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Abstract

The paper reviews recent results on electrochemical methods applied to the determination of the density of electronic states in several
components of advanced nanostructured devices such as the dye solar cell (Grätzel cell), switchable displays, and sensors. We discuss the
application of cyclic voltammetry and impedance spectroscopy to determine the chemical capacitance of mesoporous metal-oxide semi-
conductors (mainly TiO2), organic hole transport materials, and molecular functionalizing elements.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The work of Michael Grätzel has opened a new class of
photoelectronic devices, those based on nanostructured
metal-oxide semiconductors. These materials, and most
prominently the archetypal TiO2, are easy to process, are
chemically and mechanically robust, and are efficient
electron conductors. However, they are not generally
photoactive unless they are in the UV spectral region. A
nanostructured matrix of metal-oxide nanoparticles (or
other nano-objects such as long rods) is well suited to host
surface-attached organic components that extend the
sensitivization to the visible spectrum, and also hole- or
ion-conducting media that fill the nanopores. In this way,
high and low energy levels in molecular components in
the TiO2 surface can be addressed with n-type and p-type
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materials, respectively, from the external electrodes. This
idea gave rise to the dye-sensitized solar cell (DSC) [1–3],
generally known as the Grätzel cell, that constitutes a mile-
stone in the search for cheap and efficient photovoltaic
devices. Functionalization of metal-oxide nanostructures
is rather versatile, and has given rise to other applications,
many of them pioneered by Grätzel and his coworkers as
well, such as the photoelectrochromic device obtained by
anchoring viologen molecules in the surface of TiO2 [4];
biological sensors [5]; and ambipolar devices formed by
switchable electron/hole conduction along an organic
monolayer in the metal-oxide surface [6].

Crucial to the development of these types of devices is a
sound understanding of the energetics of electronic carriers
in the metal oxide, in the organic hole conductors, and in
the molecular functionalizing elements in the metal-oxide
surface. Such energetics influences a number of electronic
phenomena, i.e. how many carriers are stored in each of
the phases of the device when a voltage difference (related
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to carriers Fermi levels displacement) is established at the
contacts? And what is the rate of electronic transitions
between neighboring phases inside the device? A key piece
of information for answering such questions in specific sit-
uations, is the density of states (DOS) in the different
phases constituting the particular device.

In recent years, it has been recognized that standard
electrochemical techniques such as cyclic voltammetry
(CV) and impedance spectroscopy (IS), under a certain
set of broad conditions, constitute effective methods of
determining the DOS in metal-oxide nanostructured semi-
conductors [7,8] and also in organic conductors [9,10].
Such techniques have been used to a large extent in order
to investigate the properties of nanostructured devices
based on the metal-oxides with different types of surface
functionalization [11–18]. This paper provides a short sum-
mary of these methods, emphasizing both the physical
principles lying behind the experimental methods and the
applications in various kinds of devices. The paper
describes the electrochemical determination of DOS in dif-
ferent materials that form part of nanostructured devices:
the mesoporous metal-oxide semiconductors (usually elec-
tron conductors), quantum dots that exhibit size quantiza-
tion effects, organic hole transport materials used in solid
DSCs, and molecular functionalizing elements.
Fig. 1. Representation of the chemical capacitance of a monoenergetic
energy level (dashed line) as a function of the temperature as indicated.
2. Chemical capacitance and density of states

2.1. Nanostructured semiconductors

Colloidal metal-oxide nanocrystals are usually deposited
over a conducting substrate and are thermally treated to
form a connected array of nanoparticles that can be used
as electroactive electrodes. These structures normally form
a random nanoparticulate network (RNN) with huge inter-
nal area. The degree of ordering can be increased [19], and
there is a great deal of interest in metal-oxide nanotubes
and nanorods vertically aligned on the conducting sub-
strate [20–22]. However, the electrochemical properties of
these regular structures have been less studied and our
attention will be predominantly focused on RNN. Since
the general theory for CV [7] has not been substantially
modified, only a brief outline is presented here, and the
extensions of the model [23] will be commented in due
course.

When a voltage variation dV is applied to the conduc-
tive substrate of the nanostructured film, the Fermi level
is displaced homogeneously as dEFn = �qdV (where q is
the elementary charge). Consequently the electron density
changes by a quantity dn. The electrochemical capacitance
(per unit volume) [14,24] relates the change of number den-
sity of electrons, n, to the change of electrochemical
potential

Cl ¼ q
dn

dEFn
ð1Þ
There are two basic mechanisms of accumulating charge
with respect to voltage in electrochemical systems. The first
one is a standard dielectric capacitor where energy is stored
in the electrical field, related to spatial charge separation.
This capacitance is ubiquitous at interfaces with space
charge such as Schottky barriers and Helmholtz layers.
In general, the dielectric capacitance is associated to charg-
ing the spatially separated plates of the capacitor with a
displacement current. The second one consists on increas-
ing the chemical potential of the species in a bulk material
by increasing their number. Here the ‘‘plate’’ of the capac-
itor is charged by conduction current. This second case can
be called the chemical capacitor [14,24] and it is specially
relevant for ion intercalation materials, nanostructured
semiconductors [14] and organic conductors [9].

