FeII(CN)6]} {(Me4N)Co–Fe} and (b) K{CoII
1.5[Fe

II(CN)6]} {(K)Co–Fe}.
Miller indices were determined by Mcmaille.60 (c and d) A possible unit
cell of (Me4N)Co–Fe.
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General procedure for photocatalytic water oxidation

A typical procedure for photocatalytic water oxidation is as
follows: a phosphate buffer (pH 8.0, 50 mM, 2.0 mL) containing
a cyano-bridged CP, [Ru(bpy)3]SO4 (0.30 mM), and Na2S2O8 (5.0
mM) was ushed with Ar gas for 10 min in the dark. The solu-
tion was irradiated for a certain time with an LED lamp (a
RELYON Twin LED Light) at 25 °C. Evolved oxygen gas in
a headspace was quantied by using a BAS FireSting oxygen
metre.

General procedure of repetitive reactions for photocatalytic
water oxidation

A typical procedure of repetitive reactions for photocatalytic
water oxidation was as follows: an aliquot (100 mL) containing
Na2S2O8 (10 mmol) with or without [Ru(bpy)3]SO4 (0.6 mmol) was
added to the reaction solution aer each run. The solution was
ushed with Ar gas for 10 min in the dark. The oxygen gas
evolved by photoirradiation of the solution with an LED lamp
was quantied by using the oxygen metre.

Thermal water oxidation

A typical procedure for thermal water oxidation is as follows: an
aqueous solution (0.1 mL) of [RuIII(bpy)3]

3+ (4.0 mmol) con-
taining H2SO4 (50 mM) as a stabiliser ushed with Ar gas was
added to a phosphate buffer (pH 8.0, 50mM, 1.9mL) containing
(Me4N)Co–Fe (120 mMFe) ushed with Ar gas in the dark. The pH
of the resultant solution decreased to 7.5. The oxygen gas
evolved at 25 °C was quantied by using the oxygen metre.

Determination of the quantum yield for photocatalytic water
oxidation

A phosphate buffer (pH 8.0, 50 mM, 2.0 mL) containing Na2S2O8

(5.0 mM), [Ru(bpy)3]SO4 (0.30 mM) and (Me4N)Co–Fe (80 mMFe)
was placed in a long neck quartz cell aer being degassed with
Ar gas for at least 10 min prior to the photocatalytic reaction.
Photoirradiation was performed using a 450 nm laser (Kikoh
Giken Co., Ltd). The photon ux was monitored using a power
metre (Newport Corporation, 919P-003-10), while the oxygen gas
was monitored using a BAS FireSting oxygen metre. Quantum
yields (Q. Y.) were calculated using the following eqn (1), where
the maximum quantum yield is 50%.

Q. Y. = (No. of O2 molecules)/(No. of absorbed photons) (1)

Results and discussion
Solid structure of (Me4N){Co

II
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe}

(Me4N){Co
II
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe} was obtained by
immersing K{CoII1.5[Fe

II(CN)6]} {(K)Co–Fe} powder in water
containing Me4NCl at 50 °C for 20 h. The formed precipitates
were collected from blight green solution by centrifugation. X-
ray photoelectron spectroscopy (XPS) measurements for Co
2p, Fe 2p, and N 1s of (Me4N)Co–Fe indicated no change in the
oxidation states of the corresponding ions in (K)Co–Fe
16762 | Chem. Sci., 2024, 15, 16760–16767
(Fig. S1†). Also, no signicant difference was observed in diffuse
reectance UV-vis spectra of (Me4N)Co–Fe and (K)Co–Fe in
terms of absorption maxima (Fig. S2†). The N2 adsorption and
desorption isotherm of (Me4N)Co–Fe suggested that the BET
surface area and micropore volume of (Me4N)Co–Fe were 164
m2 g−1 and 0.38 cm3 g−1, which were slightly smaller than those
of (K)Co–Fe, 261 m2 g−1 and 0.44 cm3 g−1 (Fig. S3†). The smaller
BET surface area and pore volumes resulted from the occlusion
of Me4N

