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Photosensitization and the Photocurrent Switching Effect in Nanocrystalline
Titanium Dioxide Functionalized with Iron(II) Complexes: A Comparative

Study

Wojciech Macyk, Grazyna Stochel, and Konrad Szacitowski*!*!

Abstract: Selected iron(I) complexes
(ferrocene, ferrocenylboronic  acid,
hexacyanoferrate(II)) have been used
as photosensitizers of titanium dioxide.
Various types of electronic interactions
between the surface complex and the
semiconducting support are reflected in
different yields of photocurrent gener-

different efficiencies of the photosensi-
tization effect. The studied systems,
showing the photocurrent switching
upon changes of electrode potential

Keywords: electrochemistry - elec-
tron transfer - photochemistry -
semiconductors - titanium dioxide

and energy of photons (the PEPS
effect), are good models of simple pho-
toelectrochemical logic devices. The
mechanism of photosensitization and
photocurrent switching is discussed
with respect to the type of surface-
complex—support interaction. Quan-
tum-mechanical calculations support

ated upon visible-light irradiation and

Introduction

Photoinduced, interfacial electron-transfer processes are
crucial for solar cells, photonic switches, logic gates, and
semiconductor photocatalysis. These processes are the last
step of photophysical processes within semiconductor crys-
tals that occur upon light absorption. In the primary step,
excitons are generated, which in turn can annihilate (on ra-
diative or thermal pathways) or dissociate yielding mobile
electrons in the conduction band (CB) and holes in the va-
lence band (VB), respectively. The further fate of the charge
carriers depends on the concentration of bulk and surface
defects acting as charge traps. Bulk doping and surface
modification, along with photosensitization supply easily ac-
cessible, redox active sites that can participate in electron-
transfer processes. Visible-light photosensitization also con-
sists of photoinduced electron transfer. It can be achieved
by four main approaches: 1) bulk doping, 2) surface modifi-
cation, 3) formation of composite semiconductors,"”! and
4) metal-semiconductor composites.* !

Bulk doping results in the formation of intra-band-gap
donor or acceptor levels that render the effective band gap
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the proposed mechanisms.

smaller (Figure 1a). The modification usually involves intro-
duction of p-block (N[ C&200 gro2 ¢ BrPA 1]
PbP), d-block (V,*! Cr,”*?") Au, Rh, Ni,*®! Pt etc.) or
f-block (Eu, Pr, Yb,! Ce,* Nd™! etc.) elements into TiO,
(or other wide-band-gap semiconductors) matrix. Surface
modification, in turn, involves formation of covalent or ionic
bonds between a semiconductor surface and chromophoric
molecules or formation of chromophoric surface species
upon interaction with chromogenic molecules. In the first

1L

Figure 1. Modes of band-gap “narrowing”: a) bulk doping resulting in for-
mation of acceptor or donor levels; b) photosensitization with organic or
inorganic chromophores chemisorbed onto semiconductor surface; c) for-
mation of surface complexes exhibiting MMCT or LMCT transitions;
d) formation of composite semiconductors. E, stands for the band-gap
energy.
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case diverse organic dyes (porphyrins®**"! phthalocya-

nines,***!  thiacarbocyanine dyes,***’) various natural
dyes*) and metal complexes®! undergo photoexcitation
with visible light and inject electrons into the conduction
band (Figure 1b). Chemisorption of chromogenic molecules
onto the TiO, surface results in formation of ligand-to-metal
or metal-to-metal charge transfer (LMCT and MMCT, re-
spectively; more precisely referred to as ligand-to-particle
or metal-to-particle charge transfer; LPCT and MPCT) in-
volving surface Ti" ions and surface-bound ligands or transi-
tion-metal complexes, respectively. Photoexcitation of these
systems results in a direct electron injection into the CB as a
consequence of photon absorption (Figure 1c). Composite
semiconductors are formed when TiO, particles interact
with particles (or are covered with layers) of semiconductors
of smaller band-gap and different band-edge potentials. Visi-
ble-light irradiation leads to charge separation only in the
smaller band-gap semiconductor and subsequently electrons
can be injected into the CB of TiO, (Figure 1d). This pro-
cess results not only in photosensitization, but also in more
efficient charge separation and suppression of recombina-
tion processes. Similar processes take place upon excitation
of metal nanoparticles within their plasmon resonance
bands.

The most commonly used technique of TiO, photosensiti-
zation is surface modification. The simple quantum-chemical
description of photophysical processes involved in surface-
modified metals and semiconductors was given recently by
Galperin and Nitzan.”%! Properties of the surface-modified
semiconductor can be derived from an interaction between
isolated electronic levels of the surface molecules (especially
HOMO and LUMO orbitals) and the electronic continuum
of semiconductor under the influence of a radiation field.
The total Hamiltonian of the system can be thus formulated
as a sum of Hamiltonians for all the components of the
system (F,) and a coupling operator including all the physi-
cal processes of interest (V) [Eq. (1)]:

