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ABSTRACr

MWe Mechanism of the photogmnsaix. Of Wh0 by adsobd farrocyanide has bse invesised by
elcsoh-ical meurumts And surface MR1 spectroecopy. It is shin that surface xpuguses teams

Of apProMimately 100-200 at necessary for effcit lHt harvessing. Fesyocyanide adpoebal 0@ uwana
are comtpared to TifFe(CNhI) films deposited by a novel electrocemnicai methoid onto metali substrat.
Cyclic voltamme"i and analsis of the infrared vibratioal sectr -Of T 1 -FO(CN)'- surface com.
pietes and TilFe(CN)# indicate: sgificant charg transfer from Fell to 11"'. Fetocyanide adaptiom
geometrie are Proposed on the baun of ezpeitmetal data and geometric considerations of the anatase
lattice. Ligh conversion effiietinu &=r 4 dc ssed na mod el kwaylee dleiaa for the sumwomduc.
tor/sesitime/elctrolyte interface is preented.

INTRODUCTION

Recently, we have described efficient photosensitization of MIO 2 surfaces by
adsorption of tri(,2-bipyridyl-4,4'-dicarboxylate)rutheniuin(II) (11, carboxylated
porphyrina [2J, and Fe(CN)t- [3]. The latter system is of particular mechanistic
=411104ice ferrrocyanide shows little optical absorption above 360nm. However,

bui.M0q COUation, Obtained Upon interaction of fe(CN)4 wihTOissont
be &Wt w tgeransfer complexation between Ti~and this anion.

Fhwian blue 141 and its analogues [5h, M,[M'(CNhJ1, (with M or M- V [6b, Co
[7b, Ni [81, Cu [9), Ru (101, Cd (l1D, have been studied extensively. However, only a
few reports [7,121 describe brown to orange colored compounds obtained upon
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mixing acidic T41 or Ti'* solutions with Fe(CN)"- or Fe(CN)- solutions. On the
basis of X-ray diffraction data and M~sbauer spectra, Milligan and co-workers
[7.12bJ suggested a structure of TiIvIFeCi(CN)61, even When TiCl3 and Fe(CN)'[
were used as the starting material Ti(M(CN)61, With M - CO, Rh, Ir, have been
characterized by X-ray diffraction, IR, optical, and X-ray photoelectron spec-
troscopy [13).

It is therefore appropriate to present an analysis of the electrcemia and
infrared spectroscopic analysis of ferrocyanade complexes at titania surfaces In the
firs part we will treat the electrochemistry of the semiconductor/surface complex/
electrolyte interface and discuss relationships between surface roughness and mono-
chromati photocurrent efficiencies. The effect of hydroquinome as a cowsitizew
will, also be discussed. In the scond part, we treat the interaction of Fc(CN)4- and
TiO2 in term of the results of electrode surface FTIR spectroscopy. We damon-
strate here a novel method for the preparation of Ti[Fe(CN)d6 films depod&tu an
gold and platinum electrodes, and compare them to analogous species formed at
titania surfaces. These results provide new information on the structur o1 the
TiO2-Fe(CN)- complex and the mechanism of photoeenatization of aensicomtac-
tor surfaces.

EXPERIMENTAL

Mat erials
Titanium metal sheet (0.5 -m thickness, Kobe Steel, Ltd.; nominal impurity

analysis 0 (0.099%), Fe (0.078%), C (0.014%), H (0.0035%), and N (0.002%)) was
used as the metallic electrode substrate. For dispersed electrode measurements,
rtO2-P25C powder obtained from Degussa, (W. Germany, BET area 55 mi S- 1) was
used. The relative crystalline distribution was 80% anatase and 20% rutile. All
chemicals were at lenst reagent grade and were used as supplied. Deionized water
was filtered through activated charcoal and triply distilled. All solutions were c

deaerated with Ar or N2 prior to use.Ou

Electrodes
Pt, Au, and Ti disk electrodes were sealed into glass tubes with silicon glue or

epoxy and polished with increasingly finer grades of alumina (down to 0.05 pm).
Finally, the suirfaces were briefly ultrasonicated in distilled water. The preparation
of abn.20 pm thick TiO 2 layers (anatase) on Ti rods (6 mm in diameter) has been