+ ions in the pores aer the cation exchange.
The counter-cation exchange of K+ with Me4N

+ ions was
conrmed by X-ray uorescence (XRF), elemental analysis, and
infrared (IR) spectroscopy. The XRF measurements revealed
that a negligible amount of K+ ions remained in (Me4N)Co–Fe
with the molar ratio of CoII and FeII ions similar to that in (K)
Co–Fe (Table S1†). The presence of Me4N

+ ions in (Me4N)Co–Fe
was evidenced by IR measurements. Two characteristic peaks
were observed assignable to the symmetric deformation band of
CH3 groups and the asymmetric stretching band of the C4N
moiety of the Me4N

+ ion at 1479 and 945 cm−1, respectively
(Fig. S3a and c†). Additionally, the retention of the FeII–C^N–
CoII bridging structure was evidenced by the CN stretching
band, nCN, of (Me4N)Co–Fe at 2073 cm−1, which was almost
identical to that of (K)Co–Fe (Fig. S3b†), accompanied by
shoulder peaks at 2081 and 2096 cm−1.58 The appearance of the
shoulder peaks resulted from the elongation along one-axis in
(Me4N)Co–Fe (vide infra). Also, an additional Fe–CN bending
band appeared at 509 cm−1 in (Me4N)Co–Fe together with that
in (K)Co–Fe at 478 cm−1.59 Thus, the bridging structure of FeII–
C^N–CoII is maintained in (Me4N)Co–Fe although the struc-
ture is slightly disordered, or the high crystallographic
symmetry of (K)Co–Fe is lost.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Pair distribution function (PDF) of (a) (Me4N){Co
II
1.5[Fe

II(CN)6]}
{(Me4N)Co–Fe} and (b) K{CoII

1.5[Fe
II(CN)6]} {(K)Co–Fe}.

Fig. 3 (a) (i) Photographs of (Me4N){CoII
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe}
and (ii) K{CoII

1.5[Fe
II(CN)6]} {(K)Co–Fe} in water. (b) UV-vis absorption

spectrum of (Me4N)Co–Fe in water. (c) UV-vis spectra of (Me4N)Co–
Fe at various concentrations ranging from 0.625 to 10 mMFe. (d)
Absorbance at 615 nm as a function of the concentrations of (Me4N)
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The crystal structure of (Me4N)Co–Fe was investigated by
powder X-ray diffraction (PXRD). The PXRD peaks obtained for
(Me4N)Co–Fe were assigned to the tetragonal crystal system with
the unit cell parameters of a, b = 16.30 Å, c = 11.58 Å, which were
longer than those of (K)Co–Fe (cubic; a= 10.13 Å) (Fig. 1a and b). A
tetragonal unit cell with a=∼16 Å has been previously reported for
cyano-bridged CPs involving the Me4N

+ ion as a counter cation.61

The length is similar to the side length of the red square in Fig. 1c,
which can be expressed as {(a/2)2 + (3a/2)2}1/2, where a = ∼10.3 Å.
The unit-cell parameter of c in (Me4N)Co–Fe longer than that in (K)
Co–Fe also evidenced that the penetration of the Me4N

+ ion (∼4 Å)
larger than the K+ ion (2.8 Å) into the lattice (Fig. 1d). Thus, (Me4N)
Co–Femaintains the jungle-gym like structure similar to (K)Co–Fe,
with many vacancies forming pores due to the CoII/FeII ratio being
close to 1.5.62

The solid structure of (Me4N)Co–Fe was also scrutinised by
the pair distribution function (PDF) analyses in more detail
(Fig. 2a). Atom-pair distance histograms were obtained by the
PDF analysis of X-ray total scattering.57 The PDF peaks of (K)Co–
Fe were almost identical to those of the reported cyano-bridged
CP (Fig. 2b).63 The peaks observed in (Me4N)Co–Fe at 1.92, 3.11,
4.99, and 6.97 Å were attributed to FeII–C (or CoII–N), FeII–C^N
(CoII–N^C), FeII–C^N–CoII, and diagonal CoII/CoII (FeII/
FeII), respectively. The pair distances derived from the extended
FeII–C (or CoII–N), FeII–C^N (CoII–N^C), FeII–C^N–CoII, and
diagonal FeII/FeII (CoII/CoII) by the penetration of Me4N