Consider one specific electronic state characterized by
the energy E. This energy is defined to be increasingly neg-
ative for states deeper in the gap. The average occupancy is
described by the Fermi–Dirac distribution function

f ðE � EFnÞ ¼
1

1þ exp½ðE � EFnÞ=kBT � ð2Þ

where kB is Boltzmann’s constant. A displacement of the
Fermi level causes a variation of the state occupancy in
the following way:

df
dEFn

¼ 1

kBT
f ð1� f Þ ð3Þ

Assuming that the conduction band potential is station-
ary, when the voltage at the substrate is modified nega-
tively, the Fermi level inside the TiO2 nanostructure is
displaced towards the conduction band. In this case, the
change of electrochemical potential implies a change of
the chemical potential of electrons, i.e. dEFn = dln. Eq.
(1) gives a purely chemical capacitance [8]. For a single
electronic state of density N, we therefore obtain
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Cl ¼
Nq2

kBT
f ð1� f Þ ð4Þ

As indicated in Fig. 1, the chemical capacitance of a sin-
gle state shows a thermal spread of 0.1–0.2 eV that
increases with the temperature.

Consider now a distribution of states, g(E), the DOS in
the bandgap, as indicated in Fig. 2a. The chemical capaci-
tance is obtained integrating all the contributions of avail-
able states

ClðEFnÞ ¼ q2

Z þ1

�1
gðEÞ df

dEFn
dE

¼ q2

kBT

Z þ1

�1
gðEÞf ðE � EFnÞ½1� f ðE � EFnÞ�dE

ð5Þ

Assuming that Fermi–Dirac is a step function (i.e., the
zero-temperature approximation), the function f(1 � f)
gives a Dirac-d, and then Eq. (5) takes the form [23]

ClðEFnÞ ¼ q2gðEFnÞ: ð6Þ
It is therefore found that the chemical capacitance is

proportional to the DOS. The interpretation of Eq. (6) is
that the extent of charging related to the perturbation dV

corresponds to filling a slice of traps at the Fermi level,
and this is suggested in Fig. 2a.

A common finding in nanostructured TiO2 is an expo-
nential distribution of localized states in the bandgap as
described by the expression

gðEÞ ¼ NL

kBT 0

exp½ðE � EcÞ=kBT 0�: ð7Þ
Fig. 2. (a) Schematic energy diagram of electronic processes governing electron
Fermi level in the dark, which is equilibrated with the redox potential (EF,re

nanoparticles and EC is the conduction band energy. The shaded region indicate
(zero-temperature approximation of Fermi–Dirac distribution). The square sho
a potential step dV. (b) Quantitative representation of the thermal occupation a
(thin line) with T0 = 800 K and NL = 1020 cm�3, as determined by the Ferm
distribution of carriers at T = 400 K.
Here NL is the total density and T0 is a parameter with tem-
perature units that determines the depth of the distribution,
which can be alternatively expressed in energy units e0 =
kBT0 or as a coefficient a = T/T0. According to Eqs. (6)
and (7) the chemical capacitance should display an expo-
nential dependence on applied potential, and this is found
experimentally as discussed in the next section. In addition,
nanostructured TiO2 usually shows a nearly monoenergetic
state below the bandgap, which is suggested as a surface
state in Fig. 2a. Therefore, the total chemical capacitance,
due to occupation of electronic levels, is predicted to have
the shape shown in Fig. 3.

2.2. Quantum dots

Quantum dots (QD) are nanocrystals of size roughly
between 1 and 10 nm. The strong quantum confinement
implies that insulating nanocrystals have a set of discrete
atom-like valence and conduction energy levels. Their sep-
aration as well as the optical gap between the lowest con-
duction level and the highest valence level increases as
the nanocrystal size decreases. Nanocrystals with a narrow
size dispersion can be assembled into two-dimensional or
three dimensional ordered arrays, which are termed nano-
crystal superlattices. QDs are good candidates for sensitiz-
ers in DSCs [25–28]. The discovery of quantum efficiency
higher than 100% by carrier multiplication in QDs [29–
31], reaching even 7 excitons per absorbed high energy pho-
ton in PbSe colloidal nanocrystals [31], has stimulated
renewed interest in this subject.

While photoexcitation creates electron–hole pairs,
assemblies of quantum dots deposited on a conducting
transport in a TiO2 nanoparticle in a DSC. EF0 shows the position of the

dox) redox couple. EFn is the Fermi level of electrons accumulated in the
s the bandgap states that are occupied with electrons below the Fermi level
ws the filling of states under a small displacement of the Fermi level, under
t temperature T = 300 K (thick line) of an exponential DOS in the bandgap
i–Dirac distribution function (dashed line). The dotted line indicates the