d 0u1 previously [2,141. Surface oxide roughness factors exceeding 100 were - ____
Ion Forobkm by preparing the surfaces in a 50% humidified atmosphere. Thin polycrys-

tae 1A0 filmns were obtained by scanning the potential of a Ti electrode, F'&
immersed in 0.1 M H2 50,6at10 mVs-1 from -0.5 to 3.OV (vs. SCE) and to 6.0 A
V. No oxide film was observed visually for films formed with the scamnto +3.0V, _ne e
whereas polarizations to + 6.0 V resulted in the formation of films which exhibited -

a golden interference color. This is in agreement with similar experiments by
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Blackwood [15], who estimated the film thicknesses to be 10 nm at 3.0 V and 20 nm
at 6.0 V.

TiO2 surface complexation was effected in the dark by exposing TiO2 electrodes
to Ar-deaerated solutions of 0.01 M HCIO4 with 0.01 M K 4Fe(CN) 6 for 5 I. The
20 )Lm thick anatase layers thereupon exhibited a slight brick-red color. No visible
color change was observed after ferrocyanide adsorption on thin TiO2 films pre-
pared by elctrochemcal oxidation of titanium substrate.. Before characterization,
the electrodes were thoroughly rinsed with 0.01 M HC1O4 and distilled water and
dried in vacuo.

T4Fe(CN)4 J on gold and platinum were prepared by electrochemial induced
precipitation of the complex ion, simila to the preparation of corrsponding
colloidal compounds that has been described previously [7,12b. Th corresponding
metal working electrode was immened in 10 ml of demerated mechanically stirred
0.06-0.12 M K3Fe(CN) 6 solution. The electrode potatial was switched to 0.0 V
and 10 ml of 0.06-0.12 M TiC14 in 6 M HO was injected into the cell The
reduction current dropped to zero within the range 50 s (for 0.06 M) to 5 s (for 0.12
M) whereupon a yellow film appeared. Prussian blue films were prepared according
to the method of Itaya et aL [4b].

Apparatus
Electrochemical experiments were carried out in standard two. or thre&ompr-

meat electrochemical cells. Cells for photoelectrochemical or infrared spectro-
electrochemical measurements were equipped with flat Pyrex or CaF2 windows,
respectively, and have been described previously [16]. For driving the electro-
chemical experiments, a HI-TEK Model DT 2101 potentiostat was used with a
HI-TEK Model PPR1 waveform generator and a Houston Model 200 XY recorder.
All potentials were measured and are quoted versus the saturated calomel electrode
(SCE).

TiO2 electrodes were illuminated with radiation from a 55 W tunpte-halogen
lamp dispersed through a monochromator (Bentham Model M300). Monochromatic
photocurrent efficiencies were determined by a calibrated Si photodiode The
detector was covered by a mask wi was of the same size as the electrode.
Polychromatic irradiation, provided by the same lamp, which was low-frequency
attenuated by a 14 cm thickness water filter and high-frequency limited by a 490 nm
cutoff filter. The light intensities were measured with a Scientech Model 362 power
energy meter.

Infrared reflectance spectra were obtained with a Bruker FT-98 vacuum spec.
tramif modified for surface studies, as has been described previously [161. For the
midinfrared region, a KBr beamsplitter, a KBr optical bench window, and a 77 K
cooled HgCdTe detector were employed in the measurements. Interferograms were
recorded at a resolution of 4 cm- 1 ; the optical bench was maintained at pressures
(< 120 Torr), where interferences due to atmospheric absorbance was insignificant
The sample chamber was purged with dry nitrogen. The difference vibrational
reflectance spectrum was obtained by ratioing the average of up to 2000 spectra of
the sample surface with the same number of spectra of the untreated surface.
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RESULTS AND DISCUSSION

Electrochemical behavior in the dark

Figure I presents current-potential curves for a ca. 20 Aim thick MiO 2 layer
(anatase) in 0.01 M HO1d.. In the dark, the unmodified MiO 2 electrode exhibits the
typical behavior of an n-type semiconductor with reversible charging of the sPace
charge layer (dashed curve). The same voltammograms were obtained in the