+ ions
were observed at 2.53, 4.01, 5.81 and 7.73 Å, respectively. The
pair distances were similar to those observed for (K)Co–Fe, 1.96,
3.12, 5.08, and 7.14 Å. On the other hand, peaks above 8 Å were
hardly assignable for (Me4N)Co–Fe in contrast to those of (K)
Co–Fe, indicating the lack of periodicity due to large structural
disorder of (Me4N)Co–Fe, which may be caused by the posi-
tional disorder of Me4N

+ ions in the lattice.
The particle sizes of (Me4N)Co–Fe and (K)Co–Fe in the solid

states were conrmed by transmission electron microscopy
(TEM; Fig. S5a and b†). The TEM observation for powder
© 2024 The Author(s). Published by the Royal Society of Chemistry
specimens suggested that the sizes of primary particles were
about 40 nm and the size of secondary particles were larger than
400 nm for both (Me4N)Co–Fe and (K)Co–Fe. The particle sizes
of undissolved species in water were examined by dynamic light
scattering (DLS) measurements (Fig. S5c†). The DLS measure-
ments were performed on the solution of (Me4N)Co–Fe and the
dispersion of (K)Co–Fe before the particles settled. The average
particle sizes of (Me4N)Co–Fe and (K)Co–Fe in water were 32
and 370 nm, respectively. Most of the particles of (Me4N)Co–Fe
were dissolved; however, a small number of particles remained
undissolved as primary particles as evidenced by UV-vis
measurements (vide infra). On the other hand, (K)Co–Fe is
agglomerated as secondary particles maintaining heteroge-
neous nature. The disaggregation of (Me4N)Co–Fe results from
the slightly increased size of open windows, which is benecial
for solvation.
(Me4N){Co
II
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe} in water

The obtained (Me4N)Co–Fe was dissolved in water to provide
transparent bright-green solution (Fig. 3a). The UV-vis adsorp-
tion spectrum measured for the aqueous solutions containing
(Me4N)Co–Fe indicated two distinct absorption bands appear-
ing at around 388 and 615 nm (Fig. 3b). The absorbance at
615 nm linearly increased in proportion to the concentrations of
(Me4N)Co–Fe, following Beer's law in the concentration range
0–10 mMFe (Fig. 3c and d). The molar absorption coefficients
calculated on the basis of the Fe amounts were 5900 and
1870 M−1 cm−1 at 388 and 615 nm bands, respectively.
Assignments of UV-vis absorption bands have been reported for
Co–Fe in water.

Chem. Sci., 2024, 15, 16760–16767 | 16763
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some cyano-bridged complexes containing Fe and Co with
discrete structures.42,64 For example, the LMCT and IVCT bands
of octanuclear {[CoII(pz)3CCH2OH]4[(pzTp)Fe

III(CN)3]4}
4+} (pzTp

= tetra(pyrazolyl)borate) appeared at 440 nm as a broad intense
absorption band (7077 M−1 cm−1) and 510 nm
(4234 M−1 cm−1), respectively.42 The IVCT band of tetranuclear
{[CoIII{Me2(m-ET)cyclen}2{[(m-NC)2Fe

II(CN)4]2}
2−} (Me2(m-ET)

cyclen = 4,10-dimethyl-1,4,7,10-tetraazabicyclo[5.5.2]
tetradecane) has been reported to appear at 515 nm
(1650 M−1 cm−1).64 Thus, absorption bands at 388 and 615 nm
observed for (Me4N)Co–Fe were assignable to LMCT and IVCT
bands, respectively. The red shi of the IVCT band of (Me4N)
Co–Fe could originate from the oxidation states of Fe and Co
ions different from the reported complexes.
Water oxidation catalysis of (Me4N){Co
II
1.5[Fe

