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Abstract

Titanium oxide (Ti(O)) xerogel films functionalized by protoporphyrin IX (PPIX) and ferrocene carboxylic acid (FCA) were depos-
ited on indium tin oxide (ITO) electrodes following a sol-gel synthesis. PPIX and FCA were first complexed to titanium oxide precursors,
which were then subjected to hydrolysis to obtain a homogenous Ti(O) polymeric network gel doped with PPIX and FCA. The Ti(O)
film cast on the ITO electrode has been characterized by UV-Vis absorption, X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy and cyclic voltammetry. Illumination of the PPIX doped Ti(O) films on the ITO electrode immersed in aqueous electrolytes
onsets photoinduced electron transfer reactions, and a cathodic photocurrent was observed in most cases. This photocurrent response
was investigated in detail using a kinetic model. Preliminary investigations of oxygen reduction, lithium and proton insertion into the

Ti(O) film have also been carried out.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Converting sunlight into chemical or electrical energy
remains one of the major social issues. So far, various
solar-to-energy conversion systems have been proposed
with different conversion efficiencies. For example, sili-
con-based inorganic solar cells featuring high conversion
efficiencies have been produced. However, the energy cost
of high-purity silicon still hinders the mass production of
silicon solar cells. In 1990s’, substantial advances in the
conversion efficiency have also been achieved in dye-sensi-
tized solar cells [1,2], also called Grétzel’s cells, by using
mesoporous titanium dioxide films, which feature a large
surface area available for the dye loading and therefore
improve the light harvesting.

In nature, the photosynthetic process converts solar
energy into chemical energy, the mechanism by which liv-
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ing organisms on the earth derive their energy. Therefore,
an alternative way to realize solar-to-energy conversion is
to mimic natural photosynthesis, in which the sequential
event of photoinduced energy and electron transfer
between an electron donor and an electron acceptor occurs
at the biomembrane. Based on this natural principle, vari-
ous types of molecular donor—acceptor assembly systems
have been designed towards highly efficient photoelectric
conversion [3-17]. Indeed, linked donor-acceptor com-
pounds can produce a long-lived charge separated state
with a high quantum yield, through which an efficient con-
version of light to chemical and/or electrical energy can be
achieved. Such typical compounds include diads of cova-
lently linked porphyrin—fullerene molecules. Their photo-
electrochemical properties in the molecular assemblies
fabricated on the electrode surface have been extensively
studied in recent years [8,13,14,18-22]. This system has
been proposed for the development of efficient molecular
photovoltaic devices. However, the chemical synthesis of
these organic compounds is sophisticated and time-con-
suming. Alternatively, another method to incorporate
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donor—acceptor compounds into molecular assemblies
toward light energy conversion has been developed using
surface sol-gel processes [23-25]. Typically, an indium tin
oxide (ITO) coated glass is first derivatized by an electron
acceptor (for example, fullerene and viologen) through
self-assembling, then a titanium oxide (Ti(O)) layer is gen-
erated by hydrolysis of titanium(IV) n-butoxide, and finally
a sensitizer (for example, porphyrins) layer is deposited.
This method does not require any sophisticated prepara-
tion procedures, and a variety of electron donor-acceptor
pairs can be incorporated in the sol-gel structure.

In the present work, titanium oxide xerogel films func-
tionalized by protoporphyrin IX (PPIX) and ferrocene car-
boxylic acid (FCA) were prepared on ITO electrodes using
an organic phase sol-gel process with acetylacetone as the
complexing ligand and inhibitor. The Ti(O) films on ITO
electrodes were characterized by UV-Vis absorption, X-
ray photoelectron spectroscopy, scanning electron micros-
copy and cyclic voltammetry. The photoelectrochemical
responses of PPIX sensitized titanium oxide films have
been investigated in aqueous electrolytes. A kinetic model
was also proposed to analyze the photocurrent responses.
The rate constants of electron transfer between the PPIX
species and the ITO electrode, as well as that of the quench-
ing of PPIX excited state by FCA inside the film, were
found to depend on the applied potential. Preliminary
investigation into the oxygen reduction, ionic insertion into
the Ti(O) network has also been carried out.

2. Experimental
2.1. Chemicals

All chemicals were used as received without further puri-
fication. Acetylacetone (AA, >99.5%), ferrocene carboxylic
acid (FCA, =97%), l-propanol (PrOH, >99%), ethanol
(EtOH, ~96%), sodium sulfate (Na,SOy4, >99%) and lithium
chloride (LiCl, >99%) were bought from Fluka. Acetone
(=299.5%) and sodium hydroxide (NaOH, >99%) were
obtained from Riedel de Haén and Merck, respectively. Tita-
nium(IV) n-butoxide (Ti(OBu)y, 99%) and Protoporphyrin
IX (PPIX, >97%) were purchased from Acros and Frontier
Scientific Inc., respectively. Ultrapure water (18.2 MQ cm)
was obtained from a Milli-Q system. Indium tin oxide coated
glass (resistance <20 Q/square) was obtained from Merck.
Fig. 1 illustrates the molecular structures of Ti(OBu)g,
FCA and PPIX.

2.2. Preparation of the titanium oxide film coated ITO
electrodes

The titanium oxide (Ti(O)) sol-gel material was pre-
pared by a sol-gel process, basically in two steps: complex-
ation and hydrolysis-condensation. Accordingly, two
parameters: the complexation ratio (x = complexing
ligand/Ti, mol/mol) and the hydrolysis ratio (H = H,0/
Ti, mol/mol) were adjusted to obtained suitable hydride

= HOOC COOH
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Fig. 1. Molecular structures of Ti(OBu)4, FCA and PPIX.

materials. As reported previously, these two parameters
determine the final products obtained, molecular clusters,
sols, gels or precipitates [26]. Typically, the first step con-
sists of the complexation of Ti(OBu), by either FCA at
10%, PPIX at 1% or PPIX and FCA at 1% and 10%, which
was followed by AA complexation at 40% (AA/Ti, mol/
mol). The complexation step was performed in solvent free
conditions, thanks to the liquid nature of Ti(OBu), [27].
Both FCA/PPIX and AA are expected to complex with
titanium atom through nucleophilic substitution, which
increases the coordination number of titanium and corre-
spondingly decreases its chemical reactivity towards hydro-
lysis-condensation. It is well known that metal alkoxide
precursors are highly reactive towards hydrolysis and the
stabilization by complexation is necessary in order to avoid
the fast condensation to form precipitates [28,29]. In fact,
AA here also functions as the inhibitor since the alkoxy
groups are always hydrolyzed prior to the complexing
ligand [28]. The resulting mixture after the complexing step
was first diluted by PrOH in a volume ratio 1:10 (Ti/PrOH)
and then hydrolyzed by dropwise addition of water with a
hydrolysis ratio (H) of 9.5. The detailed synthetic proce-
dures to prepare different sols are given in the supporting
information (S.1).