Abstract in Polish: Wybrane kompleksy Zelaza(Il) (ferrocen,
kwas ferrocenyloboronowy i heksacyjanozelazian(ll)) zosta-
ty uzyte jako fotosensybilizatory dwutlenku tytanu. Rézne
typy oddziatywan elektronowych pomi¢dzy kompleksami po-
wierzchniowymi a podtozem polprzewodnikowym znajdujg
odbicie w roznych wydajnosciach generacji fotopradu i
roznym stopniu fotosensybilizacji materiatéw na swiatto wi-
dzialne. Wszystkie badane uktady wykazuja efekt fotoelek-
trochemicznego przelaczenia fotopradu na skutek zmian po-
tencjatu fotoelektrody i zmian dtugosci fali swiatta padajace-
go (efekt PEPS), dlatego tez stanowig bardzo dobre modele
prostych przetacznikow fotoelektrochemicznych. Niniejsza
praca szczegotowo okresla mechanizm fotosensybilizacji i
przetaczenia fotopradu na podstawie analizy oddziatywan
pomiedzy kompleksem a powierzchnig potprzewodnika. Ob-
liczenia kwantowo-mechaniczne potwierdzajg postulowany
mechanizm.
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The H, Hamiltonian is simply a sum of the Hamiltonians
of individual components of the system [Eq. (2)], in which
Hy, Hg, and Hy are the Hamiltonians for the isolated mole-
cule, the semiconducting substrate, and the radiation field,
respectively. The coupling operator in turn can be formulat-
ed as Equation (3).

HUZHM+I:IS+HR (2)
‘7 = VET + VDC + VRM + VRS + VRMS (3)

The coupling operator includes terms corresponding to
the following processes: electron-transfer coupling between
each isolated molecular electronic state of the molecule and
the electronic continuum of the semiconductor (VET);
dipole-induced dipole coupling (energy-transfer), which de-
scribes interaction of an excited molecule and the dielectric
response of the substrate (Vpc); molecule-radiation-field
coupling (Vygy), describing light absorption by the isolated
molecule; substrate-radiation-field coupling (Vgs) depicting
optical properties of the semiconductor; and molecule/sub-
strate-radiation-field coupling (Vgws), which describes a
direct optical excitation between the substrate electronic
continuum and a molecular electronic state or vice versa.
Photosensitization by organic chromophores or transition-
metal complexes chemisorbed onto the semiconductor sur-
face can be in most cases described simply by the combina-
tion of Vgy and Vyp terms: energy quanta are absorbed by
the chromophore and electrons from its excited state are in-
jected into the conduction band of the semiconductor (cf.
Figure 1c). On the other hand the direct photoinduced elec-
tron transfer from the surface bound molecule described by
the Vgus term (cf. Figure 1d) was reported only for cyano-
ferrate-®""? and catechol-modified™! titanium dioxide.

The above-mentioned theoretical background shows that
irrespective of the chemical nature of the photosensitizer
and its binding mode to the semiconductor surface, one
should consider two main ways of populating the semicon-
ductor CB: direct and indirect. Direct processes include
VB—CB excitations, photosensitization through bulk
doping (Vgs-driven processes) and photophysical processes
involving the Vgys term. Indirect processes, in turn, involve
excitation of the surface and a subsequent electron-transfer
reactions (VRM+ VET).

The pathway of the photoinduced electron transfer within
the semiconductor—photosensitizer system depends thus
strongly on the binding mode of the modifier to the semi-
conductor particle, that is, on the strength of the electronic
coupling (Vgy). In this respect, studies on the correlation be-
tween spectral, electrochemical, and photoelectrochemical
properties of nanocrystalline TiO, with various photo- and
redox-active molecules are very important. This work pres-
ents a comparative study on photoelectrochemistry of titani-
um dioxide modified noncovalently and covalently with var-
ious iron(II) complexes: ferrocene, ferrocenylboronic acid,
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and hexacyanoferrate. The first complex is attached nonco-
valently, the second covalently by means of a o-linker, while
the last one covalently through a m-linker. Similarities and
differences of photoelectrochemical response of these mate-
rials are related to quantum-chemical modeling at B3PW91/
6-311++G(d,p) level of theory.

Results and Discussion

Photosensitizer—support interaction: Impregnation of com-
mercially available TiO, (P25, Degussa) with solutions of
iron complexes resulted in formation of colored materials:
ferrocene-modified TiO, (Fc@TiO,), ferrocenylboronic acid
modified TiO, (FcB@TiO,) and titanium dioxide modified
with hexacyanoferrate(Il) ([Fe(CN)q¢]* @TiO,). Their elec-
tronic spectra are presented in Figure 2. The onsets of visi-
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Figure 2. Transformed diffuse reflectance spectra of a) studied photosen-
sitizers and b) titanium dioxide modified with corresponding iron com-
plexes.

ble-light absorptions are localized between 600 and 700 nm
in all the studied cases. The complexes show a rather small
influence on band-gap energy of the titanium dioxide sup-
port, which can be estimated to be equal to 3.25eV. The
spectral features of Fc@TiO, are reminiscent of those of the
individual components of this material (Figure2). Only a
slight hypsochromic shift of the ferrocene absorption band
(by ca. 5 nm) can be observed. This is consistent with a neg-
ligibly weak electronic coupling between ferrocene and tita-
nium dioxide crystals, which results from the lack of any co-
valent bonding. A broad absorption shoulder of a low inten-
sity can be observed in the case of FcB@TiO,. The diffuse
reflectance spectrum of the FcB@TiO, material does not re-
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semble the sum of the components. The spectrum contains
an absorption edge characteristic for semiconductors and a
weak, but broad, featureless band between 400 and 660 nm.
This absorption can be tentatively attributed to the charge-
transfer transition similar to that observed for diverse cya-
noferrate complexes bound to the titania surface.[%

