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Hydrogen peroxide was produced efficiently from water and
dioxygen using [Ru'(Me,phen)s]>* (Meyphen = 4,7-dimethyl-1,10-
phenanthroline) as a photocatalyst and cyano-bridged polynuclear
transition metal complexes composed of Fe and Co as water oxi-
dation catalysts in the presence of Sc>* in water under visible light
irradiation.

Hydrogen peroxide (H,0,) has merited increasing attention as
an ideal energy carrier alternative to hydrogen, because an
aqueous solution of H,0, instead of gaseous hydrogen can be
used as a fuel in a one-compartment fuel cell to generate
electricity." * The maximum output potential of an H,O, fuel
cell theoretically achievable is 1.09 V which is comparable to
that of a hydrogen fuel cell (1.23 V)."™* Thus, H,0, produc-
tion from water (H,O) and dioxygen (O,) using solar energy
provides an ideally sustainable solar fuel in combination with
power generation using an H,0, fuel cell.">™" It is highly de-
sired to improve the catalytic activity for the photocatalytic
production of H,0, from H,O and O, (AG° = 210 k] mol™,
eqn (1)) using earth-abundant metal catalysts.">™"”

2H,0 + 0, — 2H,0, AG° =210 kJ mol™* (1)
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We report herein the photocatalytic production of H,0,
from H,0 and O, using [Ru”(Me,phen);]*" (Me,phen = 4,7-
dimethyl-1,10-phenanthroline) as a photocatalyst and
structurally-definable and molecularly-ordered metal com-
plexes, i.e., cyano-bridged polynuclear transition metal com-
plexes composed of Fe and Co, as water oxidation catalysts
(WOCs) in the presence of S¢** in water under visible light ir-
radiation. Among various metal complex-based WOCs, metal
complexes were found to play in some cases the role of pre-
cursors of actual WOCs.'®'® In contrast, cyano-bridged poly-
nuclear transition metal complexes as they are have been
proven to maintain absolutely high catalytic reactivity with
high yield and quantum efficiency for water oxidation.>®

The photocatalytic cycle is shown in Scheme 1, where the
excited state of [Ru"”(Me,phen);]*" is oxidatively quenched by
electron transfer to O, to produce [Ru""(Me,phen);]*" and the
0,"-Sc** complex, which undergoes disproportionation in
the presence of H to yield H,0,.'>'” Water is oxidised by
[Ru™(Me,phen),;** in the presence of a heteropolynuclear cy-
anide metal complex as a WOC to produce O,.

Heteropolynuclear cyanide complexes take a cubic struc-
ture provided that the contained metal ions allow octahedral
coordination.>** Both the C and N atoms of cyanide interact
with metal ions. When the number of N-bound metal ions is

[Rull(Me,phen);]>™ 0,
hv +Se3t
0, +4H* [Rul(Mephen);]2 |02 S¢™
2H,0 [Rull(Me,phen);]* H,0, + 0,

Scheme 1 Catalytic cycle of the photocatalytic production of H,O,
from H,O and O, using [Ru"(Me,phen)s;]?* as a photocatalyst and
heteropolynuclear cyanide complexes (M3[M'(CN)¢l; M, M’ = different
metals) as water oxidation catalysts.
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larger than that of C-bound metal ions, the N-bound metal
ions need external ligands such as an aqua ligand to fulfil oc-
tahedral coordination.>®** The number of external ligands
can be controlled by considering charge compensation in a
heteropolynuclear complex.>>** Thus, heteropolynuclear cya-
nide complexes composed of different metal ions can be
designable heterogeneous catalysts for water oxidation.

A series of heteropolynuclear cyanide metal complexes
containing different metal ions, Coz[Fe(CN)g],, Co3[Co(CN)¢,
Cu;[Co(CN)gl,, Co[Ni(CN),], Fe3[Cr(CN)gl,, Mn;[Fe(CN)g]y,
Co3[Mn(CN)g],, Cos[Fe(CN)g],, Co[Pd(CN),] and Co[Pt(CN),],
were prepared according to the literature.*® Fig. 1 shows the
time profiles of the production of H,0, from H,0 and O, in
an aqueous solution containing [Ru(Me,phen);]**, Sc(NO;),
and a heteropolynuclear cyanide metal complex under visible
light irradiation with a xenon lamp using a UV light cut filter
(4 > 420 nm). The amount of produced H,0, was determined
by spectroscopic titration with an acidic solution of
[TiO(tpypH4)]*" complex (Ti-TPyP reagent).>> Among the vari-

ous heteropolynuclear cyanide complexes, Fes;[Co(CN)g],
exhibited the highest catalytic reactivity.
A series of heteropolynuclear cyanide complexes