The indium tin oxide (ITO) coated glasses were cleaned
by sonication in acetone, ethanol and saturated NaOH eth-
anol solution, respectively, then rinsed thoroughly by etha-
nol and water and dried under an argon stream. The
freshly prepared titanium oxide sols were deposited on
the ITO electrode by doctor blading, followed by solvent
evaporation in about 30 seconds to form a thin film with
a thickness of ~200 nm measured by profilometry. For
simplicity, the Ti(O) film coated ITO electrodes in the pres-
ence of different doping compounds are denoted as ITO/
Ti(O), ITO/Ti(O)/FCA, ITO/Ti(O)/PPIX and ITO/
Ti(O)/PPIX-FCA, respectively.

2.3. Instrumentation

Optical characterization of the Ti(O) film coated ITO
electrodes was performed on a Laborlux D microscope
from Leitz with a magnification of 50. The UV-Vis absorp-
tion spectroscopic measurements were recorded on an Ocean
Optics CHEM?2000-UV-Vis spectrometer. Microscopic
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Fig. 2. Schematic illustration of the experimental apparatus for photo-
current transient measurements.

micrographs of the Ti(O) coated ITO electrodes were
obtained from a FEI X130 Sirion scanning electron micro-
scope (SEM). The electrodes were dried under low pressure
(107°-10"" mbar) and a layer of amorphous carbon
(~20 nm) was deposited prior to SEM observations. The
different films thicknesses were assessed by profilometry
carried out on an Alpha Step 200 from Tencor instrument.
5 mm of the modified electrodes was scanned at 0.2 s pm "
with an instrumental precision of +5 nm. X-ray photoelec-
tron spectroscopy (XPS) was performed on a Kratos Axis
Ultra apparatus (monochromatic Al Ka, 15kV, 150 W).

The cyclic voltammetric measurements were carried out
on an Autolab PGSTAT 12 workstation (Metrohm) in
water containing 0.1 M LiCl, using a platinum counter
electrode and an Ag/AgCl (sat. KCl) reference electrode.
Photocurrent measurements were performed on a home-
made system under potentiostatic conditions, with the
external potential being supplied by a Hi-Tek waveform
generator (Hi-Tek Instruments PP-R1). The Ti(O) modi-
fied ITO electrode was illuminated with a beam line of
442 nm from a He-Cd laser (Omnichrome S74) with a pho-
ton flux of 2.5x 10" cm ™2 s~ determined by a calibrated
power meter (Gentec, TPM-310). An optical shutter (New-
port) was used to control the illumination time. The cur-
rent was recorded with a SR830 lock-in amplifier
(Stanford Research Systems). The potentiostatic control
and the data acquisition were accomplished by means of
custom Labview programs. The electrochemical and pho-
toelectrochemical apparatus has been schematically illus-
trated in Fig. 2.

3. Results and discussion
3.1. Characterization of the titanium oxide gels
The titanium oxide gel coated on the ITO electrode was

first characterized by UV-Vis absorption. Shown in Fig. 3a
are the absorption spectra of the ITO/Ti(O) and ITO/
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Fig. 3. (a) UV-Vis absorption spectra of the ITO/Ti(O) electrode (solid
line) and the ITO/Ti(O)/FCA electrode (dotted line). (b) UV-Vis
absorption spectra of the ITO/Ti(O)/PPIX-FCA electrode (solid line)
and PPIX dilute solution (dotted line).

Ti(O)/FCA electrodes. The absorption onset of the ITO/
Ti(O) is around 400 nm, which is close to the band-gap
energy of the solid phase TiO; of 3.0-3.2 eV. This indicates
that although the gel is fundamentally different from TiO,
solids, certain similarities of their properties may exist. The
light absorption results in the electron transition from the
valence band of the O~ 2p orbital to the conduction band
of the Ti*" 3d orbital [30]. It can also be observed from
Fig. 3a that the absorption spectrum of the ITO/Ti(O)/
FCA electrode is well overlapped with that of the ITO/
Ti(O) electrode, which means that the introduction of
FCA into the gel does not change the optical characteristic
of the gel. In contrast, when PPIX is incorporated, some
new absorption bands that are relative to PPIX appear,
as displayed in Fig. 3b. The intense absorption shoulder
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that lies at ~400 nm is the Soret band, which is the origin
of the second singlet-excited state. Three visible bands in
the region 500-600 nm are the origins of the lowest excited
states in different vibrational levels [31]. This absorption
feature is comparable with that of the free PPIX in the
PrOH solution, indicating that PPIX has been successfully
complexed in the Ti(O) network. Indeed, the sol-gel pro-
cess has the advantage of allowing the incorporation of
various complexing species such as dyes, redox mediators,
providing organic-inorganic composite materials [32-36].
Further evidence came from the XPS measurements (Sup-
porting information-S.2). As an example, the ITO/Ti(O)/
PPIX-FCA electrodes exhibit averaged Fe/Ti and PPIX/
Ti ratios of 9.6% and 1.5%, which are close to those incor-
porated during the synthesis (10% and 1%).

SEM studies performed on the different gel coated ITO
electrodes reveal a similar surface pattern whatever the gel
components (Supporting information-S.3) and no well-
defined substructure could be observed. The hydrolysis-
condensation of Ti(OBu)4 usually results in amorphous
Ti(O) gels, which in contrast to calcinated solids are poly-
meric compounds having a metal-oxo-based macromolecu-
lar network [37].

