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16.1. INTRODUCTION

Nanostructured metal-oxide films formed by an assembly of nanoparticles sintered
over a conducting substrate provide a large internal area that can realize different
functionalities. Titanium dioxide and several other metal-oxides nanostructures (e.g.,
Zn0, Sn0;3, and Nby0s) have the advantage of easy processing and low production
cost and have the potential to replace existing devices based on more expensive
technologies and to give rise to new applications. In recent years, such nanostructures
have been amply investigated for several applications, such as dye-sensitized solar
cells (DSC) (1) photoelectrochromic windows (2) and electrical paint displays (3),
and protein immobilization (4).

The most intensively investigated metal-oxide nanostructured device is the DSC,
which was discovered in 1991 by Michael Gritzel (1). The DSC is formed with a net-
work of TiO; nanoparticles sensitized to the solar spectrum with a monolayer of dye
molecules and a redox electrolyte (5-8). Overall, 11% efficiency of sunlight energy
conversion to electricity has been achieved in DSCs (6) but their large-scale produc-
tion has not yet been reached mainly due to technical problems such as evaporation of
the liquid ionic conductor. The DSC has also paved the way for several applications of
metal-oxide nanomaterials in other devices based on similar principles of operation.
Examples are solid-state nanostructured solar cells (9), electrochromic devices for
displays (10), ultraviolet light-emitting diodes (LEDs) (11), and nanostructured WO3
and Fea03 electrodes for hydrogen production by photocatalytic splitting of water
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1.- Introduction

Nanostructured metal oxide films formed by an assembly of nanoparticles sintered over a
conducting substrate provide a large internal area that can realize different functionalities.
Titanium dioxide and several other metal oxides nanostructures (e.g., ZnO, SnO,, Nb,Os) have
the advantage of easy processing and low production cost and have the potential to replace
existing devices based in more expensive technologies and also to give rise to new applications.
In recent years such nanostructures have been amply investigated for several applications such
as dye-sensitized solar cells (DSC)," photoelectrochromic windows? and electrical paint
displays,® and protein immobilization.*

The most intensively investigated metal oxide nanostructured device is the DSC, discovered
in 1991 by Michael Gratzel." The DSC is formed with a network of TiO, nanoparticles
sensitized to the solar spectrum with a monolayer of dye molecules, and a redox electrolyte.>®
11% efficiency of sunlight energy conversion to electricy has been achieved in DSCs® but their
large scale production has not yet been reached mainly due to technical problems such as
evaporation of the liquid ionic conductor. The DSC has also paved the way for a number of
applications of metal oxide nanomaterials in other devices based on similar principles of
operation. Examples are solid-state nanostructured solar cells,® electrochromic devices for
displays,™® ultraviolet light-emitting diodes (LEDs),** and nanostructured WO; and Fe:0s
electrodes for hydrogen production by photocatalytic splitting of water.***3Energy storage
devices such as batteries and supercapacitors can also benefit in many respects from
nanostructuring.**

In this chapter we will review the main characteristics of operation of these nanostructured
devices and the results that have been achieved so far. We will consider several topics related to
device operation: the characteristics of carrier transport in mesoscopic metal-oxide films, the
means of coating and funcionalizing the surface, and the requirements of electrolytes and/or
organic hole conductors that are usually employed for forming heterojunctions with
nanostructured semiconductors. We will also highlight the physical properties of spatially
regular nanostructures that are expected to give rise to new classes of devices. Quantum dots are
small nanocrystalline particles where the strong confinement of the electron wavefunction
provides discrete valence and conduction energy levels. The electrical and optical properties of
guantum dots can be modified by controlling their dimension. Quantum dots can be assembled
in highly ordered structures known as quantum dot solids, which may find, in the long term,
applications in opto-electronic switches, LEDs, lasers, and solar cells.*>*® Carbon nanotubes,
discovered in 1991, have become a milestone in nanomaterials research. Several types of oxidic
nanowires are accessible now'’ and have attracted wide scientific and technological interest
owing to their novel structures and their potential applications in luminiscent devices and solar
cells as well as in future nanoelectronic components, such as field-effect transistors (FETS),
crossed junctions and actuators.

2.-General features of nanostructured photoelectronic and electrochemical devices.

The fundamental structure of a nanostructured device is shown in Fig.1. Semiconductor
nanoparticles can be prepared by wet chemical methods that lead to colloidal nanocrystals
present in dispersion. The colloidal nanocrystals are usually deposited, e.g. by screen printing,
onto a glass or flexible plastic support covered with a conducting layer. The film is thermally
treated to form an electronically connected array of nanoparticles. The nanostructured film is
filled with an ionic conductor or hole-conducting medium that is contacted with a
counterelectrode. The global structure of the device consists on interpenetrating bicontinuous
phases in which the simultaneous transport of several carriers in the different phases and
interfacial processes must be optimized.

Fig. 1. Scheme of an electroactive device formed by a nanoparticulate metal-oxide
film and counterelectrode joined by an ionic conductor. Dark arrows indicate
electrons pathways in the particulate network and in the external circuit, while the
light arrow indicates ionic transport in the voids of the network up to the
counterelectrode.



Electrons can be injected or extracted from the nanoparticulate film by external contact
through the conductive support. Therefore the whole internal area of the nanoparticulate
network is electronically addressable from the substrate. This very large active area for device
function that is obtained by relatively simple preparation route is a main advantage of using
metal oxide nanomaterials for electronic and electrochemical devices. In photonic applications
the conducting substrate must be optically transparent, so that typically a thin layer transparent
conducting oxide (TCO) such as indium-doped tin oxide or fluor-doped tin oxide over glass is
used.

While electrons move across the metal oxide nanoparticualte network, the displacement of
other charge carriers is needed in the medium filling the voids in the nanostructure of Fig. 1, i.e.
the ionic conductor that is addressed from the counterelectrode. Liquid electrolytes have the
advantages that they immediately form a perfect electric junction in the internal surface, and that
they provide a large ionic conductivity and wide potential window of stability. However liquid
electrolytes require efficient sealing which is a major drawback for the long term operation of
devices. In general an all-solid state construction is preferable with solid electrolytes that allow
for more compact and mechanically flexible device designs. Organic conductors are convenient
media for hole conduction and heterojunction formation in nanostructured devices, since they
can be deposited in solution form and fill the pores homogeneously. However the carrier
mobilities are much lower than in inorganic semiconductors or liquid electrolytes. Recently,
room temperature ionic liquids have emerged as an excellent medium for ionic carrier in
nanostructured devices,'®*® since they are non-volatile and non-flammable, have high thermal
stability, and show excellent electrochemical properties, namely, high ionic conductivity and
wide potential windows of operation.

Metal oxide nanoparticles are usually not intentionally doped and are therefore insulating.
The high electronic conductivity required for addressing the internal surface from the substrate,
is obtained by the injection of electrons in the nanoparticles. These electrons may be electrically
injected from the substrate or photogenerated in the nanoparticles surface by sensitizers such as
organic dyes or quantum dots.?’ (Doping of wide band-gap metal oxide nanoparticles for the
sensitization to the visible spectrum has yielded so far very limited success, see below.) As a
result the electron density varies by many orders of magnitude during device operation, see Fig.
8 below. Consequently a large density of negative charge is created in the nanoparticulate
network, and in order to preserve overall charge neutrallity, the same amount of positive charge
must occur in the surface of the nanoparticles, as it is suggested in Fig. 2a. In many cases to
facilitate electron accumulation and transport by preserving the charge neutrality in the system is
a primary function of the medium that fills the pores. Positive carriers in the ionic medium
should have a sufficiently high mobility not to limit the displacement of the electrons in the
nanostructure. In addition the average size of inorganic semiconductor units should be smaller
(in the 10 nm range) than the Debye length, so that no internal electrical fields are built into one
compact unit.?* In contrast to bulk semiconductors, that show a special arrangement of energy
levels in the space-charge region in the surface, in nanostuctured networks filled with a
conductive medium there is no internal spatial distribution of the conduction band level in
individual nanoparticles, and the whole nanostructure can be treated with a homogenous
distribution of energy levels.