Fig. 3. Representation of the chemical capacitance of an exponential
distribution of states with density Nexp = 1020 cm�3 below the lower edge
of the conduction band (Ec = 0 eV) and a monoenergetic energy level with
density Nm = 1018 cm�3 (Em = �0.4 eV) at temperature T = 300 K. Elec-
trode of 10 lm thickness.
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substrate, and filled with an ionic medium, allow the injec-
tion of a single kind of carrier in the superlattice, which
permits to investigate the DOS electrochemically. The elec-
trochemical potential of electrons injected in a superlattice
depends on individual electronic levels for a quantum dot
and also on Coulomb interactions, both for multiple elec-
trons in a quantum dot and in neighbour dots [32]. Char-
acteristic capacitance spectra showing consecutive
charging of different discrete energy levels have been
reported for assemblies of CdSe [33,34] and for arrays of
monodisperse ZnO quantum dots [35,36]. The influence
of size dispersion over collective transport properties in
these systems has been examined theoretically [37].
Fig. 4. Representation of a Gaussian DOS (center of the DOS E0 = 0 eV,
and width parameter r = 0.2 eV). The shaded area shows the occupancy
of the DOS with holes when the Fermi level is at 0.2 eV at T = 300 K.
2.3. Molecular species in solution

Since the Nernst formula is identical with Fermi–Dirac
statistics, Eq. (4) and Fig. 1 also describe the chemical
capacitance of a redox species, either in solution or when
attached to the semiconductor surface. Such specific
instance of a chemical capacitance was conventionally
denominated ‘‘pseudocapacitance’’ [38] and sometimes
‘‘redox capacitance’’ [39].

The Marcus–Gerisher model [40,41] often provides a
good description of charge-transfer between semiconductor
and acceptor molecules in solution, and the model has been
applied in DSCs [42,43]. Due to the thermal fluctuation
and changes of polarization, the acceptor levels take the
form of an effective Gaussian density of states, with a width
given by the reorganization energy. However, this is not a
real DOS in equilibrium, but a probability of charge-trans-
fer [44]; therefore, this Gaussian distribution cannot be
obtained as a chemical capacitance by CV or related
techniques. Instead, the effective Gaussian DOS can be
obtained from the voltage-dependence of the heteroge-
neous rate constant [45].

On another hand, it is likely that molecular species
adsorbed at the semiconductor surface display a degree
of energetic disorder, and a Gaussian distribution is a good
candidate to describe the DOS of the molecular levels in
the presence of a disorder [46] as it is usually found in solid
organic conductors.
2.4. Organic conductors

Organic hole conductors such as spiro-OMeTAD
(chemical name 2,2 07,7 0-tetrakis(N,N-di-p-methoxyphenyl-
amine)-9,9 0-spiro-bifluorene) constitute a key element to
form nanostructured devices [47–49]. In organic conduc-
tors, disorder or structural correlations with correlation
lengths of a few intermolecular distances (fluctuation in
the local conjugation length) lead to a dispersion of ener-
gies. The most successful model for describing transport
in organic conductor is a Gaussian disorder model devel-
oped by Bässler [50] using a regular array of hopping sites
with a Gaussian distribution of site energies

gðEÞ ¼ 1ffiffiffiffiffiffi
2p
p

r
exp �ðE0 � EÞ2

2r2

" #
ð8Þ

where E0 is the center of the distribution and r is the
width. It is widely agreed that the distribution of elec-
tronic states in disordered organic conductors has a
Gaussian shape, as recently observed by capacitance mea-
surements [10,9,51,52]. The Gaussian distribution in or-
ganic semiconductors is caused by the fluctuation of the
lattice polarization energies [50], dipole interactions [53]
and molecular geometry fluctuations [54].

Considering a Gaussian distribution of holes states, the
distribution is fully occupied above the Fermi level, and
shows the thermal spread at the Fermi level, as depicted
in Fig. 4. It can be shown [55,56] that if the density of holes
is very low, the distribution of holes is given to a good
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approximation by a Gaussian centered at r2
P=kBT above the

mean of the DOS, independently of the position of Fermi
level. However, this ‘‘Boltzmann regime’’ is obtained only
when the Fermi level is higher than r2

P=kBT above the mean
of the DOS.

Most of our discussions have been so far based on the
Fermi–Dirac (or Nernst) statistics. We should remark that
this applies in the case of independent species randomly
occupying the available sites. More generally, in the pres-
ence of interactions, the chemical capacitance relates to
the electrochemical potential function on the number of
carriers. For example, in amorphous intercalation materi-
als, in particular in LixWO3, the chemical capacitance
mainly shows the contributions of the chemical potential
of Li+ inside the amorphous film, which is governed by
elastic distortions of the host material [57–59].

3. Experimental techniques

The electrochemical methods for determination of the
DOS in the mesoporous semiconductors (organic films)
are based on the measurement of the variation of the den-
sity of electrons (holes) caused by a modification of Fermi
level [14]; such variation relates to the chemical capacitance
[8], as discussed above. Experimental methods include CV
[7], impedance spectroscopy [60], voltage-decay charge-
extraction [61–65] and potential step-current integration
(chronoamperometry) [66,67].
Fig. 5. The left column shows the schematic energy diagram of a nanostructure
the Fermi level in the film. (a) Stationary energy levels, and another case is
molecules induces a permanent shift of the energy levels. (b) Shift of the ener
Helmhotz potential at the nanoparticles surface by ionic compensating char
distribution of bandgap states in the nanoparticles.
The standard cyclic voltammetry technique [7] monitors
the current injected in the film as the potential varies at a
constant speed, s = dV/dt. The current density on a film
of thickness L and porosity p is

j ¼ �qLð1� pÞ dn
dt
¼ q2Lð1� pÞ dn

dEFn

dV
dt
¼ Lð1� pÞsCl

ð9Þ
Hence, Cl(EFn) is measured directly by cyclic voltamme-

try. Fig. 5c illustrates that the shape of a CV directly
reveals the shape of the DOS, using the case of an exponen-
tial distribution as an example.