The electrochemical responses of the Ti(O) film coated
ITO electrode were also studied, as shown in Fig. 4. For an
ITO/Ti(O) electrode, a flat potential window ranging from
—0.8V to 1.0 V can be obtained. In the presence of PPIX
in the film, an oxidation current wave starting at 0.50 V
was observed in the forward scan only, probably corre-
sponding to the irreversible oxidation of PPIX. In the pres-
ence of FCA in the film, a wave around 0.30 V can be
observed, as shown in Fig. 4b. The anodic and cathodic
peaks have a potential separation around 90 mV, which does
not vary much with the potential sweep rate below a value of
0.2 Vs~ Analysis of the dependence of the peak currents on
the scan rate shows that the peak current is proportional to
the square root of the scan rate (Supporting information-
S.4). This feature indicates that the oxidation/reduction of
FCA inside the Ti(O) gel is governed by a linear diffusion
process instead of a surface process. Free of mobile charges
inside, the pristine Ti(O) film is insulating or poorly conduct-
ing in nature. For this reason, the oxidation/reduction of
FCA inside the film must be accompanied by a charge com-
pensation step, which is likely to be an ion ingress/egress pro-
cess considering the present experimental condition.
Therefore, the signal displayed in Fig. 4b may reflect the lin-
ear diffusion of compensating the ion through the film. On
the other hand, the diffusion-controlled oxidation of FCA
may also originate from an electron hopping mechanism as
observed with zirconium oxide gel [36]. Further investiga-
tions of this electrochemical response as a function of the
gel microstructure and the solution composition are required
to fully elucidate this mechanism. Here, we shall mainly
focus on the photocurrent response of the Ti(O) coated elec-
trodes and the important consideration from these voltam-
metric data is that the available potential window where
the gel remains stable ranges from —0.5 V to 0.5 V.
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Fig. 4. (a) CVs of the ITO/Ti(O) electrode (solid line) and the ITO/Ti(O)/
PPIX electrode (dotted line); (b) CV of the ITO/Ti(O)/PPIX-FCA
electrode. All the CVs were obtained in the 0.1 M LiCl solution at a
scan rate of 0.05 Vs~ (Staircase CV, potential step 5 mV).

3.2. Photocurrent responses

When the photoactive PPIX is incorporated in the Ti(O)
gel layer, illumination of the modified ITO electrode onsets
the electron transfer reactions at the ITO/Ti(O) film inter-
face. The photoexcited PPIX can be oxidized and/or
reduced, depending on the applied electrode potential.
Fig. 5a shows the photocurrent transients of an ITO/
TI(O)/PPIX electrode at different applied potentials. Upon
illumination, the photocurrent rises slowly to reach a maxi-
mum value and then remains more or less constant in the fol-
lowing seconds. When the illumination is stopped, the
photocurrent decreases back to zero. The rising feature of
photocurrents at short times is either due to the attenuation
of the RC component of the cell or to the effect of the fast
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Fig. 5. (a) Photocurrent transients of the ITO/Ti(O)/PPIX electrode at
different applied potentials: —0.40 V, —0.20 V, 0V, 0.20 V, 0.40 V and
0.50 V from the bottom to top. (b) Photocurrent transients of the ITO/
Ti(O)/PPIX-FCA electrode at various applied potentials: —0.40V,
—-0.30V, —0.10V, 0.10V, 0.20 V, 0.40 V and 0.50 V from the bottom to
top. The solid curves are fitted employing Eqgs. (14) (a) and (15) (b) and the
corresponding fitting parameters are listed in Table 1. (c) Comparison of
the maximum photocurrents of the ITO/Ti(O)/PPIX and ITO/Ti(O)/
PPIX-FCA electrodes at various applied potentials.

quenching of excited PPIX by electron acceptors present in
the system as discussed in Section 3.4. Another feature
observed in Fig. 5a is the variation of the photocurrent
response with the applied potential. At 0.50 V, a small posi-
tive photocurrent can be observed. At potentials more nega-
tive than 0.50 V, negative photocurrents arise and the
magnitude markedly increases when the potential is tuned
to more negative values. Given that the Ti(O) network is free
of mobile ions, the electron transport across the gel film
would proceed mostly via electron hopping between the
ITO electrode and the PPIX centers. Thus, the electric field
inside the Ti(O) gel layer is a key factor controlling the appar-
ent rate of electron transfer and hence the photocurrent
amplitude. Since the PPIX centers are distributed at different
distances from the ITO electrode, the observed photocurrent
signal corresponds to an integrated response of the PPIX
centers located at different levels from the ITO electrode.

To improve the electron hopping within the film, an
excess of redox mediator having a carboxylic group,
FCA, was complexed in the Ti(O) network. Displayed in
Fig. 5b are the photocurrent transient responses obtained
at an ITO/Ti(O)/PPIX-FCA electrode at various applied
potentials. Two regimes can now be clearly distinguished.
At potentials more positive than 0.20 V, the photocurrent
magnitude is small. At 0.50 V, the photocurrent transient
features a negative initial value and a positive steady-state
value, as well as an off-overshoot. At potentials more neg-
ative than 0.20 V, the negative photocurrents are enhanced.
This can be ascribed to the direct oxidation of FCA, which
occurs at 0.20 V as shown by the CV in Fig. 4b.

To analyze the role of FCA inside the Ti(O) network,
the maximum initial photocurrent observed at ITO/
Ti(O)/PPIX and ITO/Ti(O)/PPIX-FCA electrodes at vari-
ous applied potentials was compared (Fig. 5¢). It is clear
that the photocurrent was enhanced in the whole potential
range by the presence of FCA. In the potential range from
—0.40V to 0.20V, the photocurrent magnitude was
enhanced 5-6 times. The maximum incident photon to cur-
rent conversion efficiency (IPCE) at —0.40 V was increased
5.6 times, from 0.14% to 0.79%, when FCA was incorpo-
rated. The enhancement in the photocurrent magnitude
in the presence of FCA can be ascribed to the electron
donating and shuttling effects of FCA. That is, FCA can
effectively donate an electron to the excited PPIX, by which
the correspondingly produced FCA™ can be reduced at the
ITO electrode. This donating and shuttling process may
result in a faster electron transport pathway than the pure
electron hopping in the ITO/Ti(O)/PPIX system. This
point will be further quantitatively discussed in Section 3.5.