II(CN)6]} {(Me4N)
Co–Fe}

Electrocatalytic water oxidation was examined by cyclic vol-
tammetry (CV) of (Me4N)Co–Fe (1.0 mMFe) in a phosphate
buffer (pH 7.0, 50 mM) in the potential range from 0 to 1.2 V vs.
the saturated calomel electrode (SCE). The CV exhibited a large
current attributed to water oxidation above 1.02 V, indicating
that the overpotential was 0.42 V (Fig. S6†). The quasi-reversible
redox couple observed at E1/2 = 0.92 V was assigned to the redox
of CoII/III and/or FeII/III.65,66

Photocatalytic water oxidation was performed under photo-
irradiation (LED lamp) of a phosphate buffer (pH 8.0, 50 mM,
2.0 mL) containing (CC+)Co–Fe (CC+ = K+ or Me4N

+ ion),
[Ru(bpy)3]SO4 (0.30 mM) and Na2S2O8 (5.0 mM) as a water
oxidation catalyst, a photosensitiser and a sacricial electron
acceptor, respectively, at 25 °C. Time course of O2 evolution
from the reaction solution with (Me4N)Co–Fe indicated that the
initial O2-evolution rate (1.26 mmol min−1) and O2 yield based
on Na2S2O8 (93%) were higher than those of (K)Co–Fe (0.61
mmol min−1, 56%) (Fig. 4). The saturation of O2 evolution
Fig. 4 Time courses of O2 evolution under visible-light irradiation
(LED light) of a phosphate buffer (pH 8.0, 50 mM, 2.0 mL) containing
Na2S2O8 (5.0 mM), [Ru(bpy)3]SO4 (0.30 mM) and a water oxidation
catalyst (80 mMFe): (a) (Me4N){Co

II
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe; closed
square}, (b) K{CoII

1.5[Fe
II(CN)6]} {(K)Co–Fe; closed circle}, and (c) (K)

Co–Fe modified with {[FeII(CN)6]
4− (closed triangle)}.

16764 | Chem. Sci., 2024, 15, 16760–16767
mainly resulted from decomposition of the photosensitiser. The
oxidized [Ru(bpy)3]

3+ formed during the reaction is unstable
under basic conditions, because of its high susceptibility to cOH
attack leading to ligand oxidation.67 The difference in the O2

yield could be deeply related to the catalytic stability of each
complex. Additionally, catalytic performance was examined for
(K)Co–Fe modied with [FeII(CN)6]

4− to increase water dis-
persibility. The PXRD patterns and particle sizes of the water-
dispersible (K)Co–Fe modied with [FeII(CN)6]

4− were almost
identical to those of (K)Co–Fe (Fig. S8†). The O2 yield achieved
for the photocatalytic system with (K)Co–Fe modied with
[FeII(CN)6]

4− was only 60%, which was comparable to that with
the water-insoluble (K)Co–Fe (Fig. 4c). Thus, the high catalytic
activity of (Me4N)Co–Fe results from its solution structure
rather than the solubility.

The catalytic activity of (Me4N)Fe–Co was examined in the
repetitive experiments performed by the successive addition of
an aliquot of Na2S2O8 with or without [Ru(bpy)3]SO4 (Fig. S7†).
The O2 yields at the second and third runs using an aliquot
containing Na2S2O8 with [Ru(bpy)3]SO4, 76 and 40%, were
higher than those containing only Na2S2O8, 66 and 22%,
respectively. Thus, the decomposition of [Ru(bpy)3]

2+ contrib-
uted to the deactivation in the repetitive reaction, although
contribution of decomposition of (Me4N)Co–Fe or the adsorp-
tion of SO4

2− cannot be ignored.
Photocatalytic water oxidation using only CoII ions or

[FeII(CN)6]
4− was also performed to conrm the necessity of the

bridging structure of CoII–N^C–FeII for high catalytic activity.
The O2 yields obtained for the reaction systems using CoII ions
and [FeII(CN)6]

4− were 80% and almost 0%, respectively, which
were inferior to that of (Me4N)Co–Fe (93%) (Fig. S9†). Thus, the
bridging structure enhances the catalysis of Co ions.