Eq. (9) assumes that the voltage applied in the substrate
of a nanostructured film is exclusively invested in displac-
ing the Fermi level across the energy scale in the semicon-
ductor. It requires that the voltage scan is slow enough for
the film to reach equilibrium at each state of charging. The
main experimental criterion for this is that the capacitive
CV is symmetric with respect to the energy/voltage axis,
corresponding to the fact that electrochemical capacitance
may depend on potential but is independent of the sense of
the current. Additional elements in the electrochemical cell,
such as IR drops, and faradaic charge-transfer resistance at
the metal-oxide/electrolyte interface, produce a distortion
of the symmetric shape [7].

It should be remarked that Eq. (6) is an approximation
for a continuous DOS that neglects the thermal spread
affecting each state in the distribution. In reality the
d semiconductor under application of a potential that homogeneously rises
shown in which modification of the semiconductor surface with dipolar
gy levels along the increase of the electron density by modification of the
ge. The right column shows the corresponding CVs for an exponential
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Fermi–Dirac function is not abrupt at EFn, as it is indicated
in Fig. 2b. The exact relation consists on a convolution of the
DOS over a function of the Fermi–Dirac function, Eq. (5). A
procedure for obtaining the DOS from the measured Cl by
successive approximations has been developed [23,68]. This
method provides highly accurate results by using only 4
orders of approximation at practical temperatures.

One important parameter for nanostructured devices is
the position of the semiconductor conduction band/trans-
port level. Such position can be readily modified by absorp-
tion of dipolar species at the metal oxide/electrolyte
interface, as indicated in Fig. 5a. CV immediately reveals
the global displacement of the semiconductor energy levels
as a shift of the voltammetry along the potential axis, as
illustrated in Fig. 5c.

For maintaining charge neutrality into a nanostructured
film under electron accumulation, it is required that the
increasing electron charge in the nanoparticles be accompa-
nied by positive ion charge at the semiconductor/electro-
lyte interface. As shown in Fig. 5b, surface charging at
increasing electron density in the nanoparticulate network
changes the potential difference in the Helmholtz layer,
producing an upward shift of the semiconductor energy
levels [69]. The combined effect of electron accumulation
and partial band unpinning can be accounted for by a con-
stant Helmholtz capacitance, CH, connected in series to the
chemical capacitance, Cl, so that the total electrochemical
capacitance becomes

C ¼ ðC�1
l þ C�1

H Þ
�1 ð10Þ

Hence when the exponentially increasing Cl becomes
larger than CH, the CV flattens to a constant value,
Fig. 5d, in consonance with the fact that the band shifts
Fig. 6. Characteristic CV (a) and capacitance from IS (b) of a nanostructure
capacitance is dominated by Helmholtz layer at the uncovered transparent con
inset.
simultaneously with the displacement of the Fermi level,
with a smaller rate of gain of electron density in the
nanostructure.

IS is a voltage/current small perturbation frequency
modulation method widely applied in DSC [70–77]. While
CV is a fast large perturbation method that rapidly gives
information about the whole DOS, IS requires a separate
measurement at each steady state. However, the applica-
tion of equivalent circuit analysis to the frequency domain
data in IS is capable to provide the chemical capacitance in
the presence of additional processes such as series and
charge transfer resistance. Therefore, when faradaic cur-
rents are blocked, the voltammetries, Fig. 6a, may inform
about the density of states in TiO2 as its capacitance,
Fig. 6b, may then dominate the current in a certain poten-
tial window. But on the other hand, in DSC the capacitive
currents are hidden by much larger recombination current,
as shown in Fig. 7a. In these cases, to observe the DOS it
becomes necessary to measure the capacitance via IS as
shown in Fig. 7b.

The electronic conductivity in nanostructured TiO2 per-
meated with electrolyte solution can be measured by IS [73]
and also directly in electrochemical transistor configuration
shown in Fig. 8a [67,78]. Several studies have shown that
the electronic conductivity is dependant on the density of
electrons in the transport state (conduction band)
[73,78,79]. Therefore, the conductivity can be used as an
effective tool to monitor the displacement of the energy lev-
els in the nanostructured semiconductor. As shown in
Fig. 8b, molecular species absorbed in the TiO2 surface
[80] with different dipole moments cause a shift of the
bands which is observed as the displacement of the conduc-
tivity plot along the voltage axis, as depicted in Fig. 5a.
d TiO2 film in a blocking electrolyte. At the more positive potentials the
ducting oxide, as shown by the Mott–Schottky plot representation in the



Fig. 7. (a) Voltammetry of a DSC in the dark current is dominated by recombination. (b) Capacitance of the TiO2 in the cell obtained by IS.

Fig. 8. (a) Electrochemical transistor measurement configuration. The conducting substrate over which the mesoporous film is deposited is divided two
regions, working electrodes (WE) separated by an insulating gap. (b) Conductivity plot of a bare, mesoporous TiO2 film and molecular modified films with
electrochemically deposited 4-methoxybenzenediazonium tetrafluoroborate (oab) and 4-cyanobenzenediazonium tetrafluoroborate (cab). Reprinted with
permission from [80]. Copyright (2005) The American Chemical Society.