As shown in Fig. 5, the PPIX sensitized Ti(O) gel layer
supported on the ITO electrode preferentially gives rise to
negative photocurrents, which necessitates the occurrence
of reduction processes at the ITO/film interface. At an
ITO/Ti(O)/PPIX electrode, the reduction processes involv-
ing the PPIX species can be either the reduction of the
excited porphyrin (PPIX*) or the oxidized porphyrin
(PPIX™):
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PPIX* + ¢~ — PPIX ™ (1)
PPIX"™ + ¢~ — PPIX )

PPIX " in Eq. (2) can be the product of either the photoox-
idation of PPIX" at the ITO electrode or the photooxida-
tion of PPIX" by an electron acceptor present in the
system. The latter oxidation process not only produces
PPIX", the reduction of which (Eq. (2)) gives rise to a
cathodic photocurrent, but is also in competition with the
oxidation of PPIX™ at the ITO electrode resulting in a con-
comittant anodic photocurrent. This implies that the pres-
ence of an electron acceptor in the solution can facilitate
the reduction process and depress the oxidation, thus
enhancing the cathodic photocurrent. If Eq. (1) is consid-
ered, then the electron acceptor can remove electrons from
PPIX ™" to promote the charge separation, thus accelerating
the reduction of PPIX".

On the other hand, it should be noted here that a con-
comitant charge transfer reaction at the film/solution inter-
face must take place prior or after the photoreduction
process to maintain the electroneutrality of the Ti(O) film.
For example, following the reaction step 1 (Eq. (1)), the
produced radical anion PPIX™" can either participate in
an electron transfer reaction with an electron acceptor in
solution or be compensated by a cation ingress process.
These two cases have been schematically illustrated in
Fig. 6. In the former case (shown in Fig. 6a), not only
the charge separation is accomplished, but also the ground
state PPIX is catalytically regenerated. Considering the
experimental conditions, dissolved oxygen is the most
likely electron acceptor since molecular oxygen has a satu-
ration solubility of 0.25 mM in water [38]. The oxygen
effect on the photocurrent response will be further dis-
cussed below.

Fig. 6b illustrates the reduction of PPIX"at the ITO elec-
trode followed by a cation ingress process. The situation is
in fact similar to the oxidation/reduction of FCA discussed
in Section 3.1. The ingress can be that of Li” or H" at a low
pH from the solution to the Ti(O) film. In this case, how-
ever, the PPIX " will not be regenerated and correspond-
ingly the ground-state PPIX population will decrease. In
the following kinetic analysis, we shall neglect the ion
transfer reactions that may take place in order to consider
a constant ground-state PPIX population for simplicity.

3.3. Kinetic modeling

To rationalize the experimental photocurrent data and
understand the kinetics of electron transfer reactions in this
photoelectrochemical system, we shall employ the model
proposed previously [39]. The overall process can be
described by a Latimer type scheme shown in Fig. 7a, in
which the photocurrent response is deconvoluted in a series
of unit reactions. The occurrence of each reaction depends
on the relative energetic levels of the reactants. The corre-
sponding energetic diagram, including the standard redox
potentials of reduction and oxidation of PPIX and PPIX",
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Fig. 6. Schematic illustrations of the reduction of PPIX* at the ITO
electrode followed by the catalytic regeneration of PPIX by an electron
acceptor (a) or by the ingress of a cation (b) at the film/solution interface
(S™ =PPIX ™).

is schematically displayed in Fig. 7b. Since the generation
quantum yield of the triplet PPIX™ after light absorption
is high and the triplet PPIX* has a long lifetime in the mil-
lisecond time scale [31], only the triplet excited state is con-
sidered. Thus, Eg. - =0.56V and Eg o =—0.73V in
Fig. 7b are referred to as the standard redox potentials of
reduction and oxidation of the triplet PPIX* [31,40].

reatpca = 046V (versus SHE) was derived from the
CV shown in Fig. 4b. The ion ingress/egress process is also
indicated in Fig. 7b. With the help of the energy diagram,
the electron transfer reactions possibly occurring in the
potential range from —0.40 V to 0.20 V (versus Ag/AgCl
(sat.), corresponding to about —0.20V to 0.40 V versus
SHE) are also indicated in Fig. 7b. The reactions repre-
sented by the solid arrows and the dotted arrows give rise
to the cathodic and anodic photocurrents, respectively.
And those denoted by the dashed arrows correspond to
the reactions between the PPIX species and the quenching
species present in the system. For simplicity, PPIX is pre-
sented as S and PPIX™ and PPIX " are denoted as S*
and S, respectively.

In terms of the reaction scheme and the energy diagram
illustrated in Fig. 7, the initial step of the photoelectro-
chemical process is the photoexcitation of PPIX denoted
as S:
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h )
s g (3)

Here, we let S* denote the triplet PPIX". S* can relax to the
ground state through radiative or non-radiative pathways:

SR 4)

k. represents the rate constant of the intramolecular relax-
ation of S*. S* can also be oxidized and reduced directly at
the ITO electrode by:

s st e (5)
,kred
S e S (6)

These two electrochemical reactions are simplified as first-
order kinetic processes with rate constants &, and k4, rep-
resenting the oxidation and reduction of the tr1plet PPIX".
Based on the discussion in the last section, & and k;,, rep-
resent the reciprocals of the average time of electron trans-
port through the film. In addition, S* can also react with
the quenching species possibly present in the film or in
the solution:

S+ AL ST LA (7)

v
S +D4S +D* (8)

where A and D denote the electron acceptor and electron
donor, respectively. Also, these two chemical reactions
are considered as first-order kinetic processes for simplic-
ity. Steps 5-8 represent the reactions in which S* can par-
ticipate. In these steps, S* and S~ are generated, which
can be involved in a series of recycling reactions:

S IS 4e 9)
St +e S (10)
S +ARS A (11)
S*+DEs 4D (12)

The rate constants of steps 9-12 are different with those of 5—
8. k;and k; (i = ox, red, a and d) denote the rate constants of
reactions involving ground state and excited state PPIX spe-
cies, respectively. Taking k., and &”_ as an example, they rep-
resent the rate constants of oxidation of S~ and S,
respectively. Although the driving forces for the oxidations
of S™ and S” are different, k., and &, should follow the same
dependence on the applied potential. For the sake of simplic-
ity, we shall assume k) = ko, kipy = krea, k, =k, and
kj = kq in the simulations of the next several sections.

