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Abstract : It was found that photoelectrochemical water oxidation takes place 
at a polynuclear iron-cyanide complex-coated electrode called Berlin Brown 

(BB : Fe,"lFem(CN&3- 3X.). The electrode-coated BB showed electrocatalytic 
activity for water oxidation to produce 0, not only in the dark but also under 
illumination to result in photoinduced water oxidation. The amount of the 
photoelectrochemically produced 0, increased with the thickness of the BB Rlm. 

indicating that the BB works as a bulk catalyst. 

INTRODUCTION 

In view of the basic science and newenergy resource, it is of importance to construct an 
artificial photosynthetic system which utilizes solar energy and water. Water oxidation by 

four-electron transfer is one of the most important reactions in a photosynthetic system. 
However, only very few catalysts have been reported with high activity (Refs. 1-6). The 
present authors have reported recently that trlnuclear Ru-amine complex (so called 
Ru-red) incorporated into a Nafion"membrane has a high actlvity to oxidize water (Refs. 

1-4). Such a polynuclear complex can be a promissing candidate for a four-electron 
water oxidation catalyst. 

In the modeling of a photosynthetic system. it is an  important subject to induce 
oxidation/reduction reactions by utilizing solar energysuch as photosystems I and ll in 
nature. In our earlier work. photoresponsive electrode of a bilayer system composed of 
Rulhpy)3z+ and a polynuclear iron-cyanide complex called Prussian Blue (PB. Fe,"[Fe 
(CN),], (unit cell structure)) was studied (Ref. 71. The result showed that not only 
Ru(bpyh2+ but also PB is photoresponsive. showing that PB has a photosensitizing effect. 
In the following investigations it has been found that the oxidized form of PB called Berlin 
Brown (BB. Fe4"'[Fem (CN),lsS- 3X (unit cell structure)) can work not only as a dark catalyst 

for water oxidation hut also as a photocatalyst. In the present work, 
photoelectrochemical water oxidation, which corresponds to a photosystem II model. will 

be reported with BB coated on an indium-tin oxide (ITO) electrode. 
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EXPERIMENTAL 

Materials and Photoelectrochernistq 

The same volumes of a 5 mM potassium hexacyanoferrate(II1) and a 5 mM iron(III1 chloride 
aqueous solution were mixed to obtain a water-soluble BB (Fel"LFeU'ICN),I) solution as 
reported previously (Ref. 8). The water-insoluble Fe"-Fe" complex called Prussian Blue 

(PB : Fe,U'~Fe'l(CNl,l,), which is a reduced species of the BB, was prepared from the BB 
solution by depositing electrochemically on an  IT0 electrode under cathodic polarization 
(+0.6 V vs. Ag/AgCI. a saturated KCI aqueous solution was empoked as the inner liquid). 
The PB-coated IT0 electrode was rinsed repeatedly with water. An electrochemical cell was 
equipped with the PB-coated IT0 working (effective area : ca. 1 cm'). spiral Pt wire counter, 

and a Ag/AgCI reference electrode. A tungsten-halogen lamp (100 V. 100 W) was usedas 
a light source, and the coated BB was inadiated from the back side of the ITO. The 
potentiostatic electrolysis was carried out in a pH 5.5 aqueous solution containing 0.1 M 
KNO, electrolyte for 1 hour under argon. The amount of the gaseous 0, produced was 
analyzed by a gas chromathograph (Hitachi 165) wlth a molecular sieve 58, column and 
argon carrier gas. 

Measurements of action spectrum and absorption spectrum 

A visible absorption spectrum of the BB coated on an  I T 0  electrode was measured by a 
spectrophotometer (Otsuka Denshi, IMUC-7OOO). For the action spectrum, the 
photocurrent density of the ITO/BB system was measured at  + 1.30 V (vs. Ag/AgCl). The 
incident light intensity was measured by an  irradlation intensity meter (type CAI hom 
Kipp & Zonen). 

RESULTS AND DISCUSSION 

A typical cyclic voltammogram (CV) of the coated polynuclear iron-cyanide complex (Refs. 