Let us discuss specific functions of carriers in some nanostructured devices with the
configuration of Fig. 1:

(@) Charge separation. In DSC positive and negative carriers are created by sunlight in
the molecules adsorbed at the nanoparticles surface. Electrons are injected in the metal
oxide nanoparticles and travel all the way to the substrate. Meanwhile a conjugated
carrier travels in the medium filling the pores towards the counterelectrode. This
second carrier may be a redox ion which reacts at the counterelectrode. It may be also
an electronic carrier in an inorganic or organic hole conductor. The net effect of the
overall process is the collection of a negative carrier at the substrate of the
nanoparticulate film and a positive carrier at the counterelectrode.

(b)  Charge recombination. In the LEDs electrons are injected from the substrate of the



nanoparticulate film (the cathode) and holes are injected from the electrode contacting
the other medium (the anode). Both carriers should travel in their respective media
and meet at the surface of the nanostructure, to recombine radiatively emitting light.

(c)  Charge accumulation. By modifying the carrier density in the nanostructure, the

chemical potential of such carrier is changed significantly. With accumulated charge
the device can supply a voltage, and an electric current when the external circuit is
connected to some load. This is the basic E)rinciple of operation of intercalation
batteries and electrochemical supercapacitors.’

A useful scheme for describing the transport and charge-transfer properties in nanostructured
devices is the transmission line model shown in Fig. 2. This model has been developed®® for
the interpretation of impedance spectroscopy results and has found wide application for
understanding and characterizing the properties of electrochemical nanostructured devices?®®
and DSC.*"*

Fig. 2. (a) Electron energy diagram of a nanostructured metal oxide electrode in
contact with a redox electrolyte (or hole conducting medium), illustrating the
electrochemical potential of electrons Egy, (Fermi level) when a potential V is
applied to the substrate, and assuming that conduction band energy ( E.) remains
stationary with respect to the redox level, E.g4x- (0) The equivalent circuit
(transmission line model) for a small periodic ac perturbation, that contains the
transport resistance along the metal oxide nanoparticles, Iy ; the resistance in the
hole/ion conducting medium, I,; the charge transfer resistance at the metal
oxide/electrolyte interface, I3; and the capacitance for charge accumulation in the
metal oxide particles and/or surface, Cg. (c) Distribution of electrons injected in the
nanostructured film from the substrate, for the case in which the diffusion length is
much larger than the nanoparticulate film thickness, L, > L, and for the opposite
case, L, <L, asindicated. ng is the equilibrium concentration.

In the representation of Fig. 2a, it is assumed that the medium filling the voids in the
nanostructure, possesses a large conductivity and a large carrier density (e.g., a liquid
electrolyte). For this reason, the Fermi level/redox potential in the hole-conducting medium will
not be significantly changed when the potential between the contacts is modified. The variation

of potential mostly causes a displacement of the Fermi level, Ef,, inside the metal oxide
nanostructure, from the equilibrium value, which equals the redox potential of the electrolyte,
Ero = Eredox» towards the conduction band. The gradient of the Fermi level indicates the

direction of electron diffusion. The electron density decreases with the distance from the
substrate due to charge transfer events from the semiconductor to acceptor species in solution.

In the transmission line model of Fig. 2b there are different processes represented. In general
the resistances describe carrier flux with respect to a difference of electrochemical potential,

while capacitors represent carrier storage. The longitudinal resistance r; relates the local carrier
flux to the variation of Ep, with distance in the nanoparticulate structure, and corresponds to
the transport resistance, i.e. it is the inverse of the electronic conductivity.® Similarly, r,
describes the transport or carriers in the ion- or hole-conducting medium. In the situation
indicated above for a liquid electrolyte, r, will be very low and provides no limitation for the
device operation, however in the case of organic conductors r, cannot be neglected. The
resistance r; describes the carrier flux by charge-transfer between the two phases and

corresponds to recombination flux in DSC. Properties of the capacitance of the nanostructured
network will be commented in the next Section.

In the characteristic structure of the transmission line of Figure 2b, the transport resistances,
distributed in the spatial direction of each transport channel, are continuously interrupted by



inter-phase elements r3C5. This combination represents the physical current flow, ie. a carrier in

the nanoparticle has a probability to move forward or to drop in the electrolyte. For the efficient
operation of a device, the different elements governing transport and recombination must be
correctly taylored and balanced. For example in the presence of a large recombination flux (low

ry) and low conductivity (large r;), carriers injected from the TCO will not move far from the

substrate, and in this case a large part of the device will not be operative.
There are two main time constants that describe more precisely such characteristics of a

device: the lifetime of the carriers, z,,, and the transit time over the film thickness L. If the
carrier diffusion coefficient is D,,, the transit time is (up to a numerical constant of order 1)
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in terms of the diffusion length, that is defined as

Ly =-/Dn7n 3)

When the quotient in Eq. (2) is <<1, the carriers have time to travel the entire thickness of the
layer before recombining, which is an essential requirement for efficient solar cells. The
diffusion length also gives a measure of the extent of the penetration of the carriers that are
voltage-injected at the boundary of the layer. Figure 2c indicates two extreme situations. The
right boundary is considered completelly blocking. In the case when the diffusion length is
much larger than the film thickness, the carriers are nearly homogeneously distributed in the

available volume. On the other hand in the high-reactivity case L, <<L, the carrier
concentration decays rapidly close to the injecting boundary of the porous structure.

3.-Measurement techniques for characterization of nanostructured photoelectronic and
electrochemical devices.

The most basic characteristic of a solar cell is the steady-state performance given by the
current density-potential curve at fixed incident illumination. This curve gives the main

parameters determining the solar cell performance: the short-circuit photocurrent (lg.), the

open-circuit potential (V. ), and also the fill factor (FF), which describes the quality of the

diode behaviour of the solar cell and determines the power output of the solar cell at the point of
maximum power operation. Steady-state characteristics are obviuosly important for the
performance of other devices such as LEDs. However, it is usually difficult to extract detailed
device properties only from steady-state measurements. There are two main issues for
investigation: (i) The determination of quantities such as the diffusion coefficient and the
lifetime of the different carriers, which govern the fundamental electronic processes occurring in
the device function. These time constants are also crucial characteristics for devices that require
fast switching or fast power supply, such as elecrical paint displays and supercapacitors,
respectively. (ii) The separation of different effects in the global device response, for their
separate optimization. These two issues can be addressed with a range of measurement methods
in combination with rational variation of the device components.

The time constants mentioned above are obtained by specific small perturbation kinetic
techniques that do not modify the steady state over which they are measured. Examples of the
techniques are intensity modulated photocurrent spectroscopy (IMPS),**3® intensity modulated
photovoltage spectroscopy (IMVS),* and small amplitude time transients.*>*



Fig. 3. (a) Simulation of the diffusion- recombgwatlon |g1pedance Wlth3 reflectlgg
boundar%/ congition. ,, Parameters Ry = Q/cm R; =107 Q/cm

x1 F/cm*. Shown are the frequenmes in Hz at selected points, the
chélracterlstlc frequency of the low frequency arc (31.8 Hz, square point), related to
the angular frequency @5, the low frequency resistance, and the characteristic
frequency of the turnover ?rom Warburg behaviour to low frequency recombination
arc (318 Hz, square point), related to the angular fre&uency @, . (b) Shows an
enlargement of (a). (c) The case Ry = R3. (d) The case Rz << Ry-

Electrochemical impedance spectroscopy?****4>4" measurement of nanostructured devices

has the advantage of providing a determination of the time constants as well as spectrally
separating different internal contributions of the overall device operation. However, when there
are different processes acting in combination in a nanostructured device, the interpretation of
impedance spectroscopy results requires appropriate models for extracting the relevant
information. As an important example we discuss the impedance model of diffusion and reaction
of the carriers in nanostructured electrodes, which has the following expression®
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where @ is the angular frequency of the perturbation. In Eq. (4) we use the total resistances for

transport R; =Lr, and recombination R; =r3/L, and the characteristic frequencies

o = rtr_l =1/R;C; and @5 = rn_l =1/R3C5, where C3 = Lcj is the total capacitance. Eq.
(2) can be restated as

2
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The impedance pattern of Fig. 3a corresponds to the case R; << Rj, i.e., the transport

(diffusion) resistance is much lower than the recombination resistance. In this case, that
indicates a large diffusion length, the impedance spectra show a small feature at high frequency
which is the Warburg (diffusion) impedance, with an inclination of 45°, see Fig. 3a. At lower
frequencies a large arc is obtained, which is due to the combination of charge-transfer resistance

and capacitance. In contrast, in the high-reactivity case, R3 << Ry, or in other words L, << L,
the impedance pattern changes to that of Fig. 3d, which is known as the Gerisher impedance.
Fig. 3b shows the spectral shape obtained in the transition between the two previous extreme
situations, i.e. L, = L.