A completely new type of electronic transition appears
after adsorption of hexacyanoferrate complex at TiO, sur-
face. The broad band with maximum at 415 nm recorded for
[Fe(CN)¢]*@TiO,, which does not appear in the absorption
spectrum of [Fe(CN)]*", is attributed to the MMCT transi-
tion, namely Fe!! —Ti!".[1-72

The described spectral features of all three materials are
parallel to the semiconductor/surface-complex interaction.
The interaction between ferrocene and titanium dioxide is
very weak—slight spectral changes reflect a simple physi-
sorption of the iron complex at the surface of TiO, with a
very weak electronic coupling. Ferrocenylboronic acid binds
chemically to the titania surface through a B-O-Ti frame-
work, providing a platform for stronger electronic interac-
tions. The appearance of this process is supported by spec-
tral differences between ferrocenylboronic acid and the
FcB@TiO, material. Formation of a new type of absorption
observed for [Fe(CN)]* @TiO, indicates the strongest elec-
tronic coupling between the two electronic systems: isolated
electronic levels of the complex and the electronic continu-
um of the semiconducting support. The MMCT nature of
this new absorption band has been described in detail else-
where.®'"? The strength of the electronic coupling can be
also deduced from the shape of the photosensitizer absorp-
tion bands. No significant changes in the energy and shape
of electronic transitions within the photosensitizer indicate a
lack of electronic coupling (Figure 3a). For electronically in-
teracting systems the adsorbate (photosensitizer) bandwidth

a
Ek JE— —
a

b
Ex » """"""" N

c

| €k ‘
—

semiconductor surface molecular
band states orbital

Figure 3. Energy diagrams for surface-modified semiconductors in the
case of: a)no electronic coupling, b)weak electronic coupling, and
c) strong electronic coupling.
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broadening is associated with the degree of electronic cou-
pling with the support according to Equation (4),** in which
& is the width of the semiconductor band.

P(E) =Y Vir(k)PO(E—2,) @

Equation (4) is valid for all the systems in which the
bandwidth of the support is larger than the electron-transfer
term Vip In this case, the energy level of the adsorbate is
broadened into a resonance centered around ¢, (Figure 3b).
In the case of a very strong coupling the absorbate state
splits into bonding and antibonding states, both exhibiting
strong broadening owing to the interaction with electronic
continuum (Figure 3c).’® Further evidence for energy-level
broadening was observed in photoelectrochemical measure-
ments (vide infra).

Postulated electronic coupling between electronic levels
of adsorbates and electronic continuum of the semiconduct-
ing support does not significantly influence the electronic
structure of the inner part of semiconductor particles. The
indirect band-gap energy determined for neat titanium diox-
ide amounts 3.25 eV, which is consistent with the previously
reported value. Interaction with any of the studied photo-
sensitizers does not change the value for the neat material
(Figure 4). In the case of zero electronic coupling no new
bandlike spectral features are formed (Figure 4b). The ferro-
cene-related absorption can be described with a single Gaus-
sian component. Mixing of occupied electronic levels of a
photosensitizer with the conduction band of the semicon-
ductor results in new transitions. Due to a significant broad-
ening [cf. Eq. (4)], instead of typical (Gaussian-shape) ab-
sorption bands additional edge-type absorptions are ob-
served (Figure 4c, d).

These new band gaps are associated with broadened sur-
face states resulting from the photosensitizer—semiconductor
interaction (cf. Figure 3b, c). These surface bands are char-
acterized by 1.75 eV band-gap energies, in accordance to ob-
served photosensitization of these materials (vide infra).

The interaction between the photosensitizer and the semi-
conducting support should influence the energy (or redox
potentials) of the conduction- and valence-band edges.
These data can be obtained from the quasi-Fermi level
measurements”>" (i.e. the Fermi level potential measured
for a semiconducting material under irradiation, EqF), which
together with the spectral characteristics of the synthesized
materials allow the determination of the redox properties of
the excited semiconducting materials. The modified method
of the quasi-Fermi level determination,”” described by Roy
et al.,” was applied. This method bases on the pH-depend-
ency of the valence- and conduction-bands edges potentials
of the semiconductor particles. In the case of titanium diox-
ide with increasing pH the cathodic shift of Eg by 59 mV
per one pH unit was reported™’ [k=—0.059 V, Eq. (5)].

E, = E’+k(pH,—pH) 5)

In combination with a pH-independent reversible redox
pair (for instance a compound from the group of viologens)
the electrons from the conduction band of the irradiated
semiconductor may or may not reduce the redox couple, de-
pending on the pH value and relative potentials (Figure 5).
At pH values lower than pH, (i.e. pH value of potential
lines crossing) the photoinduced reduction of the redox
couple does not take place. This process is, however, possi-
ble in more basic media. Therefore the measurement of the
E is obtained from the determination of the pH, value.