0

0.0 0.5 1.0

E /V vs. SCE
Fg1. Cwumi-potantial curves for polycystafline TvO 2 (anatase) in 0.01 M HC30 4 in the dark, before

- )and after (-.... .) ex situ complmtidon with Fe(CN.)6 Scan MWt Was 50 MV &-1.
The solid trama was obtained after 1 ht in 0.01 M HC10 4 at 1 V une room lght irradiation; the dotted
curve Imd the same conditions, but with additionally 0.01 M bydroquinone in the solution The inset
shows photocuamats under monochromatic illumination (450 ZWm. photon flux - 3.9 x 10- 11 Mal s'
gM-

2 ) of the samne TiO2/FS(CY4- electrode in 0.01 M HC10 4 +0.01 M hydroquinone at 0.2 V.



presence of 0.01 M hydroquinone. After surface complexation with F(CN)-,
increased cathodic currents were measured for E < 0.9 V in 0.01 M HC10 4 and a
cathodic wave appeared with a peak potential at about 0.04 V. The anodic currents
increased only slightly, and did not show an oxidation wave. This result can be
explained if we assume a slow electron transfer to the hexacyanoferrate species
through the space charge layer of the semiconductor operated in the depletion
mode. It is possible that the peak potential of this reduction is far negative of the
standard potential of the surface complex since the electron transfer kinetics at
polycrystalline semiconductor is kinetically controlled in a complex way by the
magnitude of the band bending, the charge transer through the Helmholtz layer,
and the mass transfer conditions [17).

The magnitude of the cathodic peak current at potentials ;o 0.5 V depended
critically on the optical saturation of the electrode. Aftr 30 to 60 main room lH
illumination at 1.0 V, maximum surface oxidation was attained (d. also t. 2
below). Subsequent voltammetry of this surface in the dark resulted in the rpo in
shown by the solid trace in Fig. 1. Visually, no color chang could be observed at
the surface during the oxidation.

If the Fe(CN)- -modified TiO 2 was held at 1.0 V in the presence of 0.01 M
hydroquinone, the observed reduction currents were significantly smaller (dotted
curve in Fig. 1). This result indicates that the oxidized TiO Fe(CN)4- complex is
reduced by hydroquinone (E* - 0.44 V at pH -0 [18D and that hydroquinome can
act as a cosensitizer in photochemical experiments (see below). From this result we
estimate a lower limit for E of the surface species to be wO.4 V.

The chemisorption of Fe(CN)4- was also studied at dispersions of TiO2 particles
(cf. also ref. 3). TiO 2 powder was stirred in an aqueous solution of i0-4 to 10-2 M
K 4Fe(CN) 6 in 10-2 M HCO 4 . After equilibration for 5 h under an Ar atmosphere,
we collected the TiO2 by centrifugation. The concentration of free Fe(CN)- was
determined by cyclic voltammetry of the supernate. A saturation coverage of
7 x 10 - mol g- TiO2 or 1.3 x 1010 mol C - 2 was calculated. This surface
concentration corresponds to slightly less than one molecular monolayer coverage,
which may be due to deviation from the assumption of close-packing surface
orientation or to the micropores being too small for penetration by Fe(CN)-

The saturation coverage of the titania surfaces and the data presented in Fig. 1
may be used for determining the electrochemically active area of TiO2 electrodes.
Generally, the surface roughness of a polycrystalline semiconductor electrode can-
not be determined from impedance measurements unless the minority carrier
deidty can be determined independently, e.g. from Hall and bulk resistivity
miemmentu. In the case of 1i0 2 (anatase), electron microscopy yielded only
qualitative data on the electrochemically active area [19). Recently we showed,
however, that the surface roughness factor of polycrystafline lW-%Q can be esti-

SAssuntin a radius of 0.46 pm for Fe(CN)-, a dosepeckud monolayer corresponds to 2.3x10 -

Mol M- and. in the cas of a oneec-rona ra to 2.2x10'- C cm- .
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mated by adsorption of a suitable ion and subsequent voltammetric measurements
[17b].

In order to obtain meaningful data from such an approach, at least three
conditions have to be fulfilled:

(i) The saturation caverage should correspond to one monolayer. Thus charged
and rather spherical molecules are preferable.