A representative measurement of impedance spectroscopy of nanostructured TiO, electrodes

is shown in Fig. 4. The impedance pattern of Fig. 3a is well realized, indicating that electron
transport across the film length is faster than the rate of recombination. From such spectra the

different time constants 7z, and 7y can be obtained, and also the electron conductivivity and

diffusion coefficient. These quantities have been systematicaly determined as a function of bias

potential 2%

Fig. 4. Impedance spectroscopy of a 8 um thick film of nanostructured TiO, (10 nm
nanoparticles anatase) in aqueous solution at pH 2, with —0.250 V bias Potentlal VS.
Ag/AgCl under UV illumination. The line is a fit to the model of Eq. (4).



It is interesting to mention the impedance behaviour of nanostructured films in which there is
no charge-transfer at all. This occurs in an inert electrolyte that realizes charge shielding but
lacks any electron acceptors, what is a fundamental requirement of several capacitive devices

such as Li-batteries and supercapacitors. The model obtained with R3 — «in Eq. (4) is shown

in Fig. 5. The impedance of unreactive porous electrodes shown in Fig. 5 is characterized by a
capacitive domain at low frequencies and a “Warburg” part at high frequencies that relates to the
transport of the species flowing in the nanostructure (or in the electrolyte) in order to charge the
whole film. For a perfect capacitor in the transverse branch, the impedance reduces to the
classical transmission line of de Levie® for porous electrodes.” But the capacitive response in
many real systems does not show a perfect capacitor and is better described by a constant phase
element (CPE),*™*? with admittance

Y3 =03(iw)®; dg=Qs/L (6)
Equation 6 reduces to the perfect capacitor in the particular case 7o =1. In general the CPE in
the transverse element of the transmission line, changes the slopes of the Warburg and
capacitive lines of the impedance spectra, depending on the extent that the exponent y departs

from the value of 1 of the ideal capacitor.”® The deviations from the ideal model in the low and
high frequency lines have a common origin in the dispersive element Qz, as seen in the

example of Figure 5 for y5 =0.8. Hence the slopes are related by the high frequency line

having an exponent /2, while the low frequency line is the full CPE, i.e., the latter exponent

doubles the former one, as discussed in Ref. °. This means that even in the presence of
frequency dispersion the behaviour of a porous electrode can be spectrally recognized by
impedance measurements. An experimental instance of frequency dispersion can be observed in
the less than 45° inclination of the spectrum of Fig. 4 at high frequency, and another case is
discussed below in Fig. 16.

Fig.5. Simulation of the |mpedance spectra for the tj;msmlsswn line model indicated
in the scheme with R; = (5) and two values of the CPE
exponent y3 as |nd|cated |n the left |agram Also indicated in the rigth diagram is
the |ncI|nat|0n of the low and high frequency lines, in radians.

The spectra of the type of Fig. 5 are very well realized in carbonaceous supercapacitors, for
example.> Independently of the presence of frequency dispersion, the spectra of Fig. 5 indicate
important limitations for nanostructured devices which large charge storage and fast transient
response demands. In these devices the amount of energy storage is governed by the total

capacitance that is C3 = Lcs. If the specific capacitance of nanoparticles C; has been
optimized, increasing the device capacitance requires increasing film thickness. However one
must take into account the charging region in the frequency domain that is observed in Fig. 5
with the inclination < 7 /4. This region is onset at times shorter than 7y, = L2/ D. Therefore

increasing the film capacitance with larger thickness has the adverse effect of increasing
(quadratically) the operation time of the device. Even if a highly conducting porous medium is
used (such as carbon nanoparticles), the transient response will be governed by electrolyte

diffusion coefficient. As an example D =102 cm? and L =10 4m gives a limitation of

7 =0.1s for device operation.

In the situations discussed so far we have focussed on diffusive transport of carriers, granted
that a large conductivity that anihilates any local space charge and shields electrical fields is
available in at least one of the interpenetrating bicontinuous phases. Let us mention the other



limiting case, consisting of basically insulating phases where carriers can be injected by suitable
contacts. In the absence of intrinsic conductivity, application of a voltage requires the injected
carriers to redistribute themselves in order to maintan a local field that drives the transport
(usually by predominant drift mechanism). This is the space-charge-limited current transport*
which is typically found, for example, in organic LEDs> and in some organic solar cells.*®

It is important to recognize that nanostructured devices are characterized by the abundance of
interfaces of different kinds, which must be controlled for facilitating the proper device function.
In particular nanostructured solar cells are usually largely determined by the competition of
kinetics of charge transfer at several interfaces,”” which governs the selectivity of contacts that is
required in photovoltaic devices.””® The main (and larger) interface is that between the
nanostructured metal oxide and the ionic/hole conductor, as it has already been described in

terms of the resistance R above. This interface is crucial for the diode characteristic of the

solar cells*’ and usually receives a great deal of attention when material and device properties
are selected. However, additional contacts should be correctly engineered to avoid unwanted
resistances or internal short-circuits. Figure 6 shows as an example additional impedances that

may occur in the model of Fig. 2b.*° Z is an impedance at the electron injecting/extracting

contact, that is determined by the interfacial barrier formed between the metal oxide and the
conductive substrate. It is usually desired that this interface forms an ohmic contact in which

Z. =0 (short-circuit in Fig. 2b) so that dissipative losses are avoided in device operation.

Figure 6 also shows the impedance between the substrate and the ionic/hole conducting medium.
Ideally one usually needs that this impedance is totally blocking for electron transfer, i.e.

Z., — oo (open-circuit in Fig. 2b), to avoid the metal oxide nanostructure becoming short

circuited by the direct electronic pathway between the two external contacts across the ionic
conductor. In DSC with an organic hole conductor the reactivity of the substrate is large and it
must be pre-treated with a thin metal oxide layer that blocks the charge transfer to the hole-
conducting medium while maintaining good electron-injection properties towards the

nanoparticles. Finally a resistance Z.; relates to the facility of charge transfer at the

counterelectrode. In summary, it should be appreciated that the proper device function requires
the materials determining the three contact impedances in Fig. 6 to be treated for reducing the
equivalent circuit of Fig. 6 to that of Fig. 2b, which drives the current through the nanostructure
area without side effects. We should mention also that in large area devices with a transparent
conducting substrate, the transport of electric current along the TCO substrate often introduces
major resistive losses.

Fig.6. Transmission line equivalent circuit model, based in Fif' 2b, and showing in
addition the impedance at the metal oxide/subtrate interface, £, the impedance at
the electrolyte/substrate interface,  Z.,, and the impedance at the
electrolyte/counterelectrode interface, Z 3.

Let us describe other techniques that provide relevant characteristics of the metal-oxide
nanostructured films. The electrochemical transistor configuration, Fig. 7a, uses a conducting
substrate that is divided in two separated regions, bridged by the nanostructured film,*® and
allows to determine the electronic conductivity as a function of electrode potential. The two
regions of the conducting substrate can be controlled as independent working electrode, so that

the Fermi level in the film can be governed with a bias U, =U,, Fig. 7b, while maintaining a
small potential difference between the two sides, AU =U, —U, which causes a current flow

Al between WE; and WE; that enables to measure the electronic conductivity, o . This method
has been applied in a number of metal-oxide nanostructured films.®®



Fig. 7. Electrochemical transistor measurement configuration. The conducting
substrate over which the film is deposited is divided in two regions, separated by an
insulating gap. The separated regions serve as two working electrodes WE; and
WE,. (b) Equivalent circuit of the electrochemical transistor configuration. When
WE; and WE; are shorted the film can be operated as in normal electrochemical cell
with potential Uy;ss. The two working electrodes can also be operated independently
with potentials U; and U, with respect to the reference electrode (RE).