Fig. 9. Cyclic voltammograms of PI-KEM nanostructured TiO2 electrode
(50% anatase + 50% rutile, surface area 27 m2 g�1, thickness 8 lm, scan
rate 20 mV s�1, working solution 0.1 M HCl4 purged with N2) as a
function of electroreduction time at �0.6 V. Reprinted from [82], with
permission from Elsevier.
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4. Results on nanostructured metal-oxide films

4.1. General characteristics of the capacitance

The capacitive response of nanostructured TiO2 films,
and similarly in other undoped metal-oxide RNN, shows
several characteristic features.

(a) The dominant feature is an exponential DOS at the
negative potentials approaching the conduction band
potential.

(b) In many cases, a symmetric and much less intense
peak appears at less negative potentials, Fig. 9. In
CV, these features are highly symmetric with respect
to voltage axis in good quality electrodes, though
they sometimes appear as a distortion due to IR drop.
The symmetric shape of CV with the exponential
increase and the additional peak at a more positive
potential, that is theoretically depicted in Fig. 3, is
very well established experimentally and appears in
a large number of reports, since the first one in
1995 by Grätzel and co-workers [11]. A more recent
report is shown in Fig. 9. Fig. 10 shows an even more
accurate resolution of the exponential DOS from CV
by using the deconvolution procedure that was dis-
cussed above [68].
The capacitance shows additional features:

(c) At positive potentials a nearly constant capacitance is
found, corresponding to the exposed surface of the
conducting substrate. This capacitance is related to



Fig. 11. (a) CV of TiO2 film in aqueous solution at pH 2 presenting a surface state peak (b) capacitance of the same sample. The exponential growth of the
capacitance is modified by the presence of the surface state.

Fig. 10. (a) Fourth order approximation of the density of states obtained from CV at finite temperatures in nanostructured TiO2 films of 20 nm radius as
indicated. (b) Energy parameter e0 = kBT0 for an exponential DOS, resulting from a fit of the 4th order approximation of the DOS, to the distribution
g(E) = Aexp(E/e0), as a function of temperature in nanostructured TiO2 films of different particle radii as indicated. Adapted from Ref. [68].
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depletion of the highly doped substrate and exhibits
Mott–Schottky characteristics [81], see Fig. 6b.

(d) At very negative potentials, close to the conduction
band edge, the capacitance is partially controlled by
Helmholtz capacitance at the inner surface, and the
film enters into band unpinning, Fig. 6b.

The origin of the exponential DOS in nanostructured
TiO2 is not conclusively established. Some studies of elec-
tron transport and recombination suggest that transport-
Fig. 12. The peak at low potentials disappears after aging the sample in severa
in aqueous solution at pH 2. (b) Effects on the capacitance at pH 2 (circles) a
limiting traps are located predominately on the surfaces
of the particles [83]. A recent study of CV [68] found that
for RNNs with particle sizes of 20 and 30 nm, the expo-
nential distribution is nearly temperature-independent,
which is the standard behaviour of band tailing in bulk
semiconductors, either impurity-induced or as a conse-
quence of local coulombic interactions and dislocations
of the bulk lattice [84]. In contrast to this, for small
(10 nm) nanoparticles, a temperature variation of width
of the exponential distribution is found, Fig. 10b. Similar
l voltammetric and impedance measurements. (a) The effect for a TiO2 film
nd pH 11 (squares). Black before aging, green after aging.
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observations have resulted from anomalous diffusion mea-
surements by surface photovoltage (SPV) transients
[85,86]. These observations have been interpreted by treat-
ing the TiO2 nanoparticles as quantum dots, in terms of
the confinement effect due to dielectric mismatch at the
Fig. 13. CVs of TiO2 sample at pH 11 and pH 3.

Fig. 14. (a) Cyclic voltammetries of a TiO2 film in a room temperature ionic
EMITFSI) with and without 0.1 M LiTFSI solution. In this case, the peak attrib
solution and rises with cycling. (b) Capacitance data for sample within the elec
(2006) The Royal Society of Chemistry.

Fig. 15. (a) Cyclic voltametries of TiO2 electrode A (K-19 grafted only) and ele
coated with K-19 sensitizer alone; blue line for Electrode B, K-19/GBA cograf
EMITFSI interface. Reprinted with permission from [12]. Copyright (2005) T
boundary between the quantum dot and the surrounding
medium [68,87].

The peaks at the more positive potentials are observed
in TiO2 RNNs by both CV and IS, Fig. 11. These peaks
are characteristic for nanostructured films and have not
been obtained in polycrystalline electrodes [88]. The peaks
have been interpreted as the reversible filling of surface
states below the conduction band edge [11,89,90]. It has
been noted that the surface state evolves with time,
Fig. 9. In some cases, the peak may even disappear after
aging by multiple cycling of the sample, Fig. 12. In other
samples degradation takes place and the peak becomes
more important.