Thermal water oxidation using [RuIII(bpy)3]
3+ (2 mM) as an

oxidant was performed in a phosphate buffer (pH 8.0) con-
taining (Me4N)Co–Fe (120 mMFe) at 25 °C in the dark. No
obvious temperature increase was observed during the reaction.
The O2 yield based on the used amount of [RuIII(bpy)3]

3+

exceeded 90% under the current reaction conditions although
a decrease in the catalyst concentration resulted in lower O2

yield (Fig. S10†). This result ensures that photocatalytic water
oxidation using (Me4N)Co–Fe is driven by [RuIII(bpy)3]

3+ formed
by the electron transfer to S2O8

2−.
The quantum yield of photocatalytic water oxidation was

determined under photoirradiation (l = 450 nm) of a phos-
phate buffer (pH 8.0, 50 mM, 2.0 mL) containing (Me4N)Co–Fe
(80 mMFe), [Ru(bpy)3]SO4 (0.30 mM) and Na2S2O8 (5.0 mM) in
a quartz cell (light path length: 1.0 cm). The quantum yield was
calculated to be 14%, which was dened as the number of O2

molecules divided by the number of absorbed photons for
65 min (the maximum quantum yield: 50%) (Fig. S11†).

The concentration effect of (Me4N)Co–Fe on the O2-evolution
rates was examined to determine the rate determining step. The
photocatalytic water oxidation involves three reaction steps: (i)
oxidation of photoexcited [Ru(bpy)3]

2+ with S2O8
2−, (ii) electron

transfer from (Me4N)Co–Fe to [RuIII(bpy)3]
3+, and (iii) water

oxidation on oxidised (Me4N)Co–Fe.68 The rst-order depen-
dence observed on the catalyst concentration ranging from 5 to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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70 mMFe for (Me4N)Co–Fe and 80 to 160 mMFe for (K)Co–Fe
indicates that step (ii) is the rate determining step for both
catalysts (Fig. S12 and S13†). The highest O2 yields for (Me4N)
Co–Fe and (K)Co–Fe reached 93% and 84%, respectively. The
higher O2 yields with (Me4N)Co–Fe can result not only from less
screening effect by dissolution but also from its solution
structure.
Fig. 6 Depolymerisation by hydration of frameworks of (Me4N)
{CoII

1.5[Fe
II(CN)6]} {(Me4N)Co–Fe} with many vacancies into

{Co4[Fe(CN)6]3}
n−.
Solution structure of (Me4N){Co
II
1.5[Fe

II(CN)6]} {(Me4N)Co–Fe}

The solution structure of (Me4N)Co–Fe was investigated by
electrospray mass spectrometry (ESI-MS; negative) in a mixed
solution of water and acetonitrile [1 : 39 (v/v)]. The absorbance
at 615 nm of the mixed solution containing (Me4N)Co–Fe
obeyed Beer's law in the concentration range of 0–1.0 mMFe

(Fig. S14†). No peak appearance was conrmed under the
measurement conditions (Fig. S15†). The ESI-MS spectrum for
the solution of (Me4N)Co–Fe showed 17 anion peaks, which
appeared equally spaced with the width of m/z = 74 derived
from Me4N

+ ions (Fig. 5 and S16†). Each peak was composed of
{Co4[Fe(CN)6]3}

n−, Me4N
+, and extra-ligands, such as H2O, OH

−,
or Cl−. For example, the observed pattern containing ve Me4N

+

ions around m/z = 1312.17 agreed with the simulated pattern
calculated under the assumption that {Co4[Fe(CN)6]3}

n− with [4
× OH−], [H2O + 3 × OH−], [2 × Cl−], and [2 × H2O + Cl−] is
concomitantly generated (Fig. S16†). Chemical species
composed of polynuclear metal complexes accompanying many
counter cations or solvent molecules have been occasionally
detected in the ESI-MS measurements. For example, a nega-
tively charged polyoxometalate accompanying 0–9 tetrabuty-
lammonium cations has been detected by ESI-MS.69,70 Also,
a positively charged cubane-type metal complex (C5Me5Mo3S4-
FeCl) together with 0–7 tetrahydrofuran molecules was
observed in the ESI-MS spectrum.71 The increase in positive
charge by increasing the number of Me4N