Furthermore, in the presence of FCA inside the Ti(O)
network, FCA can function as an effective electron donor.
However, FCA is considered to be different from other
electron donors possibly present in the system as the oxi-
dized FCA mediator, FCA™, can be reduced at the elec-
trode to be regenerated. In this case, FCA functions as
the relay, shuttling electron transport between the electrode
and the entrapped PPIX. In this case, an additional reac-
tion should be considered in the reaction scheme:

D" +e %D (13)

where k; denotes the rate constant of FCA™ reduction.
The above deconvolution of the photoinduced electron
transfer process is based on the energy diagram shown in
Fig. 7b, where the electrode potential not only necessarily
lies in between Eg. - and Eg. . but also is more negative
than E7,+ JFCA" Otherwise, the reaction scheme should be
reconsidered. For example, when the electrode potential
is tuned to be more positive than E°,+ JFCA the regenera-
tion of FCA™ at the electrode is endergonic. Thus, FCA
loses its function as the electron transfer relay, although
it can still act as an electron donor. Further, when the elec-
trode potential exceeds Eg: s+, the reduction of S at the
electrode (step 6) will be largely depressed and correspond-
ingly the cathodic photocurrent will decrease. Either or
both of these two situations can explain the marked
decrease in the negative photocurrent magnitude in
Fig. 5b when the electrode potential exceeds 0.30 V (versus
Ag/AgCl), as well as the appearance of anodic photocur-
rents at the more positive potentials. Since most of the pho-
tocurrent measurements were carried out in the potential
range below 0.30 V, we shall only consider the energy
scheme shown in Fig. 7b in the following discussion.
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3.4. Kinetic analysis of non-mediated photocurrents

On the basis of the model presented in Section 3.3 and
considering the ITO/film interface, mathematical develop-
ment (Appendix A) yields the photocurrent for the ITO/
Ti(O)/PPIX electrode (named non-mediated photocurrent
as FCA is absent) which can be considered as a sum of
the steady-state photocurrent (time-independent) and tran-
sient photocurrent (time dependent):

Jph = Jpn + Jpn (2)

= gu + g[ﬁef(kox‘f’ku)t + /ye*(kredJde)’ + Xe<7t/RC>], (14)
where j), and jyn(7) denote the steady-state and transient
photocurrents, respectively. jyu(f) has three contributions
as indicated by the three terms in the bracket, which repre-
sent the oxidation, reduction and charging photocurrent
transients, respectively. g is a parameter determined by
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the light absorption of the film and the incident light inten-
sity. a, f, y and y are kinetic parameters including k; (i =
ox, red, a and d) and the RC component as defined in
Appendix A.

First, the influence of the kinetic parameters included in
Eq. (14) except k4 on the photocurrent transient was exam-
ined theoretically. The parameter k4 will be discussed in Sec-
tion 3.5. Shown in Fig. 8 are the calculated influences of the
parameters kgy, kreq, ko and RC. These calculations were
obtained by taking g=560pAcm % k., =1800s"",
kox =2.08"", krea =285, ky=125", kg=1.05"" and
RC =0.05s unless specified otherwise in the figure. This
set of values generates a theoretical photocurrent transient
close to what is observed experimentally. g = 560 pA cm >
was calculated from the light absorption of the film and the
incident light intensity (Eq. (A.9) in Appendix A) and
k.= 1800 s~ ! was taken from Ref. [27]. Fig. 8d illustrates
that the RC component only slightly attenuates the initial
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Fig. 8. Evaluations of the effect of kox, keq, ko and RC on the photocurrent transients according to Eq. (14). The parameters employed are as follows
unless specified otherwise in the figures: g = 560 pA cm 2 k, = 18005, koy =2.087 ", kyea =285 !, ka=125"", kg=1.0s"" and RC=0.05s.
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part of the photocurrent and affects its shape, but it does not
influence the steady-state photocurrent. The other three
parameters, Koy, koq and k,, convolute together to determine
the photocurrent magnitude and it is difficult to resolve their
respective contributions to the observed photocurrent. How-
ever, at a constant k, value, the relative magnitude of k,, and
kreq determines the shape of the initial part of the photocur-
rent transient, as shown in Fig. 8a and b. For example, if k.4
is much larger than k,,, then the initial photocurrent rising is
sharp, which is followed by a decay at short times and a
steady state at longer times. In contrast, when k.4 is compa-
rable with or smaller than k,,, the photocurrent rises slowly
and then reachs a steady state directly at longer times.

The large number of parameters in Eq. (14) prevents an
accurate fitting of the experimental data. It is necessary to
limit the number of adjustable parameters to extract kinetic
information from the fitting. Therefore, we shall start with
the simplest experimental system, the ITO/Ti(O)/PPIX
electrode in the absence of oxygen in the solution. The pho-
tocurrent transient responses of this system are shown in
Fig. 9a. In comparison with the photocurrent responses
displayed in Fig. 5a where oxygen is present in the solution,
a strong effect of solvated oxygen can be found. The
removal of oxygen in the solution results in the depression
of photocurrent magnitude, as compared in Fig. 9b. This
confirms the electron accepting nature of the dissolved oxy-
gen in the solution. Thus, in the absence of oxygen in the
solution, the consideration of k, can be simplified since
the influence of oxygen can be neglected. For k., and kyeq,
since they denote the oxidation and reduction of PPIX spe-
cies at the ITO electrode, they should be dependent on the
applied potential. Furthermore, k., and k.4 should be
exempted from the influence of the electron acceptor and
donor present in the system. That is, at a certain applied
potential, k., and k4 are the same for the different exper-
imental conditions. A general comparison between the sim-
ulations with the experimental curves shown in Fig. 9a
indicates that k, =1.2s"!, kg4=1.0s"! and RC=0.05s.
k, cannot be assigned as 0, which means that except the dis-
solved oxygen some other species can also function as the
electron acceptor. Possible candidates might be the Ti*"
site in the gel network [41] and the water molecule. kq is
assigned as 1.0 to fit all the experimental curves but the
chemical nature of the electron donor has not been eluci-
dated, however, only the gel matrix and/or solvent can play
this role considering the experimental conditions. This elec-
tron donor is designated “intrinsic electron donor” to
discriminate later with FCA present in the ITO/Ti(O)/
PPIX-FCA electrode.

Fittings of the photocurrent transients employing Eq.
(14) are shown as dashed curves in Fig. 9a. It can be seen
that Eq. (14) provides an adequate description of the pho-
tocurrent data. The fitting also provides information to k
and k.q, Whose values at various applied potentials are
summarized in Table 1. Using the k., and k.4 values
obtained above, the photocurrent responses of the ITO/
Ti(O)/PPIX electrode in air saturated solution were also fit-
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Fig. 9. (a) Photocurrent transients of the ITO/Ti(O)/PPIX electrode at
various applied potentials in the absence of oxygen. The potentials are
—0.40V, —0.20 V, 0V and 0.20 V from the bottom to top. The dashed
lines are fitting employing Eq. (14) and the corresponding fitted
parameters are listed in Table 1. (b) Comparison of the maximum
negative photocurrents of the ITO/Ti(O)/PPIX electrode in the absence
and presence of oxygen at various applied potentials.