(ii) The adsorbate has to be stable at the pH values required for adsorption. The
pH has to be below the isoelectric point of the semiconductor for adsorption of an
anion and above for a cation.

(mi) The adsorbate has to undergo a redox reaction with a standard potential at
more positive values than the flat band potential in the cae of an n-type semicon-
ductor.
Requirements (i) to (iii) are fulfilled for the system TiO,/Fe(CN)4 in sighfdy
acidic solutions. From the shaded area in Fig. 1 which corresponds to 3.1 mC an-
and by assuming a monomolecular coverage of around 1.8 X 10-10 Mol Cm- 2 (see
above) we conclude that the electrochemically active area is around 180 times higher
than the apparent geometrical area.

Phoroektrockemcal behavior

The inset in Fig. 1 shows photocurrents obtained under monochromatic irradia-
tion (wavelength A - 450 nim) of a TiOJFe(CN)- electrode in 0.01 M HC1O4 0.01
M hydroquinone at a potential of 0.2 V . The monochromatic photocurrent
efficiency (defined as electron flux divided by photon flux) corresponds to 26%
which is in agreement with earlier reported values (cf. Fig. 2 in ref 3). One of the
electrodes showed, however, a significantly lower efficiency, 7% at 450 nro. Interest-
ingly, its electrochemically determined surface roughmess factor of ca. 40 was also
much lower than for the electrode presented in Fig. 1. This finding further
corroborates the necessity of high surface area electrodes for efficient dye sensitiza-
tion [1-31 and explains the much lower sensitization efficiencies reported for single
crystals and low area polycrystalline electrodes [201.

The effect of hydroquinone as a cosensitizer is demonstrated in Fig. 2. Without
hydroquinone (lower curve) the photocurrents decreased exponentially during the
first 100 s of polychromatic illumination (A > 490 am). The apparently slower decay
afterwards may partly be due to sub-bandgap effects of the TiO2 electrode (cf. Fig. 2
in ri 1) and partly due to slow cation (probably proton) migration out of the fractal
s of the electrode. The oxidation charge during 5 rain of irradiation
cmIwIm&ded to 1.7 mC cm- 2 or to only 55% conversion of the ferrocyanide film. In
tlp -Ine of hydroquinone however (upper curve), the photocurrents stabilized at
0." mA CM- 2 after an induction period of around 40 s. After 2 h of continuous
illumination the photocurrents were still as high as 0.0" mA cm 2 , which illustrates
the efficiency of hydroquinone to reduce the oxidized surface complex.

Light intensities of 58 mW cm - 2 (A > 420 nm)[resulted in an initial photocur-
rent density of 0.32 mA cm - 2 in 0.1 M hydroqdinone at pH 2. Within 17 h of
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a)

10.01

b)

)0.001

R

2M7 10.025
.-

2 d)

2106
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Light on Light off 2200 2100 2000

Time WAVDOPMn / eu 1

Fig. 2. Pbotocurrent-me bebavww for the T0 2 electrode pre ted in Fig. 1. Polycbroeati (A > 490
nm) iuradiance was 6.5 mW cm - 1. The 0.01 M HCIO, solutio was deawated with As during
illumination. Lower airve: no ydroquinowe; upper curve: 0.01 M bydrqinoew in 0.01 M HCI30.

Fig. 3. Surface reflectance FTIR spectra of various ferrocyanile complees. Al specmt wo obtained
under vacuum (a) Fe(CN)- cuenisoebed on a 20 ,im T,02 layer (anatase). (b) Fe(CN):- cemi-
rbd an an slectrochmmnicaUy generated fibm of ca. 20 pm T O2 on Ti. Only p-polarird IR radiation was
aasd (e) TFe(CN)4J film on gold prepared by adding a 0.12 M MlCI. +6 M HCI solution to a
piedeodynd (0.0 V) 0.12 M KFe(CN), soluriom (d) Prussian blue on gold prepared at a constant
catledanmsmilty of 0.01 mAcm- 2 fo 60 sinO.01 M Fe 3a +0,01 M KFe(CN)G (pH 2). Cycic
voumisy revealed a surface clare of 1.08 mC cm - 2.