Figure 8 shows the 9-order of magnitude change of the electronic conductivity of
nanocrystalline TiO, films immersed in solution when the Fermi level is displaced towards the
conduction band. This figure illustrates the global transformation from insulator to conductor of
the films by external potentiostatic control that is a genuine effect of the nanocrystalline
structure, in comparison with the bulk material counterpart, which conductivity can only
changed in the surface.

Fig. 8. Electronic conductivity in nanostructured TiO, electrodes in solution at pH 2
as a function of the electrode potential, obtained by two different measurement
methods as indicated.®

Next we consider the special features of the capacitance of nanocrystalline films and its
relationship to the density of states (DOS).** There are two main basic mechanisms of
accumulating charge with respect to voltage in electrochemical systems. The first one, is that
occurring in a standard dielectric capacitor where energy is stored in the electrical field, related
to spatial charge separation. This capacitance is ubiquituous at interfaces with space charge such
as Schottky barriers and Hemlholtz layers. In the other mechanism, which is predominant in
many nanostructured and intercalation systems, the energy storage is associated with a change of
the chemical potential of the accumulated species. When a voltage variation dV is applied to
the conductive substrate of a nanostructured metal-oxide film, and the Fermi level is displaced

homogeneously in the film as dEg, =—qdV (where q is the elementary charge) the electron

density changes by a quantity dn . The electrochemical capacitance (per unit volume) relates the
change of concentration of electrons, n, to the change of electrochemical potential

dn
dE,

Assuming that the conduction band potential is stationary, the Fermi level inside the TiO,
nanostructure is displaced towards the conduction band, i.e., the change of electrochemical

potential implies a change of the chemical potential of electrons: dEg,, = du, . Equation (7)

gives a purely chemical capacitance.** If g(E) is the DOS in the bandgap, the chemical
capacitance is obtained integrating all the contributions of occupied states

()

C,=¢
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where f is the Fermi-Dirac distribution. To a good approximation near room temperature,” Eq.
(8) takes the form

C,u(EFn):ng(EFn) ©)

It is therefore found that the chemical capacitance is proportional to the DOS. The
interpretation of Eqg. (9) is that the extent of charging related to the perturbation dV
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corresponds to filling a slice of traps at the Fermi level. A common finding in nanostructured
TiO, is an exponential distribution of localized states in the bandgap as described by the
expression

N
9(E) = ; exp[(E - E¢)/kgTo ] (10)
B'O

Here N is the total density and T, is a parameter with temperature units that determines the

depth of the distribution.

One convenient method of measuring the chemical capacitance is the standard cyclic
voltammetry technique (CV),%® that monitors the current injected in the film as the potential
varies at a constant speed, s=dV /dt . The electronic current flowing into a unit volume is

j=qP-qz "V _c (12)

dt dEg, dt a

Hence, Cﬂ(E,:n) is measured directly by cyclic voltammetry. Figure 9c illustrates that the

shape of a CV reveals directly the shape of the exponential DOS of Eg. (10).

Limitations by transport that cause the film to depart from equilibrium during the
measurement, distort the shape of CV along the voltage axis, while the presence of cathodic
charge-transfer makes the anodic (positive current) peak much smaller than the cathodic
(negative current) one.®® However the quasi-equilibrium condition of the film can be recognized
by an invariant shape of the CVs at different scan rate and a current that is proportional to S .

The CV method has been applied in several works for obtaining detailed information of
nanostructured TiO, energy levels under different surface treatments™®’ or electrolytes.®® This
method is also important for stuying the redox progerties of organic molecules attached in the
TiO, surface, as in the case of viologen molecules®’ and proteins.** Provided that there is fast
electron exchange between the semiconductor and the attached species, the functionalized
electrode will show and excess of capacitance in the CV corresponding to the redox capacitance
of the molecular species, in comparison with the bare TiO, electrode.

Fig. 9. The left column shows the schematic energy diagram of a nanostructured
semiconductor under application of a potential that rises homogeneously the Fermi
level in the film for the case of (a) stationary energy levels and (b) shift of the energy
levels by modification of the Helmhotz potential at the nanoparticles surface during
electron injection. The rigth column shows the corresponding CVs for an exponential
distribution of bandgap states in the nanoparticles.

It has already been discussed that for maintaining charge neutrality into a nanostructured film
it is required that the increasing electron charge in the nanoparticles be accompanied by positive
ion charge at the semiconductor/electrolyte interface. As shown in Figure 9b, 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.”” The combined
effect of electron accumulation and partial band unpinning can be accounted for by a constant

Helmholtz capacitance, C,,, connected in series to the chemical capacitance, Cy, so that the
total electrochemical capacitance becomes

c=[c,t+cy, ‘1)_1 (12)

U

Hence when the exponentially increasing C# becomes larger than Cy , the CV flattens to a

constant value, Fig. 9d, in consonance with the fact that the band shifts simultaneously with the
displacement of the Fermi level, with a smaller rate of gain of electron density in the
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nanostructure.

4.-Dye-sensitized solar cells

Since the first report' of 1991 a major scientific and technical research effort has been
devoted to the DSC (see the review articles®) which now constitutes a credible chemical
alternative to the already established silicon and thin film photovoltaic technologies. In addition
the research on DSC has revealed many important general aspects of the principles of operation
of nanostructured devices. In the following we revise some of the properties of the DSC that
have emerged from the research. Related devices will be described in the next Section.

The main electronic processes occurring in a DSC are shown schematically in an energy
diagram in Fig. 10. The initial step of operation is the excitation of the dye molecules by
absorption of sunlight. Ruthenium polypyridyl complexes have proved to be the most efficient
TiO, sensitizers, with the cis-RuL,(SCN), (L=2,2'-bipyridyl-4,4'-dicarboxylic acid) dye (N3
dye) demonstrating incident photon-to-electron conversion efficiencies (IPCEs) of up to 85% in
the spectral region 400-800 nm corresponding to almost unity quantum vyield (electrons per
absorbed photon). The next steps produce the separation of the excitation of the dye into carriers
in the different transport materials: the injection of an electron from a photoexcited dye to the
conduction band of the TiO,, and the transfer of an electron from the ionic conductor to the
dye.” The former process is usually completed within 200 ps, and the later, the regeneration of
the oxidized dye, is completed within the nanosecond time scale. When the charge carriers have
been transfered to the separate electron and ionic/hole conducting media, they propagate in their
respective media towards the outer contacts. Electron transfer at the TiO,/TCO interface is not
thought to be a significant limiting factor in the DSC. On another hand the oxidized form of the
redox carrier must be reduced at the counterelectrode, usually Pt-catalized TCO, as shown by

the element Z 5 in the equivalent circuit of Fig. 6.

Fig. 10. Schematic energy drawing of the electron (arrows) and hole (dashed arrows)
transfer processes at the metal-oxide/dye layer/hole transport material in a DSC. The
grey boxes indicate available electronic states, Eg is the dark Fermi level, Eg,, is
the Fermi level of electrons accumulated in TiO, nanoparticles, and EC is the lower
edge of the metal oxide conduction band. (1) Photoexcitation. (2) Electron injection
from lowest unoccupied molecular orbital (LUMO) of the dye to metal oxide
conduction band levels. (3) Electron diffusion in metal oxide nanostructure. (4)
Electron extraction at the TCO. (5) Hole transfer from highest occupied molecular
orbital (HOMO) of the dye to hole transport material (HTM) HOMO. (6) Hole
diffusion in HTM. (7) Electron transfer from the Pt counterelectrode to the oxidised
ionic species, or to HTM HOMO. (8) Electron transfer from metal oxide to HTM
and to (9) dye HOMO.

Nanostructured TiO, used in DSC is typically composed of anatase particles prepared by the
hydrothermal method.®® They exhibit predominantly a bipyramidal shape, the exposed facets
having (101) orientation, which is the lowest energy surface of anatase. The density of electronic
states (DOS) in these nanostructures has been investigated using a variety of methods: cyclic
voltammetry, as described above,®® impedance spectroscopy,®* voltage-decay charge-extraction
method,”>”® and potential step-current integration (chronoamperometry).®*™ All of these
methods are based on the determination of the chemical capacitance. The results® "™ agree in
the existence of an exponential distribution of bandgap states in nanostructured TiO,, which is
indicated in Fig. 11b. However, the origin of such bandgap states, and the influence of the
surrounding media in the energetics of the electrons, remains unclear.