4.2. Shift of conduction band

As is well known, changes in pH of the solution displace
the conduction band of TiO2 upwards or downwards
according to the expression: Ecb ¼ Ecb0

� 59 pH (at
T = 300 K). In consequence, the CV is shifted in the
liquid (1-ethyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)amide,
uted to intraband Ti3+ surface states is only observed for the Li containing
trolyte containing Li ion. Reprinted with permission from [14]. Copyright

ctrode B (GBA cografted) in EMITFSI. Straight red line for Electrode A,
ted. The scan rate is 0.05 V s�1. (b) Energy levels at the mesoscopic TiO2/
he American Chemical Society.



J. Bisquert et al. / Inorganica Chimica Acta 361 (2008) 684–698 693
potential axis, Fig. 13. In this figure, the shift is approxi-
mately 450 mV, in good agreement with, the predicted
59 mV/pH unit. A similar shift is also observed in
Fig. 12b; however, in this case the shift is accompanied
by a change in the slope, which indicates a modification
of the DOS.

A shift of the conduction band also occurs if instead of
changing the concentration of protons in aqueous solution,
the size or concentrations of cations added to a polar solu-
tion are modified, Fig. 14.
Fig. 16. Cyclic voltametries of (a) SnO2, (b) ZnO, and (c) 53 wt% ZnO
electrode under dark conditions at a scan rate of 10 V s�1. The
measurements were carried out on the DSCs fabricated with those
electrodes. The arrows indicate scan directions. Reprinted with permission
from [13]. Copyright (2005) The American Chemical Society.
Fig. 15 shows the CVs for an 8 lm-thick layer of
20-nm-sized TiO2 particles [12], first sensitized with an
amphiphilic ruthenium sensitizer [Ru (4,4 0-dicarboxylic
acid-2,2 0-bipyridine) (4,4 0-bis(p-hexyloxystyryl)-2,2 0-bipyri-
dine)(NCS)2], coded as K-19, and then co-grafted
4-guanidinobutyric acid (GBA) as a coadsorbent. The elec-
trolyte is the ionic liquid EMITFSI. The CVs reveal that
the addition of GBA negatively shifts the conduction band
of TiO2. This shift produces an increase of photovoltage in
a DSC, though this gain is usually accompanied by a
decrease of photocurrent due to less efficient injection of
photoexcited electrons. However, Grätzel and coworkers
showed [12] that the bandshift by coadsorption GBA is
small enough not to affect the electron injection from the
excited sensitizer into the conduction band of TiO2. Fur-
thermore, GBA also inhibits recombination. These modifi-
cations cause the solar cell efficiency to increase by 0.6% at
1 sun.

Fig. 16 shows the CVs of nanoparticulate electrodes of
different mixtures of ZnO and SnO2 electrodes. In principle
only the SnO2 displays the exponential distribution, while
the other electrodes show a constant capacitance, usually
related to the exposed substrate area as discussed above.
However, measurements of capacitance over a broader
potential range, Fig. 17, show that in fact all the electrodes
contain the exponential distribution, although at very dif-
ferent potentials.

As commented before, in solar cells and other devices
with electron acceptor species in solution, the CV may
not inform about DOS as it will be dominated by charge
transfer reactions (resistances) that will hide the capacitive
behavior. The effect of the accumulation of charge in TiO2

is a slight hysteresis in the CV curve that is not always vis-
ible, see Fig. 18a. However, using IS it is possible to accu-
rately determine the capacitance and thus the shift in the
conduction band, Fig. 18b.
Fig. 17. Estimated capacitances of SnO2 (triangles), ZnO (squares), and
53 wt% ZnO (circles) electrodes obtained from CVs. The scan rates were
10 V s�1. Reprinted from [13] with permission from The American
Chemical Society.



Fig. 18. Effect of changing electrolyte components in dye solar cell on the CV (a) and on the capacitance plot (b). Reprinted with permission from [74].
Copyright (2005) Elsevier.

Fig. 19. CV of a viologen-functionalized TiO2 film. Reprinted with
permission from [10]. Copyright (2004) Elsevier.
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Several groups have reported approaches to the deposi-
tion of electron recombination ‘‘blocking layers’’. As some
examples, Tennakone et al. have recently reported the
preparation of MgO coated TiO2 for large area DSC [91].
Extensive work has been published on the use of metal
oxide barriers [66,92,93] and it was observed that in spite
of the fact that all the metal oxides conformaly deposited
onto the surface of the nanoparticles show slow recombina-
tion dynamics, only those ‘‘blocking layers’’ made of Al2O3

or MgO oxides show weak improvement on recombination
losses when compared with the bare nanoparticles. It was
shown using electrochemical methods that this behavior
can be rationalized in terms of the influence of the acid/
base properties of the overlayer on the electron density of
the TiO2 [93]. The metal oxides overlayers of Al2O3 or
MgO are more basic than TiO2 and serve to raise the
TiO2 conduction band, therefore minimizing the increase
in electron density and thereby the acceleration of the
recombination dynamics under negative bias. Moreover,
the analysis of the impedance data suggests that the metal
oxide coatings also pasivate the surface trap states at the
semiconductor nanoparticles [21,93], meaning that the only
recombination pathway for the Al2O3 coated nanoparticles
must be the electrons at the TiO2 conduction band.