Table 1
The values for various rate constants obtained by fitting the photocurrent
data using Egs. (14) and (15)

Ewp  kox  keea K% kO KR K ke
S0 e J Coo TR e A G MO G B Gl B GO
—040 187 308 120 217 1.00 530 0.093
-030 192 295 120 183 1.00 516 0074
020 202 283 120 165  1.00 498 0.046
-0.10 212 281 120 152 1.00 475 0.038
0 221 276 120 147 1.00 432 0.026
0.10 234 266 120 134 1.00 422 0022
020 240 255  1.20 122 1.00 411 0016

k202 and k92 represent k, in the absence and presence of oxygen. k}°FC
and k§C denote k4 in the absence and presence of FCA in the gel.
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ted, as shown by the solid curves in Fig. 5a. In these fit-
tings, kq was kept to be 1.00 and only k, was left as the fit-
ting parameter. The obtained k, values at various applied
potentials are also listed in Table 1. It is apparent that k,
was increased in the presence of oxygen, confirming quan-
titatively that the dissolved oxygen functions as an effective
electron acceptor. Furthermore, in the presence of oxygen,
k, 1s not constant anymore but decreases when the applied
potential is more positive. The dependence of ky, koq and
k, on the electrode potential will be further discussed in
Section 3.6.

3.5. Kinetic analysis of mediated photocurrents

In the presence of FCA inside the Ti(O) structure, the
photocurrent called mediated photocurrent here originates
from steps 5, 6, 9, 10 and 13. The mathematical expression
of the photocurrent (Appendix B) is:

Joh = Jph  Jpn(2)
— g5 + g[(z)e*(kox“fa)f + pe*(krezﬁ‘kd)f + é’e*kff
+ (e/R9) (15)

where jn(f) has four components, one more due to the
incorporation of FCA. 0, ¢, p, £ and { are kinetic param-
eters including k; (i = ox, red, a, d and f) and the RC com-
ponent as defined in Appendix B. k¢ is a new parameter
present in the system and kq4 is also expected to change
due to the presence of FCA in the system. The influence
of these two parameters on the photocurrent transient
was first examined, as shown in Fig. 10. The calculations
were obtained using g= 560 pAcm 2, k.= 18005,
kox=2.0s5", kea=28s", k,=12s", kg=50s",
kr=0.05s"" and RC=0.25s unless specified otherwise
in the figure. Comparing the influence of k4 and k¢ on the
photocurrent response indicates that the initial photocur-
rent magnitude is mainly controlled by the parameter kg4
whereas k¢ only determines the feature of the photocurrent
transient at longer times. As shown in Fig. 10a, the larger
the kg4 the larger the initial photocurrent. From Fig. 10b,
it is apparent that k¢ has little effect on the photocurrent
at shorter times and increasing k; only results in a slight de-
crease of the initial photocurrent. Under this condition, the
fitting of the photocurrent responses of the ITO/Ti(O)/
PPIX-FCA electrode becomes easy. As displayed in
Fig. 5b, the solid curves correspond to the fittings using
Eq. (15). The fitting of experimental photocurrent tran-
sients also provides information to kg4 and k;, which are
summarized in Table 1.

3.6. Dependence of the rate constants on the applied potential

The fittings of experimental photocurrent transients in
Section 3.4 result in k.., kg and k, values at various
applied potentials. And those in Section 3.5 give k4 and
k¢ values. All these values can be found in Table 1.
Fig. 11 illustrates the exponential dependence of kgx, kred
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Fig. 10. Evaluations of the effect of k4 and k¢ on the photocurrent
transients according to Eq. (15). The parameters employed are as follows
unless specified otherwise in the figures: g = 560 A cm™2, k, = 1800 s,
kox=2.057", krea=2.85"", ky=125"", kg=5.0s"", kr=0.055"", and
RC=0.25s.

and k, on the applied potential. Positively increasing the
applied potential results in an increase of k., and a
decrease of k..q. The shift of the electrode potential alters
its relative position with respect to the standard reduction
and oxidation potentials of the PPIX species, accordingly,
the driving forces for the reduction and oxidation pro-
cesses. On the other hand, the oxidation and reduction of
PPIX species at the ITO electrode are not that fast since
kox and k..q values are small as shown in Table 1. The fit-
tings of log ko and log k..q versus the applied potential
give the electron transfer coefficients of 0.012 and 0.007
for the oxidation and reduction processes, respectively,
which indicates that only a small portion of the applied
potential operates on the electron transfer process. This
can be ascribed to the non-conducting nature of the
Ti(O) network.
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Fig. 11. Rate constants kox (a), kreq (b) and k, (c) as a function of the
applied potentials. The values were extracted from the fitting photocurrent
transients in Figs. 5a and 9 using Eq. (14).

As demonstrated in Section 3.4, k, remains constant in
the absence of oxygen. But in the presence of oxygen, k,
becomes potential dependent, as illustrated in Fig. 1lc. k,
represents the pseudo-first order rate constant of electron
extraction from PPIX species by dissolved oxygen, which
occurs at the film/solution interface. The potential depen-
dence of k, maybe associated with the potential effect on
the proton distribution in the diffuse layer. It is well known
that in an aqueous solution, the proton is usually involved
in the oxygen reduction process, which has also been inves-
tigated in the next section. Considering that the photocur-
rent data shown in Fig. 5a were obtained in a neutral (pH
7.0) aqueous medium, the potential variation may alter the
proton profile in the diffuse layer to affect the oxygen
reduction.
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Fig. 12. Rate constants k¢ (a) and k4 (b) as a function of the applied
potential. The values were extracted from the fitting photocurrent data
shown in Fig. 5b using Eq. (15).
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The dependences of k4 and k¢ derived from the fittings in
Section 3.5 on the applied potential are also displayed in
Fig. 12. Tt is clear that k; shows an exponential dependence
on the applied potential, decreasing when the applied
potential is more positive. Since k; denotes the rate con-
stant of FCA™ reduction at the ITO electrode, the positive
shift of electrode potential with respect to Efc.+/rca
increases the driving force associated with k. The fitting
of log k¢ with respect to the applied potential yielded an
electron transfer coefficient of 0.078, which is much larger
than those obtained above. This could be due to the higher
quantity of FCA present in the gel, 10 times higher than
PPIX. For kg, as shown in Fig. 12b, it also displays an
exponential dependence on the applied potential. kqy
denotes the pseudo-first order rate constant of electron
donation to the PPIX species. Since both FCA and PPIX
are anchored to the Ti(O) matrix, the electron transfer
between them only occurs by hopping, which certainly
depends on the electric field inside the film. This situation
is different with the electron quenching of PPIX by dis-
solved oxygen, which occurs at the film/solution interface
and the diffusion of oxygen in the solution and/or in the
Ti(O) network pores plays a role. The fitting of log k4 with
respect to the applied potential yielded an electron transfer
coefficient of 0.013, which is close to those of PPIX oxida-
tion and reduction processes.