The measured pH, (Figure 6), that is, pH values at which
the quasi-Fermi level potential equilibrates with the redox

potential of the methylviolo-

20{ @ 20 P gen®/methylviologen'™ couple,
enable calculation of the quasi-

« 157 « 157 Fermi level potentials. Ferro-
s S cene and ferrocenylboronic
E 1.01 Em' acid almost do not influence
= 05 "0 5] the quasi-Fermi level potential,
’ ' which remains very similar to

0.0 . ] . ] ‘ 0.0 i} . i . . that measured for neat TiO,
10 15 20 25 30 35 40 10 15 20 25 30’ 35 40 (P25) material. At pH7 they

251 ¢ Elev Elev are about —0.62, —0.60, and
207 d —0.58 V (vs. NHE) for Fc@

201 TiO,, FeB@TiIO,, and P25, re-
—\:ﬁ 1.5- '\“31'5_ spectively. A significant anodic
X X 0] shift of the bands edges can be
w 1.0 g‘l observed only in the case of
054 ( 0.5 [Fe(CN)¢]*@TiO,  material

/ / (-0.47V at pH7), for which

005 20 25 30 35 40 00 G5 20 25 30/ 35 40 the  photosensitizer—support
EleV EleV electronic interaction is the

Figure 4. Determination of indirect band-gaps for a) neat titanium dioxide, b) Fec@TiO,, ¢) FcB@TiO,, and ~ most efficient (vide supra).

d) [Fe(CN)* @TiO,.
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Figure 5. A principle of the quasi-Fermi level potential measurement.
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Figure 6. Titration curves and found pH, values for Fc@TiO, (squares),
FcB@TiO, (circles), and [Fe(CN)¢]*"@TiO, (triangles).

mainly a result of the negative charge of the surface cyano-
ferrate complex.

Quantum-chemical modeling: Bonding of ferrocenylboronic
acid and hexacyanoferrate(Il) to the titanium centers of
TiO, surface was modeled by using simple binuclear model
complexes: [(CsH5)Fe(CsH,)B(OH)OTi(OH);) and
[(CN)sFe—C=N-Ti(OH),]*", respectively. One Ti" ion with
three hydroxide ligands, {-Ti(OH);}*, was used as a simpli-
fied model of titanium dioxide surface. Although very
simple, the models can reproduce all the bonding modes be-
tween the semiconductor surface and metal com-
plexes.®®772 The {-Ti(OH),}* moiety was chosen instead of
{-Ti(OH)s}™ in order to eliminate the electrostatic repulsion
between the metal centers in the case of the cyanoferrate
counterpart.

Binding of the ferrocenylboronic acid to the surface of ti-
tanium dioxide most probably involves formation of a single
B-O-Ti bridge. Bonding through two bridges with concomi-
tant formation of the six-membered chelate ring is also pos-
sible, but according to DFT calculations is less favored. In-
teraction with titanium center does not induce any geomet-
rical changes within the ferrocene moiety, but significantly
changes its electronic structure (Figure 7).

The filled molecular orbitals of all the three ferrocene
species are very similar: the HOMO-2 orbital consists
mostly of d,. orbital of the iron center, while the HOMO-1
and HOMO orbitals, with 7t bonding character, are linear
combinations of p, orbitals of carbon atoms. The LUMO
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Figure 7. Frontier molecular orbitals of a) ferrocene, b) ferrocenylboronic
acid and c) ferrocenylboronatetrihydroxytitanium(IV) as calculated at
the B3PW91/6-311++ G(d,p) level of theory by using tight convergence
criteria.

and LUMO +1 orbitals of ferrocene consist of d,, and d, or-
bitals of the iron atom and the p, and p, orbitals of carbon
atoms. In the case of ferrocenylboronic acid the LUMO con-
tains a significant contribution of boron and oxygen atomic
orbitals from the boronic acid moiety. The most significant
changes of LUMO orbitals were observed in the case of tita-
nium complexes with ferrocenylboronic acid: they are com-
posed of d orbitals of titanium atom with a small admixture
of oxygen atom orbitals. These changes are responsible for
different spectral properties of the free ferrocenylboronic
acid and the corresponding titanium compound.

The hexacyanoferrate system yielded the results analo-
gous to those obtained for pentacyanoferrate model spe-
cies®™ and Prussian blue,’ and are consistent with previ-
ous calculations on TiO, nanoparticles modified with hexa-
cyanoferrate(I1).[) The HOMO of the hexacyanoferrate(II)
consists of threefold degenerate molecular orbitals com-
posed mostly of the p orbitals of nitrogen atoms and d orbi-
tals of iron atoms. The threefold degenerate LUMO is delo-
calized over the whole complex anion (Figure 8a). Upon in-
teraction with the titanium center new species are formed
due to formation of the Fe—C=N—Ti bonding framework.

The HOMO-1 and HOMO orbitals are localized at
iron(II) center, while the LUMO and LUMO +1 orbitals at
the titanium center (Figure 8b). This electronic configura-
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Figure 8. Frontier molecular orbitals of a) the [Fe(CN)¢]* ion and b) the
[(CN)sFe-C=N-Ti(OH);]*” model compound as calculated at the
B3PW91/6-311+4G(d,p) level of theory by using tight convergence cri-
teria.

tion clearly explains observed MMCT transitions, as low-
energy transitions result in the electron transfer from the cy-
anoferrate moiety towards the titanium center.