(Fe,Co4-4)3[Co(CN)s], (x = 0, 0.10, 0.50, 0.75, 0.90 and 1) were
prepared by mixing an aqueous solution of Ks;[Co™(CN)g],
Co"(NO;), and Fe"(ClO,), with various Fe/Co ratios of the
(Fe,Co;-,) moiety ranging from 1:0 to 0: 1. All of the synthesised
complexes were isostructural with Prussian blue as confirmed by
the powder X-ray diffraction patterns (Fig. S1t). A schematic draw-
ing of the complex is shown in Fig. 2. The Co and Fe ion contents
of each compound were determined by X-ray fluorescence
measurements (Table S17). The size of (Fe,Co;-,);[Co(CN)],
particles remains about the same (260-300 nm) irrespective of
the Co-to-Fe ratio as indicated by DLS measurements (Fig. S27).
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Fig. 1 Time courses of production of H,O, from H,O and O, in an
O,-saturated aqueous solution (2.0 mL) of [Ru(Me,phen)s]** (100 uM),
Sc(NO3)3 (100 mM) and a heteropolynuclear cyanide metal complex
(1.0 mg) under photoirradiation of visible light (1 > 420 nm) with a
xenon lamp using a UV light cut filter at room temperature. The
employed heteropolynuclear cyanide complexes are Fes[Co(CN)gl»
(blue square), Coz[Co(CN)¢l, (red right triangle), Cus[Co(CN)el, (green
diamond), Co[Ni(CN)4] (orange regular triangle), Fez[Cr(CN)gl, (grey
inverse triangle), Mns[Fe(CN)gl, (dark orange right triangle),
Cos[Mn(CN)gl, (pink square), Cos[Fe(CN)gl, (light green circle),
Co[Pd(CN)4] (blue circle) and Co[Pt(CN),] (purple diamond).
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Fig. 2 A schematic drawmg of (Fe,Coi,)3[Co(CN)gl, where x = 0,
0.10, 0.50, 0.75, 0.90 and 1. lons are colour-coded: N-bound Co" and
Fe" (orange), C-bound Co"' (pink), C (grey), N (blue) and O (red).

The catalytic reactivity of (Fe,Co;_,);[Co(CN)g], with vari-
ous x values was examined for the production of H,O, from
H,0 and O, in an O,-saturated aqueous solution of
[Ru(Me,phen);]** (100 uM), Sc(NO;); (100 mM) and
(Fe,Co;-,)3[Co(CN)s], (1.0 mg) under photoirradiation of visi-
ble light with a xenon lamp using a UV-light cut filter (1 >
420 nm) at room temperature as shown in Fig. S3.f The ini-
tial rate of production of H,0O, increased with increasing Fe-
to-Co ratio in the (Fe,Co;_,) moiety (Frg), reaching a maxi-
mum at Frg. = 0.75, and then decreased as shown in Fig. 3.
The catalytic reactivity of (Fey;5C0¢.25)3[Co(CN)g], (1) was 4.5
and 1.5 times enhanced as compared to those of
C0;[Co(CN)¢], and Fes[Co(CN)],.

The rate of H,0, production was enhanced 2.9 times when
N-bound Co ions in Coz[Co(CN)e], were thoroughly replaced
with Fe ions as shown in Fig. 3. Therefore, the water oxida-
tion reactivity of N-bound Fe ions was higher than that of
N-bound Co ions. On the other hand, the peak attributed to
CN ligand stretching observed in the IR spectra of
Fe;[Co(CN)g], red-shifted as N-bound Fe" ions were replaced
with Co" ions (Fig. S4f). This is because an Fe" ion can ac-
cept electrons from bonding orbitals of CN ligands rather
easily than a Co" ion because of its low LUMO level. The
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Fig. 3 Initial rates of H,O, production plotted vs. fraction of Fe (Frg.).
H,0, was produced from H,O and O, in an O,-saturated aqueous
solution (2.0 mL) of [Ru(Me,phen)s]** (100 pM), Sc(NO3)s (100 mM) and
(FexCo1-4)3[Co(CN)gl, (1.0 mg), where x = 1 (black square), 0.90
(inverse red triangle), 0.75 (orange circle), 0.50 (green diamond), 0.10
(purple triangle) and 0 (blue diamond) under photoirradiation of visible
light (1 > 420 nm) with a xenon lamp using a UV light cut filter at
room temperature. The time courses of H,O, production are shown in
Fig. S3.