polychromatic irradiation the current dropped to 0.11 mA cm- 2. From the total
charge of 9.0 C cm-2 driven through the cell we calculate a turnover number ofe,)( / c
demonstrating the photocatalytic behavior of TiO2/F(CN)-.
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Surface FT7R spectroscopic investigtions

Figure 3& shows the infrared difference reflectance spectrum of the TiO,/
Fe(CN)- modified electrode measured under vacuum; the unmodified TiO 2 elec-
trode (ca. 20 pm anatase) is the reference. The rather broad peak at 2078 cm-I (full
width at half maximum, FWHM - 24 cm - 1) is due to C-N stretching modes. The
peak frequency is intermediate between ferrocyanide (2040 cm - ') and feruicyamde
(2114 cm- ) in neutral aqueous solution [21) which indicates that there is a
significant charge transfer from ferrocyanide to TiO,-unis (x < 2) on the electrode
surface. The shoulder at 2045 cm-', which persists even after prolonged washing
with 0.01 M HCIO, and H20, may indicate the presence of phyuisorbed ferro-
cyanide within the surface Ti0 2 layer. These spectral features, as well as the
brick-red coloration disappear completely after soaking the electrode in 0.1 M
NaOH for 24 h. In situ infrared spectroscopi investigaions of these surfaces
proved difficult due to their low reflectivity (methods of investigation inchuded the
use of parabolic collection optics placed close to the sample, careful focusun, and
varying the range of angles of incidence). After emersion of TiO/Fe(CN)4-
electrodes which had been prepolarized at 0.3 or 1.0 V, and subsequet washing
with H 20, the open circuit potential drifted to values around 0.2 to 0.4 V whba the
electrodes were placed again in 0.01 M HCaO 4. This indicates that emered film are
probably a mixture of chemisorbed Fe(MC) -/

I
- . No significant spectral dif-

ferences could be resolved for TiO2 electrodes emersed at -0.3 or 1.0 V, respec-
tively.

Titanium electrodes covered by a film of 10 to 20 nm of electrochemically formed
TiO 2 exhibit metallic reflectivity. After complexation of this surface with Fe(CN)4-
for 5 h, a band appears at 2073 cm-1 in the infrared reflectance spectrum collected
under vacuum (Fig. 3b). Peak frequency and shape are very similar to the 2078
cm - 1 band of 20 pm TiO2 layers. Due to lower surface roughness, however, the
peak intensity is more than ten times lower than that observed for titania presented
in Fig,. 3a. No adsorption was apparent from conventional cyclic voltammetric
analysis, probably due to sluggish electron transfer kinetics through the passivating
TiO2 films. No spectral changes were apparent during in situ spectroelectrochemical
measurements. On TiO 2 single crystals (rutile, donor density - 1019 cm - 3 ) no
ferrocyanide adsorption was detected using either electrochemical or infrared spec-
troscopic techniques.

Ia the ig of the above observations, it is obviously important to compare the
els8eftc ical and infrared spectroscopic behavior of Ti(Fe(CN)] with TiOl /
Fo.rCN. We therefore adopted a previously described precipitation method
[7,124 in order to deposit Ti[Fe(CN) 6 1 idms onto metal substrates. Cyclic voltam-
mon. in 0.5 M KNO3 showed a completely irreversible oxidation wave, peaking
at 0.83 V. After two or three scans between 0.0 and 0.9 V, the oxidation wave and
also the coloration of the electrode disappeared completely; voltammograms typical
of the unmodified substrates were then prevalent, indicating complete dissolution of
the film upon anodic oxidation.

I
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Figure 3c shows an ex situ spectrum of a Ti(Fe(CN) 6] film on gold prior to
oxidation. We note, an asymmetric band with a maximum at 2106 cm-1 and a
FWHM of ca. 45 cmn - . This band disappeared completely after oxidation of the
ferrocyanide film at 1.0 V. The same results were obtained with gold and platinum
substrates. More detailed electrochemical and in situ IR spectroscopic data on
r4i(FNCN'.]J film will be presented elsewhere