Photoelectrochemical properties: Various types of electronic
interaction between the iron complex and semiconducting
support (TiO,) reflect in different photoelectrochemical be-
haviors of tested systems. The measurements of photocur-
rent generated upon monochromatic-light irradiation at
electrodes made of [Fe(CN)¢]*"@TiO, were described else-
where.[68.70.72]

Linear-sweep voltammetry (Figure 9) indicates an impor-
tant role of oxygen and redox processes involving surface
complexes in the mechanism of photocurrent generation.

T ¥ T X T ¥ T ¥ T
300 200 100 0 -100
E/ mV vs. Ag/AgCl

T T 1
-200 -300

Figure 9. Linear sweep voltammograms recorded during chopped light il-
lumination (350 nm) of a) Fc@TiO, and b) FcB@TiO, photoelectrodes in
the presence (solid line) and absence of oxygen (dashed line). Vertical
arrows indicate the opening and closing the shutter, respectively, while
the horizontal arrow indicates the scan direction. Red and blue lines cor-
respond to cathodic and anodic photocurrent, respectively. Fe" and Fe™"
indicate dominating oxidation states of the surface complex.
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Downward deflection of the voltamperometric curves with
increasing potential indicates the oxidation of Fe" com-
plexes on the surface of the semiconductor particles. Under
such conditions only anodic photocurrents are observed.
Cathodic photocurrents are recorded only in the presence of
oxygen at sufficiently low potentials enabling complete re-
duction of surface iron species. Photocathodic response can
be observed for photoelectrodes made of titanium dioxide
modified with ferrocene and ferrocenylboronic acid at po-
tentials lower than approximately 100 and 0 mV vs. Ag/
AgCl, respectively (Figure 9). In the absence of oxygen only
small anodic photocurrents are observed under similar con-
ditions. The cathodic photocurrent can be generated at mod-
erately low potentials only when the iron surface complex is
present in its reduced form and in the presence of an effi-
cient acceptor of electrons from the conduction band of
modified titania.®®7*" A relatively high cathodic photocur-
rents were observed for the Fc@TiO, electrode (Figure 9). It
may be explained by a highly hydrophobic surface of this
material at which the photoinduced reduction of adsorbed
hydrophobic oxygen molecules is particularly efficient. Sur-
face complexes formed by ferrocenylboronic acid and hexa-
cyanoferrate are much more hydrophilic.

Each material has been subjected for studies of photocur-
rent generation as a function of the electrode potential and
applied photon energy. Recorded 3D diagrams are present-
ed in Figure 10.

Unmodified titanium dioxide generates anodic photocur-
rent within a wide potential window upon UV illumination.
At very high negative polarization cathodic photocurrents
are observed due to reduction of some surface Ti" centers
to Ti'™ (Figure 10a), while the other materials generate
cathodic photocurrent even at anodic polarization (Fig-
ure 10b—d). An interesting difference between Fc@TiO, and
FcB@TiO, materials is reflected in photocurrent switching
characteristics observed for the electrodes made of these
materials. In the case of titania modified with ferrocene, a
cathodic to anodic photocurrent switching in oxygen-saturat-
ed electrolyte appears within a very narrow potential range,
namely from 100 to 150 mV vs. Ag/AgCl. Analogous switch-
ing observed for the FcB@TiO, photoelectrode takes place
in the twice as broad potential range: from 0 to 100 mV. The
photocurrent switching for the [Fe(CN)y]*@TiO, material
occurs between —130 and 260 mV. In all the cases the poten-
tial of the photocurrent switching depends on the incident
light wavelength. This phenomenon can be easily explained
in terms of electronic-level broadening (cf. Figure 3). In all
the cases switching is related to the redox process involving
the surface species.

In the case of ferrocene it undergoes a rather undisturbed
redox reaction and the influence of semiconducting surface
is negligible. Therefore the switching is very sharp (cf.
Figure 10). In the case of ferrocenylboronic acid, in contrast
to physisorbed ferrocene, various types of surface species
may be formed, which corresponds to the decrease of elec-
tronic levels degeneration and formation of a narrow band-
like energetic structure (cf. Figure 3b). A covalently linked
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Figure 10. Photocurrent amplitude as a function of the photoelectrode potential and incident light wavelength
recorded for photoelectrodes made of: a) TiO,, b) Fc@TiO,, ¢) FcB@TiO,, and d) [Fe(CN)¢]*@TiO,. Red and
blue areas correspond to cathodic and anodic photocurrent, respectively, while gray areas represent zero net

photocurrent.

iron species together with simply adsorbed organometallic
moieties support centers of slightly different redox poten-
tials. Therefore a complete reduction of iron complexes
takes place in a broader range of potentials. This in turn re-
sults in a more fuzzy photocurrent switching observed in the
case of FcB@TiO,. In the strong coupling regime (cf. Fig-
ure 3¢c) observed for example for the [Fe(CN)¢]*~@TiO, ma-
terial a wide distribution of redox potentials of the surface
complex is observed. Therefore the photocurrent switching
can be observed in a wide range of potentials.

Furthermore, some minor issues may be associated with
the sharpness (or fuzziness) of the photocurrent switching
phenomenon. Photocurrent generation in the cathodic
regime relies on molecular oxygen (or other electron accept-
or) availability. Therefore application of a strongly hydro-
phobic layer on TiO, particles greatly enhances the local
oxygen concentration, which results in anomalously high in-
tensities of cathodic photocurrents at Fc@TiO, photoelectro-
des.