This journal is © The Royal Society of Chemistry 2016
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Scheme 2 Photocatalytic cycle of water oxidation with Na,S,Og using
[Ru(bpy)sl®* as a photocatalyst and (Fe,Co;_,)s[Co(CN)gl, as a water
oxidation catalyst.
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Fig. 4 Initial rates of O, evolution plotted versus Frg.. O, evolution
was performed by photoirradiation (1 > 420 nm) of an aqueous
phosphate buffer (2.0 mL) containing Na,$,0g (5.0 mM), Rul(bpy)s]**
(100 puM) and (Fe,Coy_,)3ICo(CN)gl, (1.0 mg), where x = 1 (black
square), 0.90 (green diamond), 0.75 (red inverse triangle), 0.50 (orange
circle) and O (blue diamond), at pH 8.0 and room temperature. The
time courses of O, evolution are shown in Fig. S5

electron-rich CN ligands can stabilise high-valence metal ions
that form in the water oxidation process. Therefore, the
volcano-type dependence of the rate of H,O, production on
Frr. is considered to be a result of those two contradictory ef-
fects of Frg. on the water oxidation reaction where a complex
with a large Frr. would contain more active sites for water ox-
idation while a complex with a small Frg. would easily sta-
bilise high-valence metal ions formed during water oxidation.
The catalytic activity of (Fe,Co;-,)3[Co(CN)], was also ex-
amined in the photocatalytic oxidation of water with
persulfate (Na,S,05) using [Ru(bpy);]** (bpy = 2,2-bipyridine)
as a photocatalyst. The photocatalytic cycle is given in
Scheme 2, where the excited state of [Ru(bpy);]*" was oxida-
tively quenched by Na,S,0; to produce [Ru(bpy);]**, which
oxidises water in the presence of (Fe,Co,_,)3[Co(CN)s], acting
as a WOC to evolve O,. The time courses of O, evolution in
the photocatalytic water oxidation with Na,S,0g in the pres-
ence of [Ru(bpy);]”" and (Fe,Co;_,)s[Co(CN)s], are shown in
Fig. S5.f The O, evolution rate was maximised at Frg = 0.75
which also gave the most effective WOC for photocatalytic
H,0, production (Fig. 4). Catalytic O, evolution by water oxi-
dation was also confirmed when [Ru™(Me,phen);]*" was
added to an aqueous suspension of 1 at pH 3.0, the same pH
condition as that in the H,0, production reaction (Fig. S67).
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The dependence of the rate of production of H,0, on the
amount of 1 and [Ru(Me,phen);]** was examined to obtain
the optimised conditions where the amount of 1 is 1.0 mg
and [[Ru(Me,phen),]**] = 100 puM (Fig. S7f). Under such
optimised conditions, the quantum efficiency with 1 = 450
nm and solar energy conversion efficiency with a solar simu-
lator (HAL-320, Asahi Spectra Co., Ltd.) were determined to
be 6.9% and 0.13%, respectively (Fig. S8t).>

1 was found to maintain its original catalytic activity for at
least 5 repetitive cycles of photocatalytic production of H,0,
(Fig. S9t). There was no significant difference between the IR
spectra as well as XRD patterns of 1 before the reaction and
those of the precipitate obtained after centrifugation of the
reaction solution, indicating the robustness of 1 under the re-
action conditions (Fig. S101). DLS data obtained after the re-
action (Fig. S10ct) demonstrated no formation of signifi-
cantly smaller nanoparticles such as metal oxides or
hydroxides that could have been in situ formed with wide dis-
tribution of the particle size in many other cases of Co and
other transition metal-based WOCs as reported
previously.> ' From the results mentioned above, we can
conclude that the actual catalytically active species for water
oxidation in H,O, production is 1 as it is.*?

In conclusion, cyano-bridged polynuclear complexes
(Fe,Co;-,)3[Co(CN)g], act as effective water oxidation catalysts
for the photocatalytic oxidation of H,O with O, to produce
H,0, in an O,-saturated aqueous solution in the presence of
[Ru(Me,phen);]** and Sc(NOs); under visible light irradiation.
The catalytic activity was maximised when the Fe-to-Co ratio
in the (Fe,Co;—,) moiety of (Fe,Co;_,)3[Co(CN)s], was 0.75.
This study provides a unique method to develop efficient cat-
alysts for the photocatalytic water oxidation with O, to
produce H,O0, by changing the ratio of different metals
contained in cyano-bridged polynuclear metal complexes.
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