3.7. Oxygen and pH effect

The presence of oxygen in the solution results in a larger
photocurrent. Indeed, the oxygen quenching of photoex-
cited porphyrin is well known [31,42]. In aqueous media,
the oxygen reduction is a multielectron reaction, either
two-electron reduction to give peroxide or four-electron
reduction to produce water. The medium pH also plays
an important role in the oxygen reduction process [43].
Therefore, the influence of pH on the photocurrent
response was investigated. The dotted curves in Fig. 13a
correspond to the photocurrent transients of the ITO/
Ti(O)/PPIX-FCA electrode at —0.40V at three pH. A
strong effect of pH on the photocurrent magnitude was
observed. The photocurrent at pH 4.0 is more than twice
that at pH 9.0 (however, at very alkaline pHs the stability
of the xerogel and/or dye and electron mediator leakage
[44] may interfere). The current increment by lowering
pH was observed in the potential range lower than
0.30 V, as shown in Fig. 13b. The solid curves in Fig. 13a
represent the fittings employing Eq. (15). Assuming the
variation in pH only alters k,, all other parameters used
in the fittings are the same as those employed to fit the pho-
tocurrent transient at —0.40 V at the neutral condition,
that is, g=560 pA cm 2, k, =1800s"!, ko =1.87s"",
krea =3.08s7!, kg=1530s"", kr=0.093s"! and RC=
0.25s. The fittings provide us k, values of 5.35, 3.10 and
0.42 for pH at 4.0, 6.0 and 9.0, respectively. Obviously,
k, decreases sharply with increasing the solution pH. How-
ever, it should be mentioned that protons might also func-

tion as the electron acceptor, especially at very acidic
conditions. Therefore, the variation of k, with pH can be
ascribed to the convolution of the pH dependent oxygen
reduction and the proton reduction. Whether they occur
or not, the devolution of these two processes if both occur
requires careful control of the experimental conditions.
The influence of pH on the photocurrent response was
further studied in the case of absence of oxygen. As shown
in Section 3.4, when oxygen is absent in the system, k, can
be kept constant. Under this condition, unless the reaction
involving this intrinsic electron acceptor is also pH depen-
dent, the photocurrent should be invariant with solution
pH. As shown in Fig. 14, the photocurrent responses of
the ITO/Ti(O)/PPIX-FCA electrode in the absence of
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Fig. 13. (a) The influence of solution pH on the photocurrent transient of
the ITO/Ti(O)/PPIX-FCA electrode at —0.40 V. The pH is 4, 6 and 9 from
the bottom to top.The solid lines are the fittings using Eq. (15) with
g=560pAcm™2,  k,=1800s"",  kox=187s"!,  keq=3.085"",
kq=530s", k=0.093s"" and RC=025s. (b) pH effect on the
photocurrent magnitude of the ITO/Ti(O)/PPIX-FCA electrode at vari-
ous applied potentials.
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Fig. 14. The influence of solution pH (4.0, 6.0 and 9.0 from the bottom to
top) on the photocurrent transient of the ITO/Ti(O)/PPIX-FCA electrode
at —0.40 V in the absence of oxygen in the solution.

oxygen sharply decrease in comparison with those in the
presence of oxygen displayed in Fig. 13a. At pH 4.0 and
6.0, the photocurrents decrease by 50%. The decrease in
the photocurrent magnitude is definitely ascribed to the
oxygen quenching effect. Another feature observed in
Fig. 14 is that in the absence of oxygen the photocurrent
magnitude is dependent on the solution pH. This maybe
the evidence of proton reduction as discussed above. How-
ever, further investigation on pH effects on the photocur-
rent responses at much lower and higher pH found the
instability of the Ti(O) gel and/or dye and redox mediator
release [44].

4. Conclusions

Protoporphyrin IX (PPIX) sensitized titanium oxide
(Ti(O)) xerogel films were prepared on indium tin oxide
(ITO) electrodes using a sol-gel process. In this methodol-
ogy, the PPIX and/or the electron donor, ferrocene carbox-
ylic acid (FCA), were first complexed to titanium(IV)
n-butoxide (Ti(OBu)y) precursors. The resulting mixture
was then subjected to hydrolysis to obtain a Ti-oxo-based
macromolecular network doped with PPIX and/or FCA.
The Ti(O) films on ITO electrodes were characterized by
UV-Vis absorption, X-ray photoelectron spectroscopy,
scanning electron microscopy and electrochemical tech-
niques. Cyclic voltammetric measurement reveals that the
oxidation/reduction of FCA inside the Ti(O) film is gov-
erned by a linear diffusion process of ion ingress/egress
and/or electron hopping through the film, due to the insu-
lating or poorly conducting nature of the gel structure.

Functionalized by PPIX, the films are photoactive and
light illumination can induce the electron transfer pro-
cesses. Photocurrent responses originating from the photo-
reduction/photooxidation of the PPIX species were
investigated in an aqueous solution. Except that at very

positive potentials where an anodic photocurrent was
observed, a cathodic photocurrent was observed in most
cases. Furthermore, incorporation of FCA inside the film
and dissolved oxygen in the solution can both enhance
the photocurrent responses, due to their electron donat-
ing/shuttling and accepting abilities, respectively. The
dynamics of all these photoinduced processes were evalu-
ated on the basis of a detailed kinetic model. The rate con-
stants of electron transfer between the PPIX species and
the ITO electrode, as well as that of the quenching of PPIX
excited state by FCA inside the film, were found to depend
on the applied potential.