4.3. Molecular functionalization of nanoporous TiO2

Functionalization of TiO2 surface with donor/acceptor
molecules is a key step for realizing devices and applica-
tions. The CV method is important for studying the redox
properties of organic molecules attached in the TiO2 sur-
face, as in the case of viologen molecules [15] and proteins
[16,17]. Provided that there is fast electron exchange
between the semiconductor and the attached species, the
functionalized electrode will show an excess of capacitance
in the CV corresponding to the chemical (redox) capaci-
tance of the molecular species, in comparison with the bare
TiO2 electrode.

In the following example, we consider a layer of violo-
gen which is a cromophore, transparent in its neutral state
and dark blue in its first oxidized state (pale yellow after
irreversible second oxidation), deposited on mesoporous
TiO2. The resulting voltammetry of the functionalized film,
Fig. 19, consists on the addition of the characteristic vol-
tammetry of TiO2 shown in Fig. 6a and the response of
the viologen molecules adsorbed on the surface.

Therefore, a good approximation of the characteristic
voltammetry of the viologen attached to TiO2, may be
obtained by simple subtraction of TiO2 response to the
overall voltammetry of the film.

The quality of this approximation may be confirmed by
simultaneous acquisition of absorbance data of the violo-
gen activated films during the CV. From Beer–Lambert
law the absorbance is

A ¼ eLcred ð11Þ
Here, e is the molar absorption coefficient of reduced

viologen, L the film thickness and cred the concentration
of reduced viologen molecules. Deriving this expression
with respect to the potential, we obtain

dA
dV
¼ eL

dcred

dV
ð12Þ



Fig. 20. The derivative of the absorbance of viologen attached to the
surface of a nanoporous TiO2 film with respect to the voltage, continuous
line, and the voltammetry, dashed line, obtained by subtracting from the
response of the whole film the bare TiO2 voltammetry. Reprinted with
permission from [10]. Copyright (2004) Elsevier.

Fig. 22. Cyclic voltammetry of a 4 lm mesoporous TiO2 film (grey) and
the hemoglobin sensitised film (dots). Adapted from Ref. [79].

Fig. 23. Spectroelectrochemical data for the reduction of Hb/TiO2 films
upon increasing the negative potential from 0 V to �0.7 V vs. Ag/AgCl
electrode. Adapted from Ref. [79].
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This last expression is equivalent to Eq. (1). Taking into
account that dcred/dt is the current density, j, of electrons
entering viologen molecules divided by the electron charge
and the length of the film, Eq. (12) yields

s
dA
dV
¼ e

F
j ð13Þ

where F is the Faraday constant. Fig. 20 shows that the
electrical and optical methods give very similar results for
the chemical capacitance of the viologen and thus it is pos-
sible to calculate the concentration of active molecules of
viologen (i.e. the coverage) in the surface of the semicon-
ductor. Alternatively, comparing the capacitance of the
bare and functionalized TiO2 we may compute the number
of viologens and their energy distribution, Fig. 21.

The immobilization of redox actives biomolecules on
mesoporous semiconductor films is currently attracting
much interest for the development of biosensors and
hydrogen evolving electrodes. A major contribution to
the development of the area has been achieved using
well-known proteins with haem groups such as hemoglobin
[79,80] and cytochrome C [81]. Several groups have charac-
terised the electrochemical properties of such protein/TiO2
Fig. 21. (a) Capacitance of bare and viologen modified TiO2. (b) Capacitan
Distribution of DOS of viologen attached to the surface of titanium fits quite
electrodes by cyclic voltammetry and demonstrated that
the proteins can be fully reduced by the application of an
electrical bias to the mesoporous film without the need of
any electron-transfer mediators, Fig. 22. Note the similar
patterns in Figs. 20 and 22 that display the addition of
chemical capacitances of mesoporous TiO2 and the surface
molecular redox levels.
ce of viologen obtained from the difference between the previous ones.
well to a Gaussian with a standard deviation of 63 mV.



Fig. 25. Comparison between CV response for potentials near the
oxidation peak of polypyrrole films onto ITO substrate and 60 mC cm�2

of polymerization charge (continuous) and fit (dotted) using a Gaussian
distribution of states (r = 160 meV, E0 1.0 meV and N = 1.8 · 1021 cm�3).
Adapted from Ref. [9].
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The redox properties of the Hb/TiO2 films can also be
monitored using spectroelectrochemistry, since the reduc-
tion of the iron atom of the haem groups implies changes
on the protein UV–Vis spectrum. Fig. 23 illustrates the
changes on the absorption of Hb/TiO2 from FeIII–Hb to
FeII–Hb. A clear shift in the Soret band from 406 to
428 nm can be observed as well as the formation of a
new peak at 558 nm. The reversibility of the process has
been utilized by Topoglidis et al. [79,81] to prepare a hybrid
biosensor for nitric oxide (NO), which is a molecule
involved in the chemical reactions that take place in the
nervous system.