Photosensitization mechanism: Photocurrent action spectra
from Figure 10 confirm photosensitization of the titania sup-
port by iron complexes in the range of cathodic photocur-
rents. A slight photosensitization, extending the photores-
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ponse to about 450 nm, can be
observed for TiO, modified
with ferrocene. Covalently
linked ferrocenylboronic acid
causes a more pronounced
effect—the cathodic photocur-
rents are generated upon irra-
diation up to 550 nm. In the
case of hexacyanoferrate com-
plex attached to the titanium
dioxide surface through the
CN™ bridges the onset of the
photoaction spectrum is local-
ized at even longer wave-
lengths (~650 nm). All ap-
plied iron complexes can act as
photosensitizers only in their
reduced forms. At electrode
potentials high enough to oxi-
dize the surface -complex,
anodic photocurrents are re-
corded due to a direct excita-
tion of TiO, with ultraviolet
light.

To understand the photosen-
sitization of titanium dioxide
with ferrocenylboronic acid the
absorption spectrum of the
[(CsH;)Fe-
(C5H,)B(OH)OTi(OH),]
model compound was calculat-
ed by using the time-depen-
dent DFT methods at the
B3PW91/6-311++G(d,p) level. The low-energy transition
is found at 557 nm and has a mixed character: charge trans-
fer (m—Ti", HOMO—LUMO) together with the d.—m*
and m—x* transitions (within the ferrocene moiety). It
leads to the conclusion that excitation of the FcB-modified
titanium dioxide results in a direct photoinduced electron
transfer from the ferrocene moiety to the conduction band
of TiO,. This hypothesis was further tested in calculation of
the charge distribution of the ground and first-excited states
of the model complex. It was found that upon excitation the
titanium center becomes significantly negative, while the fer-
rocene moiety gains a positive character (Figure 11). Similar
results were obtained for cyanoferrate with attached trihy-
droxotitanium(IV) moiety.*!

Comparison of photoaction spectra with electronic spectra
of studied photomaterials (Figure 10 and Figure 2) indicates,
that observed photosensitization effect, increasing in the
series Fc@TiO, < FcB@TiO, < [Fe(CN)4]*"@TiO,, is not re-
lated exclusively to the absorption spectrum of the surface
complex, but is a consequence of efficiency of the electron
injection from the excited state of Fe" species to the conduc-
tion band of the semiconductor. The above-mentioned
series meets with the influence of the surface complex on
the shift of redox potentials of bands edges: the anodic shift
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Figure 11. Change of electrostatic potential upon excitation to the first
excited state of a)the [(CsH;)Fe(CsH,)B(OH)OTi(OH);] and
b) [(CN)sFe-C=N-Ti(OH),]>” model compounds as calculated on the
B3PW91/6-311++G(d,p) level of theory using tight convergence crite-
ria. Areas of negative and positive potentials are marked in red and pink-
ish-white, respectively.

of the quasi-Fermi level caused by hexacyanoferrate ion is
very distinctive, while for FcB@TiO, and Fc@TiO, it is neg-
ligible.

Photoswitching mechanism: The photocurrent switching
effect, called the PEPS effect (PhotoElectrochemical Photo-
current Switching) was described in our recent papers.[®7
Since photosensitization of titanium dioxide by ferrocene
is very ineffective, photocurrents generated at the Fc@TiO,
electrode upon visible-light irradiation are very poor and
also the photocurrent switching upon changing the light
wavelength is almost negligible (Figure 12a). There is no
electronic interaction between the semiconductor and the
surface complex, a very weak photocathodic response origi-
nates from processes involving only ferrocene molecules.
This is supported by observation of similar cathodic photo-
currents on photoelectrodes made of Fc@Al,O; composite.
Cathodic low intensity photocurrents recorded within the
whole absorption spectrum of [Fe(CsHs),] indicate that fer-
rocene behaves like a weak p-type semiconductor. Illumina-
tion within the semiconductor absorption at potentials
higher than 100 mV results in anodic photocurrents accord-
ing to generally accepted mechanism.””71 At potentials
lower than 100 mV an unusual increase of cathodic photo-
current results from oxidation of ferrocene with photogener-
ated holes in the valence band (Figure 12b). This process is
followed by consecutive electrochemical reduction of gener-
ated ferricinium cations. In addition, better oxygen adsorp-
tion at highly hydrophobic ferrocene-coated surface enhan-
ces the efficiency of interfacial electron transfer.’” The ma-
terial can be regarded as a bulk p—n heterojunction, which is
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Figure 12. The mechanism of the cathodic photocurrent generation at
a),b) the Fc@TiO,-covered electrode and at c),d) [Fe(CN),]* @
TiO,-covered electrode.

consistent with recorded very high cathodic photocurrent in-
tensities.®™™™ Formation of the p-n bulk heterojunctions in
photovoltaic devices is an advantageous feature. It minimiz-
es the charge recombination and thus increases the photo-
current intensities.®!!