X-ray data for powdered T4iFe(CN) 6] [7,12b] revealed the same face-metered
Cubic Unit CeCl (Space group F, 3./O') as determined for Prusajan blue (221.
Therefore we also included a reflection spectrum of Prusuian, blue, depositied on
gold, in Fig. 3d. The spectra presented in Fig. 3c and 3d show exactly the same peak
frequency. However, on the basis of the very different ectohmalbehavior and
the different coloration, there remains no doubt that the two samples are chenicay
different. Similar IR spectra of Prussian blue with a broad asymmetric band
centered at 2080-2090 cmn - 1 have be=n reported in the literature (231

Structural and mechanstic impicmwins

If MiO 2 is covered by only one monolayer of -Fe(CN)I-", the surface complex is
expected to have a different structure than T4qFeCN)j. This is supported exei-
mentally by the different infrared and electrochemical results T1he behavior of the

IN N

0. 3785 nm
Fig. 4. Proposed georetries for FO(CN4 adioftiee bonded via 3 cyano nitrogims to r,0 2 (anatas).
Only Ti core are shown in the tevrqonal anausen utanium dioxde lattace.
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CN stretching modes indicate a higher degree of charge transfer from ferrocyanide
to Ti' in the case of formation of TqFe(CN) 6] and suggest that the ferrocyanide
units are less readily oxidized in Ti[FeC) 6 ] than in the Case Of TO(2/Fe(CN)4-.
We conclude from the irreversible oxidation wave at 0.8 V for the former complex
that the EQ value for (TiO2/FeC)( is6 s than 0.8 V.

The question arises if ferrocyanide is bonded to the surface oxide by 1, 2Z or 3
cyano nitrogens. The CN bond is expected to weaken (with respect to solution 0 *
symmetry) because of coordination to Ti centers. T1his decrease in bond strength
seems to be more than compensated for by the lower occupancy of the II& orbital
due to decreased electron density of the Fe cores. Model calculations (241 have
shown that the F1, mode splits according to the symmetry of the surace complex
and as a function of binding energy. The largest blueshias (compared to0,
symmetry) are expected when binding occurs through one or two nitrogens to the
surface. From the present data however, a blue-shift of 38 cm' for TiOV /FeCN),
(cf. ref. 21 for free Fe(CN)-) cannot be related unmiuul to coordination
geometry and binding energ.

Z./V vs. SC~

-2

EC k <650nm

1S H2Q

TIO
2 2

Fis. 5. Enery Ie~d diapani. The dnrand accptor states of the oosensitzer (H2Q/Q) and the
Sesaiize (S) in its ground and emited states are represented scbemiatcally by Omiasian distribution
functions Ec, Er, and Ev denote the Potentals of Conduction band valence band and Fwnn WLevl
respectively.



The following qualitative conclusions can be drawn by considering the Fe(CN)4-

and the TiO2 geometry. From the crystal structure of Prussian blue with a lattice
constant of 1 nm (4b) we conclude that the Ti cores, which bind ferrocyanide via
two or three N atoms, have to be separated by at least 0.7 nm. The tetragonal
structure of anatase with the lattice parameters a - b - (0.3785 ± 0.0002) nm and
c- (0.9514 ± 0.0006) nm [251 offers many possibilities for Fe(CN)4- coordination
to 2 Ti atoms separated by 0.7 57 rnm. Figure 4 shows that even coordination via 3
N is feasible based on geometric considerations. Further adsorption studies as well
as electrochemical and IR-spectroscopic measurements on various TO 2 (anatase,
rutile) samples are needed to investipte the adsorbate geometry.

On the basis of the band positions of TiO2 (anatase) [261 and the optical [31 and
electrochemical properties (see above) of TiO2/Fe(CN)-, an approximate energy
level diagram can be drawn for the semmonductr/semtizer/electrolyte interface
(Fig. 5. Even at wavelengths as long as 650 am the driving force for electron
injection to the TiO2 conduction band is fairly high (> 0.5 eV), reulting in quatum
efficiencies of up to 37% [3]. On the other hand, overall energy conversion efficien-
cies of photosensitized photoelectrochemical cells will be limited by the rather high
overpoential for electron injection. Excited states of other transition metal cyanides
forming charge-tr-asfer complexes with TiO 2 may match the sinductmr con-
duction band energetically in a more favorable way. Such compounds are presently
being mvestigated.
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