+ ions can be
compensated for by the reduction of metal ions in the mass
chamber (Fig. S17†). These results indicate that (Me4N)Co–Fe is
an anionic polynuclear metal complex, such as {Co4[-
Fe(CN)6]3}

4−, formed by depolymerisation in solution.
The PDF measurements of (Me4N)Co–Fe in water indicated

that the water-soluble species maintained multinuclear
Fig. 5 Electrospray ionization mass spectrum (negative) of (Me4N)
{CoII

1.5[Fe
II(CN)6]} {(Me4N)Co–Fe} in a mixed solvent of water and

acetonitrile [1 : 39 (v/v)].

© 2024 The Author(s). Published by the Royal Society of Chemistry
structures, because the peaks assignable to the atomic
distances at around 1.92, 4.01, 4.99, 5.88, and 6.97 Å were
observed similar to those in the solid state (Fig. S18†). The
disappearance of peaks above 8 Å suggested that (Me4N)Co–Fe
was depolymerised in water. (K)Co–Fe is thought to have
a porous structure, in which the vacancies of [FeII(CN)6]

4− units
are connected to form larger pores.62 The penetration of Me4N

+

ions into the larger pores resulting from extrusion of K+ ions
allowed the invasion of water molecules for depolymerisation
with hydration. As a result, the depolymerisation proceeds to
provide heptanuclear clusters of {Co4[Fe(CN)6]3}

4− with extra-
open sites on Co ions, resulting in the enhancement of water
oxidation catalysis (Fig. 6).
Conclusions

A cyano-bridged coordination polymer (CP), K{CoII1.5[-
FeII(CN)6]} {(K)Co–Fe}, acting as a heterogeneous catalyst for
water oxidation, was depolymerised by the counter-cation
exchange of K+ with Me4N

+ ions. The water-soluble (Me4N)
{CoII1.5[Fe

II(CN)6]} (Me4N)Co–Fe catalyst exhibited enhanced
catalysis compared with (K)Co–Fe in visible-light-driven water
oxidation. The surface modication of (K)Co–Fe with
{[FeII(CN)6]}

4− provided dispersibility in the water; however, no
catalytic enhancement was observed. Thus, a reason for the
enhanced catalysis would be the increased number of open sites
on Co ions to capture water molecules, because the catalytically
active species of (Me4N)Co–Fe in water is {Co4[Fe(CN)6]3}

4−

formed by Co–N bond cleavages. The solubilisation of catalyti-
cally active CPs would be promising for rational elucidation of
the reaction mechanism, which is difficult for conventional
heterogeneous catalysts. Also, the solubilisation of heteroge-
neous water oxidation catalysts is benecial to be combined
with other photocatalytic semiconductors and/or photo-
sensitisers to construct articial photosynthesis systems.
Data availability
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65 E. P. Alsaç, E. Ülker, S. V. K. Nune, Y. Dede and F. Karadas,
Chem.–Eur. J., 2018, 24, 4856.

66 W. Deng, Z. Li, Y. Ye, Z. Zhou, Y. Li, M. Zhang, X. Yuan, J. Hu,
W. Zhao, Z. Huang, C. Li, H. Chen, J. Zheng and R. Li, Adv.
Energy Mater., 2021, 11, 2003639.

67 P. K. Ghosh, B. S. Brunschwig, M. Chou, C. Creutz and
N. Sutin, J. Am. Chem. Soc., 1984, 106, 4772.

68 B. Limburg, E. Bouwman and S. Bonnet, ACS Catal., 2016, 6,
5273.
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