In contrast to the Fc@TiO, system, the [Fe(CN)]* @TiO,
material shows an efficient photosensitization (Figure 12c).
Excitation of the reduced form of the iron species leads to a
direct electron injection into the CB of the semiconductor.
Reduction of oxygen and electrochemical regeneration of
Fe" leads to a cathodic photocurrent.”*®™ Direct excita-
tion of the semiconductor results in a cathodic photocurrent
due to the processes analogous to those described above
(Figure 12d). Lower efficiencies of interfacial electron trans-
fer are a consequence of worse oxygen adsorption at more
hydrophilic surface.

The mechanism of photocurrent generation at FcB@TiO,
is similar to that valid for Fc@TiO,. Some photosensitization
results from electron-transfer processes between the Fe!
and Ti"V centers, which takes place with relatively low effi-
ciency. Lower intensity of cathodic photocurrent results
from higher hydrophilicity of ferrocenylboronic acid as com-
pared to unsubstituted ferrocene.

In the case of both FcB@TiO, and [Fe(CN)s]*@TiO, the
cathodic photocurrent generation at low potentials under
visible light irradiation is a result of the MPCT excitation
followed by the oxygen reduction and electrochemical re-
duction of formed iron(II) complex. The difference be-
tween the FcB@TiO, and [Fe(CN)¢]*~@TiO, materials is re-
lated to various efficiencies of the metal-to-particle charge
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transfer resulting from different degree of electronic cou-
pling, as confirmed by quantum-mechanical calculations
(vide supra).

Future prospects: Switching properties of photoelectrodes
comprised of surface-modified titanium dioxide can be used
for construction of various prototypical optoelectronic devi-
ces. 1897172 The best example of a complex device originat-
ing from simple materials is a reconfigurable logic device
built from cyanoferrate-modified titanium dioxide./**!]

The ferrocene-based materials generate photocurrent only
upon UV and blue irradiation (300-450 nm), but the photo-
current character depends on the photoelectrode potential.
In the case of ferrocene and ferrocenylboronate-modified
materials the cathodic-to-anodic switching occurs in the
range 100-150 mV and 0-100 mV vs. Ag/AgCl, respectively.
At potentials higher than the switching potential range, the
electrodes generate anodic photocurrent, while at lower po-
tentials cathodic photocurrents are observed. One can
assign the logic values of “0” and “1” to the negative and
the positive polarization of the photoelectrode, respectively.
The switching characteristics allow its use as an optoelec-
tronic two channel demultiplexer (data selector). This
device collects information in form of light pulses and con-
verts it into photocurrent pulses. Furthermore, the sign (di-
rection) of photocurrent pulses depends on the photoelec-
trode potential. In other words, information in form of pho-
tocurrent pulses can be directed into two output channels:
cathodic or anodic. An electronic equivalent of this logic
device is composed of two AND and NOT logic gates
(Figure 13). The input data signal (light pulses) is applied to

data Dﬂi‘c output
cathodic output
control {>¢

Figure 13. Electronic equivalent circuit of surface-modified titania photo-
electrode working as two channel optoelectronic demultiplexer.

one input of both AND gates, the control signal goes to one
AND gate directly, while it goes to the other via an inverter.
In this configuration one of the AND gates is in the ON
and the other in the OFF state (Table 1).

Thus, a signal applied to the data input is always transmit-
ted by one of the AND gates and thus directed into one of

Table 1. Truth table for the two channel demultiplexer presented in
Figure 13.

Data Control Anodic Output Cathodic Output
0 0 0 0
1 0 0 1
0 1 0 0
1 1 1 0

Chem. Eur. J. 2007, 13, 56765687

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

the output channels. It is easy to imagine an application of
similar systems in telecommunication. Nowadays informa-
tion transmitted through optical fibers must be converted
into electric signals and directed to the destination points.
The Fc@TiO, and FcB@TiO, systems can serve as a simple
chemical model of two channel demultiplexer. This is an in-
teresting example of a simple chemical system working like
a complex electronic circuit consisting of three logic ele-
ments.

The above examples show that the nanocrystalline titani-
um dioxide modified with various iron complexes are prom-
ising materials for optoelectronics. Although very simple
from chemical point of view, they offer complex switching
patterns resulting from their rich photoelectrochemistry. The
most interesting feature of these materials consists in the
complexity of electronic functions (cf. Figure 13) contrasted
with very simple morphology—unstructured deposits of
nanocrystalline powders show properties equivalent to com-
plex circuits. Related materials may open a new field of
nanoelectronics; instead of a complex circuitry it may be
enough to design a proper unstructured material of desired
performance.

Conclusion

The results presented above indicate an important role of
binding mode and resulting electronic interactions between
surface species and semiconducting support. This informa-
tion helps us to understand the mechanism of photosensiti-
zation and photocurrent switching, which can find an appli-
cation in optoelectronics and photovoltaics. A series of tita-
nium dioxide materials with various iron(II) complexes has
been prepared. These materials are characterized by increas-
ing electronic interaction between surface iron species and
the semiconductor particles in the series: Fc@TiO, < FcB@
TiO, < [Fe(CN)¢]*"@TiO,. In the same series the photosensi-
tization range increases, from almost negligible for ferro-
cene-modified TiO, to very evident for cyanoferrate-modi-
fied semiconductor. These differences correlate well with es-
timated electronic interactions and are supported by calcu-
lated frontier orbitals and electronic spectra of model spe-
cies. In the case of materials with covalently bonded, surface
iron(II) species, a direct photosensitization of the semicon-
ductor is observed [cf. Eq (3)]. This process includes a direct
electron transfer from iron complexes to the conduction
band of semiconductor. On the basis of theoretical analysis
one can conclude that efficient photocurrent switching re-
quires a subtle interplay between the VRMS and VET compo-
nents of the total Hamiltonian H [cf. Egs. (1)-(3)]. The
Virus term, responsible for the efficiency of photosensitiza-
tion, can be correlated with the binding mode between the
semiconductor and the surface species, while the VET com-
ponent governs the electron-transfer processes that are re-
sponsible for photocurrent inversion.