Fig. 11. (a) Schematic energy diagram of electronic processes in a TiO, nanoparticle
in a dye-sensitized solar cell. Eg( shows the position of the Fermi level in the dark,
which is equilibrated with the redox potential ( Eqqoy ) Of the iodide/triodide couple.
Egp, is the quasi-Fermi level of electrons accumulated in the nanoparticles and Ec
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is the conduction band energy. The shaded region indicates the bandgap states that
are occupied with electrons (zero-temperature approximation of Fermi-Dirac
distribution). The arrows show a sequence of processes in the following order:
thermal promotion of an electron from a bandgap localized state in the bulk of the
nanoparticle, to the conduction band; electron diffusion in the conduction band
states; trapping of an electron in a surface state; electron transfer from the surface
state to the acceptor triiodide ions in solution, which form a distribution with an
effective gaussian density of states, indicated in the right, with halfwidth A, the
reorganization energy.” (b) Quantitative diagram of the thermal occupation at
temperature T =3([%K (thick line) of an exponential DOS in the bandgap (thin
line) with T /Ty =0.25, as determined by the Fermi-Dirac distribution function
(dashed line).

Let us look in more detail at the electronic processes occurring in the TiO, nanoparticle in the
operation of the solar cell, following the schematic diagram of Fig. 11a. Electrons photoinjected
from the surface sensitizer accumulate in the TiO, nanostructure. Therefore, the electrochemical

potential of the electrons in the TiO, nanoparticles (the quasi-Fermi level, Eg,) increases. At

open-circuit conditions, provided that there is sufficient electronic conductivity (produced by the
injected electrons themselves, Fig. 8), the Fermi level tends to be homogeneous in the
nanostructure, and it produces an increase of the potential at the substrate, which is the

photovoltage, V., typically 0.8 V. The number of electrons, determining the photovoltage, is

established by dynamic equilibrium between the rate of gain of electrons (photoinjection) and
the rate of their loss, which is caused by charge transfer at the surface of the nanoparticles.

The role of the redox mediator in the photovoltaic process is to reduce the oxidized dye, but
the oxidized component of the redox couple (I3) is present in the pores and is able to accept
electrons from the TiO,. In addition some of the injected electrons return to the oxidized dye
molecules before they can be regenerated by the ionic conductor. These two charge transfer
processes constitute the electron recombination in the DSC. It is important to recognize that the
efficiency of the DSC relies on a strong differential kinetics of the redox couple at two
interfaces.’” The transfer of electrons in the TiO, to oxidised ionic species must be slow, to
facilitate electron storage, whereas electron transfer to the same species should be very fast at
the counterelectrode, avoiding the requirement of a significant overpotential for drawing current
(typically 15 mA cm?) from the cell under solar illumination. In Fig. 11a the recombination
process is suggested for an electron that is trapped at a surface state in the bandgap and
subsequently is transfered to the fluctuating energy levels of the oxidized species in the
electrolyte, following the Marcus-Gerisher model for electron transfer, as applied to DSC.”>""

Since the operation of the DSC is largely governed by the relative rates of several charge
transfer steps, the energetics of the metal-oxide nanoparticle, relative to the molecular species in
the surface and in solution, must be carefully controlled. There are several ways to modify the
position of the semiconductor energy levels. Due to the fact that there is no internal bandbending
in individual nanoparticles,* modifying the potential difference at the oxide/electrolyte interface
globally displaces the energy levels suggested in Fig. 11a with respect to the redox potential

E redox - An upward shift (to more negative potentials) of the energy levels in the semiconductor
in the equilibrium condition of the solar cell, produces and increase of V., because at the same

electron density the Ep,, lies higher up, with respect to E, g0 . These shifts can be achieved

with agents such as 4-tert-butylpyridine (TBP) or ammonia that depronotate the TiO, surface.*
The TiO, energy levels can also be controlled by adsorption of a series of organic molecules
with different dipole moments. The change of the conduction band position is illustrated by the
displacement of the conductivity plot along the potential axis shown in Fig. 12 when different
molecular modificants are attached to the TiO, surface.”® Incidentaly this plot shows the
sensitivity of the conductivity measurement, described in Fig. 7, to the changes of the TiO,
surface, an effect that can be used for sensing as commented later on. In the DSC a negative
shift of the conduction band, however, hampers electron injection from the excited sensitizer,”
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and it has been found that increasing the V. by these means usually produces a decrease of the

photocurrent.® In addition to these modifications, a light-induced shift of the conduction band at
high electron density is possible as discussed before in Fig. 9b.

Fig. 12. Conductivity plot of a bare, mesoporous TiO: film and molecular modified
films with electrochemical deposited 4-methoxybenzenediazonium tetrafluoroborate
(oab) and 4-cyanobenzenediazonium tetrafluoroborate (cab). Adapted with
permission from S. Ruhle, M. Greenshtein, S.-G. Chen, A. Merson, H. Pizem, C.S.
Sukenik, D. Cahen and A. Zaban, J. Phys. Chem. B 109, 18907, Copyright 2005
American Chemical Society.

Another route for improving the photovoltage in a DSC is to block the transference of the
photoinjected electrons to the acceptor species in solution, provided that the blocking agents do
not significantly decrease electron injection from the dye molecules. This involves the
introduction of an insulating layer in the TiO, surface that is exposed to the solvent,®* which
faces the complexity of mutual effects between the insulating layer and the dye, or with
absorbants (e.g. amphiphilic molecules containing carboxylic or phosphonic end groups) that
form a more compact monolayer, comprised of the dye and coadsorbent, than the dye monolayer
alone.® Recently, it was found® that the coadsorption of 4-guanidinobutyric acid with the K-19
sensitizer (Ru (4,4'-dicarboxylic  acid-2,2'-bipyridine)  (4,4'-bis(p-hexyloxystyryl)-2,2'-
bipyridine)(NCS),) remarkably increases the photovoltage, by a simultaneous shift of the TiO,
conduction band and blocking of the recombination, without suffering significant decrease of
the photocurrent. It has also been observed that one of the factors controlling the charge
recombigr;ation dynamics in DSC is the spatial separation of the dye cation HOMO from the TiO,
surface.

Composite material nanoporous electrodes formed by two materials that differ by their
conduction band potential have been tested to improve the DSC performance.’*** Arranging
these materials in the correct geometry is expected to drive the electrons in the direction of the
material having the lower conduction band. A coated matrix design, denoted as core-shell, is
achieved by the use of ultrathin (< 1 nm) conformal coating layers deposited onto the surface
on the syntered nanocrystalline metal oxide films. This design ensures free electrons diffusion to
the current collector by avoiding the introduction of energy barriers (the more negative material)
in the transport pathways to the current collector. It has been found that the coating may have a
number of different effects. For example Nb2Os coat, whose conduction band potential is 100
mV negative than that of the TiO, core particles, primarily forms of a “kinetic barrier” for
recombination.®* On another hand SrTiOgz, that should form a 200 mV barrier on TiO,, produces
a shift of the conduction band of the core TiO, as a consequence of surface dipole generated at
the TiO2/SrTiO; interface, and consequently the open circuit photovoltage increases, while the
short circuit photocurrent decreases.®® It has been suggested that barrier coatings with high
points of zero charge (basic coatings) are most effective for the retardation of the recombination
dynamics.” Impedance spectroscopy of Al,Os-coated TiO, films showed that the thin alumina
layer mainly passivates the surface states in the TiO, and therefore reduces the recombination
rate.*® Transient photovoltage (PV) spectroscopy results™ also to show that ultrathin alumina
layers prevent the formation of defects at the TiO, surface.”* It was found that the PV signal
increases already at photon energies above 1 eV for the uncoated TiO,, indicating strong
absorption at defect states, while the TiO,/Al,O3 films show PV signal only above 3.1 eV, the
bandgap of TiO,. The authors suggested® that the alumina stabilizes the chemical potential of
oxygen at the surface. Recently Zaban and coworkers® analysed a new type of high surface area
TiO, electrode for DSCs, consisting of a transparent conductive nanoporous matrix that is
coated with a thin layer of TiO,. This design ensures several nanometer distance between the
TiO,-electrolyte interface and the current collector throughout the nanoporous electrode, in
contrast to several microns associated with the standard electrode. However it was found that the
photovoltaic performance of TiO, coating thinner than 6 nm is rather inefficient.*
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The short-circuit photocurrent in a DSC is a central device parameter that depends mainly on
two factors: light harvesting/electron injection, and electron transport, provided that electrolyte
processes are not limiting the DSC operation.