Finally, clear evidence of oxygen reduction has been
obtained in this work. The investigations on the pH effect,
the lower the pH the larger the photocurrent, reveal that
the proton reduction may also occur besides the oxygen
reduction. These two processes and the possible lithium
and proton insertions, as well as the diverse possibilities
of functionalization, render the Ti(O) gel structure to have
potential applications in devices and sensors.

Acknowledgments

This work was supported by the Swiss National Science
Foundation (200020-105486) and Ecole Polytechnique
Fédérale de Lausanne (EPFL). We are grateful to Fabienne
Bobard and Philippe Buffat (Centre Interdisciplinaire de
Miscroscopie, EPFL) for SEM measurements, Nicolas
Xanthopoulos (Laboratoire de métallurgie chimique,
EPFL) for XPS measurements and Pascal Comte (Labora-
toire de photonique et interfaces, EPFL) for fruitful discus-
sion and collaboration. The technical assistance by Valérie
Devaud is also acknowledged.

Appendix A. Mathematical development for non-mediated
photocurrent responses

The photocurrent response of the ITO/Ti(O)/PPIX elec-
trode, named non-mediated photocurrent, involves contri-
butions from all the steps featuring the electron transfer
across the ITO/film interface, i.e., steps 5, 6, 9 and 10. Con-
sequently, it follows:

jph = F{(kox - kred)FS* - kredFSJr + koxFS’} (Al)

where I'; (i = S*, S" and S™) denotes the surface concentra-
tion of PPIX in its excited, oxidized and reduced forms,
respectively. The differential equations for the concentra-
tion terms in Eq. (A.1) can be written as follows:

dg:* = O-SI()F(S) - (kr + kox + kred + ka + kd)rs* (AZ)
dr'g+
d: = (kox + ka)FS* - (kred + kd)[’sf (A3)
drl's-
d: = (kred + kd)FS* - (kox + ka)FS’ (A4)

where I, is the incident photon flux. o5and I'] denote the light
absorption cross-section and the surface concentration of
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the entrapped PPIX in the ground state, respectively. Using a

steady-state approximation, solving Eq. (A.2) yields:
Al

NA(kr + kox + kred + ka + kd)

where 4 and N, are the light absorption of entrapped

PPIX and the Avogadro’s constant, respectively. And solv-

ing Egs. (A.3) and (A.4) gives:

FS (kox + ka)e™ (krea+ka)t

FS*:

(A.5)

I+ A.6

s kred + kd ( )
F (kred + kd) (koxtha)t

I's- = A7

° ox + ko (A7)

Introducing Egs. (A.5), (A.6) and (A.7) into Eq. (A.1)
produces:

Jon = &lar + aze” Kot gy~ lhreatha)ry (A.8)
where

i ~9

A
kox - kred

= — A.10

“ kr + kox + kred + ka + kd “@r ( )
kox (kred + kd)

=— A.ll

“ (kox + ka)(kr + kox + kred + ka + kd) ( )
kre kox ka

@ = alkor + Ka) (A.12)

(kred + kd)(kr + kox + kred + ka + kd)

It should also be considered that the photocurrent
responses upon illumination are attenuated by the RC
component at the interface. Introducing this parameter
into Eq. (A.8) yields the photocurrent in the Laplace plane:

T g ﬂ+ a + as
Toh TATHRCs ) s 5+ kox + ka5 + krea + K
(A.13)

The inverse Laplace transform of Eq. (A.13) yields Eq. (14)
describing the photocurrent responses of the ITO/Ti(O)/
PPIX electrode with

%= a (A.14)
a
— _ A.15
P =tk kR (A-15)
as
y = : A.16
/ 1- (kred + kd)RC ( )
1
X =

[1 = (Kox + ka)RC][1 — (kvea + ka)RC]

x {—(a1 + ay + a3) + RC[(a1 + a2) (kred + ka)

+ (a1 + a3)(kox + ka)] — Rczal(kox + k) (krea + ka) }-
(A.17)

Appendix B. Mathematical development for mediated
photocurrent responses

In the presence of FCA inside the Ti(O) structure, the
photocurrent called mediated photocurrent here can be
described as:

jph = F{(kox - kred)FS* - kredrs+ + koxI's
— kel } (B.1)

The differential equation for FCA™ can be written as:
dI'p+

d[ - kd(rs* + Fs+) - kfFD+ (B2)
Combining Egs. (A.5), (A.6) and (B.2), I'p+ is obtained as:
kd (kox + kred + ka + kd)
I'p+ =Tg
v { K (krea + ko)
kq(kox + ko) reatka)t

(kl‘ed + kd)(kred + kd - kf)
ka(kox + krea + ko + kq — kf)ekf’}
ke(krea + ka — kt)

Introducing Egs. (A.5), (A.6), (A.7) and (B.3) into Eq. (B.1)
yields:

(B.3)

jph = g{cl + Czef(kox‘*’ka)t + c3e*(kred+kd)t + C4efkft} (B4)
where
ka (kox + kred + ka + kd)
=— B.5
“ (kox + ka)(kr + kox + kred + ka + kd) ( )
kox (kred + kd)
= — B-6
2T (ko + k) (ke + Feon + rea + K + ka) (B.6)
3 = (kox + ka)(kred - kf) (B7)
(kred + kd - kf) (kr + kox + kred + ka + kd)
ka(kox + ki ka+ks— Kk
e a(kox + krea + ka + ka — ki) (B.3)

(kred + kd - kf) (kr + kox + kred + ka + kd)

Further taking the effect of RC component into account,
the photocurrent in the Laplace plane is expressed as:

—_ g ﬂ+ (&) C3 + C4
Tob =\ T RCs s+ kox + ks s+kred+kd s+k;
(B.9)

Inverse Laplace transformation of Eq. (B.9), one obtains
Eq. (15) with

5 =c (B.10)
¢ = ﬁ (B.11)
P=1z (kn:ir kq)RC (B.12)
¢ = 1_0% (B.13)
- 1

[1 = (kox + k4 )RC][1 — (kyea + ka)RC](1 — ktRC)

x {(c1+cr+e3+ca) —RC[(kox +ka)(c1 +¢3+c4)

+ (krea +ka)(c1 +c2+ca) +ke(er + 24 c3)]

+ RC? [kt (kox ko) (c1 +¢3) 4kt (kreq +ka) (€1 +¢2)

+(kox + ka) (kvea + ka) (c1 + c4)] — RCcrke (kox + ko) (K rea +ka) }
(B.14)
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Appendix C. Supplementary material

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.ica.2007.
06.036.
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