On the other hand formation of p—n bulk heterojunction
results in dramatic increase of photocurrent with a negligi-
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ble photosensitization. All these heterosupramolecular as-
semblies in which metal complexes interact with semicon-
ductor nanoparticles seem to be a promising area for photo-
voltaic and optoelectronic devices.

Experimental Section

Materials: TiO, (Degussa P25, ca. 70% anatase, 30% rutile; 50 m*g™")
was used to prepare porous electrodes. All other chemicals were supplied
by Aldrich and used as received. Titania—ferrocene nanocomposites were
prepared as follows: TiO, (100 mg) and ferrocene (50 mg) were suspend-
ed in a mixture of acetonitrile and ethanol (1:1 v/v 2 cm®). The resulting
mixture was ground in an agate mortar until it became completely dry,
was then suspended in water and was used for cast coating of ITO-cov-
ered glass slides. The same procedure was used to prepare Fc@BaSO,
and Fc@Al,O; composites used as reference materials. Cyanoferrate-
modified titanium dioxide was obtained by impregnation of the TiO,
powder in aqueous K,[Fe(CN)q] solution (0.01m) for 15 minutes. Modifi-
cation with ferrocenylboronate was done in a solution of ferrocenylbor-
onic acid in acetonitrile (0.01M). After modification all materials were
centrifuged, were washed five times with distilled water or acetonitrile,
and were air-dried at room temperature. After preparation the modified
semiconductor powders were stored in dark at 4°C.

Instrumentation: The typical three-electrode set-up was employed for
photoelectrochemical measurements. The electrolyte solution was 0.1m
KNO;, which was purged with argon or oxygen for at least 15 min prior
to the measurement. Platinum and Ag/AgCl were used as auxiliary and
reference electrodes, respectively. A 150W XBO lamp (Osram, Germa-
ny) equipped with water cooled housing and LPS 200 power supply
(Photon Technology International, UK) was used for irradiation. The
working electrodes were irradiated from the backside (through the ITO-
glass) in order to minimize the influence of thickness of the semiconduc-
tor layer on the photocurrent values. An automatically controlled mono-
chromator and a shutter were applied to choose the appropriate wave-
length. Photocurrent action spectra were recorded under potentiostatic
conditions and are not corrected for changes in light intensity. The elec-
trochemical measurements (CV, CV + chopped light, photocurrent
action spectra) were controlled by a BAS 50W (Bioanalytical Systems,
USA) or M161 (MTM, Poland) electrochemical analyzers. Cyclic voltam-
mograms were recorded with 25 mVs™ scan rate.

Diffuse reflectance spectra were recorded on Lambda 12 (Perkin Elmer,
USA) spectrophotometer equipped with an integrating sphere of 5 cm di-
ameter. Barium sulfate was used as a reference material. The conduc-
tion-band edge potential was determined by using a modified Roy’s pro-
cedure.” A sample of the semiconductor powder (40 mg) was suspended
in aqueous potassium nitrate (0.1m, 70 cm®) and sonicated for 5 min.
Methylviologen bis(hexafluorophosphate) (30 mg) was added and the re-
sulting mixture was acidified with concentrated perchloric acid (1 cm®).
The suspension was placed in a rectangular glass vessel equipped with a
combined pH electrode, platinum foil electrode (area 2.5 cm?) and refer-
ence Ag/AgCl electrode (FLEXREF, World Precision Instruments,
USA). The vessel was vigorously purged with argon and irradiated with
full light of an HBO 200 mercury high pressure lamp. The solution was
titrated with an aqueous solution of Na,COj; (0.1M) by using an infusion
pump Medipan 610 B.S (Medipan, Poland) equipped with calibrated
Hamilton syringes and a custom-build interface. The potential of the plat-
inum electrode was measured by using BM-811 digital multimeter
(Brymen, Taiwan).

Calculations: Theoretical modeling was performed with Gaussian03 Rev.
D.01 (Gaussian Inc.)® and ArgusLab 4.0.1 (Planaria Software, USA).*!
Preliminary geometry optimization was done with a molecular mechanics
module®*! by using the UFF force field,”*! while the final geometry
was obtained using DFT method with B3PW91 functional and 6-311++
G(d,p) basis set. Atomic charges were computed by using NPO analysis.
Molecular orbitals and surfaces were computed by using the same theory
level and tight convergence criteria. Electronic transitions were calculat-
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ed by using a time-dependent DFT method with B3PWO91 functional and
6-311++ G(d,p) basis set. Molecular orbitals and charge distribution dia-
grams were plotted from Gaussian cube files using ArgusLab 4.0.1 soft-
ware.
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