Strategies have been developed for improving the DSC conversion efficiencies by increasing
the light harvesting, especially in the low energy (red and near-IR) region of the solar spectrum.
Dye molecules with high red absorbance have poor injection yields because of the low lying
excited state (LUMO). Increasing the thickness of the film beyond 10 um in order to increase
the absorbance in the red results in an increase in the electron transport length and the
recombination rate, thereby decreasing the photocurrent. Furthermore, conventional
nanocrystalline TiO, films formed by 10-30 nm nanoparticles are poor light-scatterers. The
addition of 4-5 um thick light scattering layers of 400 nm TiO: particles to the conventional
nanocrystalline layer enhances light harvesting in the red and near-IR spectral region by
enhancing the scattering of light.** TiO, photonic crystals and disordered scattering titania
inverse opal structures have also been exploited to increase the light conversion efficiency of
DSC, improving the conversion efficiency in the spectral range of 600-800 nm.***" A theoretical
analysis shows improved photocurrent efficiency due to the mirror behaviour of the colloidal
superlattice.®

Electron transport in DSC is driven mainly by diffusion, due to the effective electrolyte
shielding of space charge. Detailed information on the physical parameters related to transport in
DSCs has been obtained using small perturbation techniques at a fixed steady state such as
IMPS®*** and impedance spectroscopy.”®**® It was found that both the effective electron
diffusivity, D,, and the effective electron lifetime, z,,”* that are measured, become a
function of the steady state,3384367.75100-104 Thiq hag ysually been considered an effect of the
distribution of bandgap electronic states that influence the time constants. Variations of both,
diffusion coefficient and lifetime, were attributed to the statistics of electrons in the material,
which deviates from dilution, as described by thermodynamic factors.'®

The simplest approach to take trapping into account is the classical multiple tragping (MT)
framework™® which has been applied to DSC by a number of authors.3*®¥'2 |n this
approach, transport through extended states is slowed down by trapping-detrapping events,
while direct hopping between localized states is neglected. Electronic states are composed of a
transport level (usually identified with the lower edge of the conduction band) at the energy

level E., with a diffusion coefficient Dy, and a density of localized states g(E) distributed in
the bandgap. The total electron density is n=n; +ng, i.e. the sum of electron densities in
conduction band (with an effective DOS N.) and localized states. The mobility decreases
rapidly below the level E_ defining the transport states, so that the motion of a bound electron

is limited by the rate of thermal excitations to E > E_. The varying D,, in this model was
recognized as a chemical diffusion coefficient'***** that is given by

on
D,=|—<|D 13
n (anLj 0 ()

The prefactor in Eq. (13) is the relationship of free to trapped number of electrons for a small
variation of the Fermi level. This prefactor describes the delay of response of the chemical
diffusion coefficient, with respect to the free electrons diffusion coefficient, by the trapping and
detrapping process.'®*** The calculation of the chemical diffusion coefficient for an exlponential
distribution gives an exponential dependence on the Fermi-level position as follows****"3

N T, 1 1
D.=%%exp| (Ee, —E.)| -~ — D 14
TN T p{( Fn c)( keT  KkaTo ﬂ 0 (14)

The functional dependence in Eq. (14) is a consequence of the exponential variation of the
time constant for detrapping when the Fermi level scans the bandgap in Fig. 11.
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Fig. 13. Parameters resulting from fit of experimental impedance spectroscopy
spectra of three DSCs at different bias potentials in the dark. The electrolyte
compositon in the reference cell is 0.5M Lil, 0.05M I, 0.5 1-methylbenzimidazole
(MBI) in 3-methoxypropionitrile (3-MPN). The second cell has 0.5M Nal instead of
Lil, and the third cell has no MBI. (a) Capacitance of the cell without the
contribution of the platinum counterelectrode capacitance. (b) Chemical diffusion
coefficient of electrons. The lines are fits to the multiple trapping/exponential
distribution (characteristic temperature Ty) model, and the parameters resulting
from fits are indicated. T is the actual temperature of the cell, assumed 300 K, T
is the effective temperature obtained from the slope of the plots as indicated.
Adapted from Sol. Energy Mater. Sol. Cells 87, F. Fabregat-Santiago, J. Bisquert,
G. Garcia-Belmonte, G. Boschloo and A. Hagfeldt, 117, “Impedance spectroscopy
study of the influence of electrolyte conditions in parameters of transport and
recombination in dye-sensitized solar cells”, Copyright 2005, with permission from
Elsevier.

In order to illustrate the connection between the DOS and the measured electron diffusion
coefficient, we show in Fig. 13 the chemical capacitance, C# and chemical diffusion coeficient

D,,, obtained by impedance spectroscopy for three DSCs containing different species in the

electrolyte.* The two elements Cﬂ and D, show exponential dependencies in the potential, in

agreement with Egs. (9), (10) and (14). Furthermore for the different cells these parameters
display a global shift in the voltage axis for the different surface treatments, which demonstrates
the global displacement of the TiO, energy levels in the energy axis, caused by the absorption of
the indicated species, in the same way as in Fig. 12, above. Fitting the capacitance of the
reference cell, containing Lil electrolyte, in Fig. 13a, in the intermediate domain where the
chemical capacitance is observed separately from other capacitive contributions, it is obtained

kgTog =62mV corresponding to T/T;=0.42 at T =300K. This predicts an exponent

kgT /(L-T /Ty)=44mV for the voltage-dependence of the chemical diffusion coefficient,

and this in fact is the value obtained in Fig. 13b. Therefore the MT gives a consistent description
of the observed features of electron transport and accumulation in anatase-TiO, DSC. However
the free electron displacement in the conduction band/transport level, predicted by the model
when the Fermi level raises to fill most of the traps, has not been separately observed, possibly
due to the difficulty of measuring at such negative potential by the bandshift inducced by
electron charging.

The measurement of the electron lifetime consists on determining the time for the system to
recover equilibrium under a small perturbation of the steady state, by removal of the excess
carriers by recombination.*® In DSC, the lifetime can be determined by monitoring directly the
variation of the position of the Fermi level with time (open-circuit photovoltage decay
technique).™* Assuming a process of trapping-detrapping in the bulk of a nanoparticle, and
injection to the electrolyte from a single (conduction band) energy level, the time constant for
the decay takes the form®

on
Th = (ant}'no (15)

where 7, is the lifetime of the electron in the (conduction band) injection level. Equation (15)
predicts an exponential dependence of the lifetime with the Fermi level that is indeed found in
many reports.*®**! It is observed in Egs. (13) and (15) that the factors (6n, /an,) in D,, and
7,,, compensate when forming the diffusion length from measured quantities. The result is a
constant
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L, = \/Dnrn = \/DOTnO (16)
The meaning of the compensation is clear when we note that the origin of the factor

(8n|_/8nc) lies in carrier equilibration in the energy space, both for chemical diffusion

coefficient in MT (D,,), and for measured lifetime (z,,). Peter and co-workers®*** and also

Nakade et al.*® have reported for DSCs the compensating behaviour indicated in Eq. (16).

Measurements of the electron lifetime over a more extended voltage domain, indicated in
Fig. 14, show a more complex picture. In the important domain of the solar cell operation
between 0.6 and 0.8 V, the lifetime depends exponentially on the potential, in agreement with
the previously mentioned results. However at lower potentials there is a strong variation, and at
higher potentials, the lifetime becomes constant. This behaviour indicates a combination of
several processes that govern electron recombination in DSC.”>"”

Fig. 14. Electron lifetime determined from the decay of the cell potential in a DSC
following application of a negative bias (> -1.2 V) in the dark. The line corresponds
to the fit to a model that uses the quasi-static approximation for trapping in the bulk
and a combination of charge transfer processes through conduction band and surface
states. Adapted with permission from J. Bisquert, A. Zaban, M. Greenshtein and 1.
Mora-Ser6, J. Am. Chem. Soc. 126, 13550. Copyright 2004 American Chemical
Society.