8-1 1) is shown In Fig. l(a). The CV shows two couples of reversible redox waves for 

Prussian white (PW, Fe,"[Fe"(CN),l,*-)/PB couple at t0.2 V (vs. Ag/AgCl) and for PB/BB 
couple at  t0.8V.The CVscanuptot1.5Vwasalsocarriedout at  boththeBB-coatedITO 
system (denoted as ITO/BB) and a bare ITO. and is shown in Fig. l(b1. Almost no anodic 
current at  a bare I T 0  systemwas observed in the darkas well as under illumunation. At 
the BB-coated IT0 anodic current was observed in the dark, and under illumination 
much higher anodic current was observed than in the dark. It is expected that not only 
dark oxidation reaction but also photoinduced oxidation by the BB lUm takes place. 
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Fig.1 Typical CV ( Scan rate : 20 mVs”) at IT0 electrode coating the polynucler iron-cyanide 
complex in a KNQ, electrolyte solution (pH5.5)(a). CV scaning up to + 1.5V vs. Ag/AgCI at the 
BB-coated IT0 electrode (Scan rate : 5mVs-’) (b). - - -, ITO/BB under illumination ; -, 
ITO/BB under dark; ..... , a bare IT0  in the dark and illumination. 
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Fig. 2 shows the typical results of potentiostatic electrolyses at an  ITO/BB and a bare I T 0  

in the dark as well as under illumination. Almost no 0, was observed in the dark as well 
as under illumination at  a bare ITO. At ITO/BB 0, was produced in the dark. The amount 
of 0, produced at the ITO/BB under illmination was remarkably higher than that in the 

dark. The ITO/BB system brought about photoinduced 0, production even at  t 1.3 V. The 
turnover number (TN) of the catalyst for photoinduced 0, production based on the total 
amount ofthe coatedBBunit ( 1 . 2 ~  10-8mol)was78 h 'at+1.5V.ThedissolvedO,inthe 

aqueous phase was measured by an 0, senser, and Faradaic efficiency (F. E.) for the total 
0, produced was calculated ; the average F. E. exceeded 80 %. 

In orderto investigate the photocurrent generation which induces water oxidation in the 
lTO/BB system, the action spectrum for the photocurrent was measured at  t 1.3 V, and 
the results are shown in Fig. 3 compared with the absorption spectrum of the BB film. The 

action spectrum shows the photon-to-current conversion efficency ( 7 , %) on the 

irradiated wavelength (Ref. 12). The action spectrum was in accord with the absorption 
spectrum of the BB, so that the light absorption by the BB species is responsible for the 
photoinduced process. 

I I "V s r  1 0.7 

A 
s 
$ 3  . 
r 2  

1 

0 

0.6 ~ 

0.5 
0.4 $ 
0.3 2 
0.2 til 
0.1 
0 

+1.2 +1.3 +1.4 +1.5 400 500 600 
E I V vs. AglAgCI Wavelengthlnm 

Fig. 2 Result of typical electrolysis data at the 
BB-coated IT0 and a bare ITO. 
Totql coated amount of the BB is 1.2 x 108 mi 
cm- .O. ITO/BB under irradiation ; 0. ITO/BB 
under dark; : A,a  bare IT0  under both dark and 
illumination.. 

Fig.3 Comparison of action spectrum for 
photocurrent in ITO/BB system(*) with absorption 
spectrum of BB film, 

The photocatalytic activity for water oxidation was studied as a function of the total 
amount of the BB on the IT0 as shown in Fip. 4. The amount ofthe 0, produced increased 
with the coated amount of BB up to ca. 1.0 x lo8 molcm" and tended to approach a 
saturation, showing that the BB works as  a bulk photocatalyst for the wateroxidation. 

The TN value of the catalyst per unit cell of the total coated BB decreased with the coated 
BB amount. This would be ascribed to the charge transport from the electrode to the 
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coated BB as well as to the fflter effect of the BB. 

A longer-term electrolysis in the ITO/BB systemwas carried out, and the result isshown 

in Fig. 5.  The amount ofthe 0, produced increased almost linearly with the reaction time. 
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Fig. 4 Dependence of the amount of the 0, 
produced and the turnover number of a BE unit 
cell wMh the coated amount of BE. 
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Fig.5 A longer-term electrolysis data at ITO/BB 
(applied potential.+l.4V vs. Ag/AgCI). Total 
coated amount of BE is 3.5 xlOa mol 

The mechanism of the photoelectrocatalysis in the ITO/BB system is shown in Scheme 1. 
The BB species works as a photoexcitation center, and the oxidative quenching of the 
photoexcited BB by electron transfer to the IT0 electrcde would take place under applied 
potentials. The BB thus oxidized can catalyze water oxidation under 
photoelectrochemical conditions. 

BB 

electrode ~ BB++e- BB* 

Scheme 1 The proposed mechanism of the photoelectrocatalytic 
water oxidation 
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