5. Results on organic conducting films

We will next show the type of analysis described above
applied to two, commonly used, hole conducting materials,
namely polypyrrole [9] and spiro-OMeTAD [10]. Some
examples of CV response of electrochemically deposited
polypyrrole films are shown in Fig. 24 for different sub-
strates. In all cases CVs present similar characteristics: a
rather broadened oxidation peak appears during the posi-
tive sweep at about 0.0 V versus Ag/AgCl for scan rates
within the range 10–50 mV s�1, followed by a current pla-
teau at more positive potentials. For thin films and low
scan rates, which are the usual experimental conditions
that preclude kinetics limitations, the registered current is
directly connected to the chemical capacitance of the poly-
mer film, because the applied potential is close to that
exerted on the charging process, as discussed in Section
3. The width at half-height of the oxidation peaks
(�300 mV calculated from the anodic part of such peaks)
is always quite high to be interpreted in terms of simple
nernstian thermodynamics (90.6 mV or 181.2 mV depend-
ing upon the number of species involved). Moreover, the
asymptotic response of the current as a function of the
potential predicted by simple thermodynamics yields linear
relationships of the form log j � (E � ee)/nkBT, in which n
corresponds to the number of species involved assuming
Fig. 24. Stable cyclic voltammograms of polypyrrole films in a solution of 0.1 M
of polymerization charge. Scan rate was 10 mV s�1. (b) Onto Pt substrate and 1
from Ref. [9].
electroneutrality conditions. Fig. 25 shows CV response
and fitting results using a Gaussian distribution of sites
energies, Eq. (8). As observed in Fig. 25, excellent fit is
obtained for the anodic part of the oxidation peak whilst
the cathodic part is dominated by a current plateau. Hence,
the shape of the oxidation peak is directly related to the
shape of the electronic state distribution. Assuming that
the holes, in available states corresponding to N molecules
per unit volume, follow the zero-temperature Fermi distri-
bution the overall result is that the chemical capacitance
monitored by CV is proportional to the density-of-states
as predicted from Eqs. (6) and (8). Values of r � 170 meV
and N � 1021 cm�3 have been obtained from fits.

Fig. 26 shows the CV response of a 100-nm thick film
comprised of spiro-OMeTAD molecules adsorbed onto
ITO. The initial oxidation processes of the spiro-OMeTAD
molecules appear to be better resolved. The first oxidation
peak at �0.55 V versus Ag/AgCl/KCl is the most impor-
tant feature, taking into account that it is the potential at
LiClO4 in propylene carbonate. (a) Onto ITO substrate and 60 mC cm�2

20 mC cm�2 of polymerization charge. Scan rate was 50 mV s�1. Adapted



Fig. 26. Cyclic voltammetry of spiro-OMeTAD deposited onto ITO in a
solution of 0.1 M KPF6 in propylene carbonate. Scan rate was 10 mV s�1.
Reprinted from [10], Copyright (2006), with permission from Elsevier.

Fig. 27. Comparison between CV for the first oxidation peak of
OMeTAD film onto ITO substrate (solid) and fit (dotted) using a
Gaussian distribution of states (r = 65 meV, E0 = 552 meV and
N = 2.9 · 1019 cm�3). Reprinted from [10], Copyright (2006), with per-
mission from Elsevier.

J. Bisquert et al. / Inorganica Chimica Acta 361 (2008) 684–698 697
which the spiro-OMeTAD film switches from an insulating
to a conducting state. The first oxidation peak of the CV
exhibits a width at half height of �160 mV. As discussed
above in the case of polypyrrole films, such value is unusu-
ally high when compared to the nernstian width for one-
electron transfer. Again we interpret this result assuming
that the oxidation energy levels are distributed according
to a Gaussian expression given in Eq. (8). As observed in
Fig. 27, an excellent fit is obtained for the anodic part of
the oxidation peak. From this graph, values of 154 meV
width at the half height of the peak (r = 65 meV) and
N = 2.9 · 1019 cm�3 are obtained.
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[58] J. Garcia-Cañadas, G. Garcia-Belmonte, J. Bisquert, I. Porqueras, C.

Person, Solid State Ionics 176 (2005) 1701.
[59] G. Garcia-Belmonte, J. Garcı́a-Cañadas, J. Bisquert, J. Phys. Chem.
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[86] I. Mora-Seró, J.A. Anta, G. Garcia-Belmonte, T. Dittrich, J.

Bisquert, J. Photochem. Photobiol. A: Chem. 182 (2006) 280.
[87] J.L. Movilla, G. Garcia-Belmonte, J. Bisquert, J. Planelles, Phys. Rev.

B 72 (2005) 153313.
[88] W.H. Leng, Z. Zhang, Z.Q. Zhang, C.N. Cao, J. Phys. Chem. B 109

(2005) 15008.
[89] G. Boschloo, D. Fitzmaurice, J. Phys. Chem. B 103 (1999) 2228.
[90] H. Wang, J. He, G. Boschloo, H. Lindström, A. Hagfeldt, S.

Lindquist, J. Phys. Chem. B 105 (2001) 2529.
[91] G.R.A. Kumara, S. Kaneko, A. Konno, M. Okuya, T.N. Murakami,

B. Onwona-Agyeman, K. Tennakone, Prog. Photov.: Res. Appl. 14
(2006) 643.

[92] Y. Diamant, S.G. Chen, O. Melamed, A. Zaban, J. Phys. Chem. B
107 (2003) 1977.

[93] F. Fabregat-Santiago, J. Garcı́a-Cañadas, E. Palomares, J.N. Clif-
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