Besides the energy disorder that has been already emphasized for describing the diffusion
coefficient, the extent of geometry disorder has been recognized as an important property of the
nanocrystalline TiO, electrodes in DSC, due to the influence on long-range paths for electron
transport.**®*'" Geometrical disorder may become rather significant for open structures of the
nanoparticulate network, owing to the existence of highly branched nanoparticle structures that
influence electron transport dynamics. For example for compact TiO; films (40% porosity) used
in DSC, the average coordination number is about 6.6, whereas for open-structured films (80%
porosity), the average number of particle interconnections is as low as 2.8.° Therefore, when
increasing the porosity the fraction of terminating particles (dead ends) in the TiO, film
increases markedly, and this has the effect of increasing the average number of particles visited
by electrons by 10-fold.™*" Figure 15 shows the reported** evolution of the diffusion coefficient
of electrons in nanostructured TiO,, as a function of the excess porosity above the critical value
for transport. Samples of different porosity are achieved by consecutive pressing the TiO, film,
from 7 to 4 um thickness. Using this method of changing the film thickness the energy
distribution and trapping factors are not significantly dependent on sample porosity. Therefore
the results show a change of the diffusion coefficient that is due to the geometrical effect of the
coordination between nanoparticles. The power law behaviour with porosity obtained in Fig. 15
is related to electron diffusion along the percolation cluster in the nanoparticulate network as
first suggested by Jao van de Lagemaat and co-workers.****

Fig. 15. Plot of the effective (chemical) diffusion coefficient of electrons, obtained
from transient photocurrents, as a function of the porosity of TiO, layers. The critical
porosity was set to 0.76. Reused with permission from Th. Dittrich, A. Ofir, S.
Tirosh, L. Grinis, and A. Zaban, Appl. Phys. Lett., 88, 182110. Copyright 2006,
American Institute of Physics.

Microscopic simulation using Monte-Carlo methods based on Continuous Time Random
Walk (CTRW) model have been applied to provide a detailed description of electron trapping
dynamics in DSC.***'? Simulations have described the results of fast optical pump-probe
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experiments that monitor the decay of the photoinduced dye cation excited by a laser pulse.’'%

Recently’* CTRW methods have provided valuable insights into the short range diffusion and
charge separation in dye-sensitized nanoscale TiO, layers measured by surface photovoltage
transients.'#1%°

Hole or ion conduction in the medium filling the pores can be realized in different
configurations. The 11% conversion efficiency has been reached with the N3 dye, and a liquid
electrolyte with iodine/iodide redox couple with a film thickness of over 15um. However the
longterm containment at elevated temperatures of the volatile solvent mixture employed still
remains a major challenge. Therefore there has been extensive quest for a solid or quasi-solid
medium for replacing the volatile electrolyte while maintaining good performance of the DSC.
A number of options for the ionic/hole transport material have been investigated:*?’

- Inorganic p-type semiconductors.*?®

- Organic hole-transport materials (HTM) such as spiro-OMeTAD (2,2°7,7°-

tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9’-spiro-bifluorene). 04123130

- Polymer electrolytes.

- lonic liquid conductors.

It appears that the Is/I" couple is unique in providing the strong Kkinetic asymmetry of
recombination/regeneration reactions that gives so far the highest efficieny in DSC.*" Organic
hole conductors generally exhibit lower differential kinetics than I5/I" couple and therefore
provide a poorer performance of the solar cell. Room temperature ionic liquids (RTIL) are
solvent free redox systems with high stability and negli%ible vapor pressure, that are considered
a key element for practical applications of the DSC."***** The very high density of ions present
in these RTILs appears to facilitate the effective screening of the electric charges that are
produced under illumination in the mesoporous films.*®’ DSC using RTIL have shown practical
efficiencies in the range 6-7% and an improved stability at high temperatures. The limitation of
the slow diffusion of iodide redox species in the viscous RTIL is currently being addressed by
the development of novel sensitizers with an increased optical cross section allowing thinner
TiO, films to be employed.*

Complete models of the DSC have been developed based on porous battery theory,
considering mass transport in the electrolyte,"*"***%2  higher-order recombination
mechanisms'® and the porosity effect.'** These methods allow the simulation of the
photovoltaic performance of the DSC but involve a multitude of effects and complex

calculation. While V. and ¢, can be separately related to basic processes of the DSC, as

already discussed, the understanding of the diode characteristics, i.e. the FF, which is critical for
device performance, has so far not been described in a simplified framework.

All-solid solar cells based on nanostructured or highly-structured metal oxide materials have
been developed in different configurations,”*>**® either with a thin light-absorber layer, or with
an absorber/hole transport material embedded in the nanostructured metal oxide. A
nanocomposite solar cell, based on interpenetrating networks of TiOzand CulnSz, has provided
the highest energy conversion efficiency, of around 5%, of this type of solar cells.'*

19,131-133

136,137

5.-Nanostructured photoelectrochemical and electrochemical devices based on metal-oxide
nanoparticles

The photocatalytic splitting of water into hydrogen and oxygen using solar light is a
potentially clean and renewable source for hydrogen fuel. There has been extensive investigation
into metal-oxide semiconductors such as TiO:, WOs, and Fe:0s, which can be used as
photoanodes.***3**® The extension of the absorption of TiO, to the visible spectrum of the solar
spectrum, by doping with carbon, nitrogen or sulfur,”®"**? has stimulated great interest, but the
use of such materials has provided low conversion efficiencies so far. Nanoparticulate WO,
electrodes exhibit larger photocurrents under solar illumination,*>**° due to the band-gap energy
of 2.5 eV that extends the photoresponse of WO; electrode into the blue part of the visible
spectrum up to 500 nm. The photoelectrochemical behaviour of nanostructured TiO, and WO;
electrodes, concerning the photooxidation of organic compounds in water, has been studied in a
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number of works.*****® The company Hydrogen Solar Ltd, UK, is trying to implement a tandem
cell for the cleavage of water to hydrogen and oxygen by visible light based on work by M.
Grétzel and J. Augustynski. The photoactive material in the top cell is a semiconducting oxide
that absorbs the blue and green part of the solar emission spectrum and generates oxygen and
protons from water with the energy collected. The not absorbed yellow and red light transmits
the top cell and enters a DSC."’

Electrochromism is a reversible process inducing optical transitions in a material via an
electrochemical reaction.’® Electrochromism is of importance for applications in information
displays with optical memory, smart windows, and anti-dazzling rear view mirrors for cars with
variable reflectance. The most studied electrochromic material is WOs3, which turns from
transparent to dark blue upon insertion of H, Li and other guest atoms. Smart windows with
switchable glazing allow dynamic control of solar energy gain, adapting the window optical
properties to changing environmental conditions. Especially in temperate zone climates, solar
radiation in summer conditions imposes an unwanted heat load on buildings, while passive
heating by solar radiation is welcome in winter.'®* One of the limitations of WOj3 intercalation
films for implementation of glass window with variable optical properties in a large scale, is the
requirement of external power sources to change the transmittance. To remove this limitation,
self-powered smart windows combining a DSC with an WO; electrochromic layer
counterelectrode have been suggested.” A switchable photoelectrochromic device has been
realized consisting on a dye-covered nanoporous TiO, layer, which is situated on a nanoporous
WO; electrochromic layer.®**® All the layers can be kept quite thin, so that they are
transparent. The transmittance of the device decreases when illuminated and can be increased
under short-circuit conditions. Therefore, no external voltage source is needed to colour/bleach
the photoelectrochromic device.

Another approach to electrochromic devices that has proved sucessful for electrical displays
applications was originally developed by M. Gratzel and D. Fitzmaurice.”® It consists of
nanocrystalline TiO, films derivatized with a redox active molecule, such as a viologen
endowed with an anchoring group to attach it firmly to the TiO, surface. Viologens (e.g. 1,1’-
disubstituited 4,4’-bipyridinium dications) work as redox chromophores. The first reduction of
the viologen dication is highly reversible and leads to the formation of the intensely deep blue
coloured radical cation. The devices present rapid switching between the bleached and coloured
states, high contrast ratios and good cycling stability,”**"* due to the amplification of the
optical phenomena by the high surface area of the nanocrystalline support, and fast interfacial
electron transfer between the nanocrystalline oxide and the adsorbed modifier.
Photoelectrochemical studies have shown?’ that the electronic charging of the semiconductor
nanostructure is the key factor mediating between the electrode potential and colouration of the
molecular monolayers anchored on the semiconductor surface. Displays based in this technology
are close to commercialization by the company NTera, that has announced in 2006 the
successfull production of working prototypes featuring the world’s highest resolution naturally
reflective electronic displays, and plans to produce a high-contrast, monochromatic display that
can replace the simple liquid crystal displays used in clocks, thermostats and many other
devices.

The optical and visible-sensitizing functions of molecular layers absorbed onto
nanocrystalline metal oxides have been widely exploited in DSC and electrochromics, as
commented above. Recently a new approach has been taken towards electric and electro-optic
devices formed by molecular functionalized mesoscopic oxides, such as sensors and switchable
molecular electronics, in which the molecular layer adsorbed in the surface, serves instead as an
electron or hole transport relay."”*" It was shown that the molecular layer can be charged from
the conductive ubstrate either with electrons or holes, depending on the applied bias
potential.*"*"? Figure 16 shows impedance spectroscpy results of mesoscopic Al,O; and TiO,
networks, covered with a monolayer of Ru-complex cis-RuLL'(NCS), (L=2,2"-bipyridyl-4,4'-
dicarboxylic acid, L'=4,4"-dinonyl-2,2"-bipyridyl) (Z907).*° The results display the behaviour of
the model of Fig. 5, at potentials in which injection of carriers in the respective semiconductor
networks is forbidden. These results therefore show the injection, transport and accumulation of
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electrons and holes in the molecular layers covering the surface of the mesoscopic oxides.*

Fig. 16. Experimental impedance plots of Z907-derivatized mesoscopic TiO, and
Al,Os. Reprinted with permission from J. Bisquert, M. Gratzel, Q. Wang and F.
Fabregat-Santiago, J. Phys. Chem. B 110, 11284. Copyright 2006 American
Chemical Society.

TiO, is biocompatible and combines selectively with some groups of biomolecules.
Nanocrystalline TiO, has been employed for the immobilization of biomolecules,****"® both for
studying protein electrochemistry, and for developing electrochemical biosensors, i.e., analytical
devices consisting of a biological recognition element attached to the nanostructured TiO, that
serves as a transduction element, relating the concentration of an analyte to a mesurable
response.’”

The conductivity of nanostructured TiO, in the gas phase and as a function of ambient
humidity has been described.®! The group of J. Augustynski has developed nanoparticles of
semiconducting metallic oxides employed in gas sensors able to detect nitrogen oxides, carbon
monoxide and hydrocarbons. These nanocrystalline oxides (not disclosed, but apparently
comprising WO; nanoparticles) are used by the Company MicroChemical Systems for
manufacturing gas sensors for automotive industry. The two types of micro-sensors measure
changes in the electrical resistance of nanocrystalline films induced by road gas pollutants,
resulting in improved sensitivity and response time of the micro-sensors fabricated by
MicroChemical Systems, which has already delivered such micro-sensors in large quantities to
car makers.

The use of nano-sized positive or negative electrode materials (vs. Li) for Li batteries
offers attractive electrochemical characteristics over classical bulk materials, including very
short diffusion length, low charge transfer resistance due to the high surface area of the active
mass*® and a better accommodation of the materials strains associated with the lithium
insertion/extraction. The active material/electrolyte interface can be improved by acting on the
current collector surface. Nano-architectured current collectors offer higher contact area than
conventional 2D-substrate. As a result, for an equivalent thickness, the amount of active material
is much higher on a nano-structured current collector. However, an adverse effect in primary
nanoparticles is the possibilit%/ of increasing side reactions with the electrolyte, while the Li-
reaction may be enhanced. 8 TjO, nanotubes or nanowires have shown excellent Li-
intercalation charge capacity and cyclability."®*® The Li* intercalation renders the nanowires
simultaneously electronically and ionically conducting.'® As in other devices commented
earlier on, the electrolyte is a crucial element in Li-batteries. It has been found that the addition
of nanopatrticle fillers, such as Al.Osor TiO:, increases several fold the conductivity of polymer
electrolytes at 60-80°C, and prevents crystallization at room temperature.*®

Supercapacitors are high-power density devices that can be coupled with batteries to provide
peak power and can replace batteries for memory back-up. High-surface-area carbon-based
materials are widely used for electrochemical double layer supercapacitors. A nanostructured
LisTisO12 has been developed as a negative electrode material suitable for use with activated
carbon positive electrodes.®’*® The combined effect of a high output voltage and an anode of
greater specific capacity results in higher energy densities than carbon/carbon supercapacitors,
while maintaining a high power density and robustness.

177-180
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6.-Ordered nanoparticulate structures

Quantum dots are nanocrystals of size roughly between 1 and 10 nm. In these crystals the
electron wave functions are delocalized in the limited space of the nanocrystal, and the
electronic orbital has the same symmetry as in a conventional atom. The strong quantum
confinement implies that insulating nanocrystals have a set of discrete atom-like valence and
conduction energy levels. Their separation as well as the optical gap between the lowest
conduction level and the highest valence level increases as the nanocrystal size decreases.
Accordingly, electronic and electrooptic properties of quantum dots can be tailored by the
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dimensions.

Colloidal nanocrystals can be considered as building blocks for larger arquitectures.
Nanocrystals with a narrow size dispersion can be assembled into two-dimensional or three
dimensional ordered arrays, which are termed nanocrystal superlattices, nanocrystal solids or
quantum dot solids. The particles are characterized by an inorganic core and stabilized by an
organic surfactant, and both the core and the surfactant have a role in determining the
superlattice crystallographic symmetry. Since both the preparation of nanocrystals and the
ordered assemblies is versatile, there is currently great interest in the investigation of the
properties of the quantum dot solids.*>**#

The collective properties of electrons injected in a superlattice depend on individual
electronic levels for a quantum dot, on the degree of electronic coupling between the dots, and
also on Coulomb interactions, both for multiple electrons in a quantum dot and in neighbour
dots.'® Assemblies of quantum dots deposited on a conducting substrate, and filled with an ionic
medium, allow the injection of a single kind of carrier in the superlattice. The Coulomb energy
of electrons in a dot is considerably reduced by screening with electrolyte ions, as commented in
connection to Figs. 1 and 2. The energy for addition of electrons to a quantum dot contains
several contributions:"**'** the self-energy of the electron interacting with its image charge at the
surface of the particle,192 the electrostatic interactions, which are screened by the external
medium, and the exchange energy. Characteristic capacitance spectra showing consecutive
charging of different discrete energy levels, have been reported for assemblies of CdSe'***** and
ZnO colloids.*®

An ordered array of quantum dots could give rise to long range coherent transport in
delocalized bands, provided that sufficient electronic coupling exists between the same orbitals
in neighbor dots. However, there are several factors that lead to localization of carriers in the
quantum dots."®® Colloidal nanoparticles prepared by wet chemical methods fluctuate in size.
Since the electronic response of an individual particle is determined by its size, there is some
inherent disorder in an array of quantum dots, that produces a dispersion of the energy levels.*®
Dispersion of energy levels can be also caused by a fluctuation of chemical composition (e. g.
electronic surface states). The difference between energy levels in different quantum dots makes
tunneling of electrons between quantum dots more difficult. Moreover such dispersion leads to
the random scattering of electronic waves. Thus dispersion of quantum dots sizes and fluctuation
of the chemical composition, produce Anderson localization. Disorder in the spatial distribution
of quantum dots also contributes to localization."®® The Coulomb repulsion between two
electrons (holes) sitting on the same quantum dot introduces an energy gap between occupied
and empty states (Hubbard insulator). A number of characteristic phenomena for transport in
disordered semiconductors have been reported in arrays of quantum dots, such as metal-
insulator transitions *>**" and Mott-like conduction gaps®**%, the variable range hopping (VRH)
transport,"® temperature scaling in current-potential curves'® and percolation thresholds
depending on disorder.*® Experimental studies of arrays of monodisperse ZnO quantum dots,
charge-compensated in electrolyte solution, have been reported.'**?*?2 The influence of size
dispersion over collective transport properties in these systems has been examined
theoretically.”®®

Ordered mesoporous materials with periodicity on an optical length scale can lead to
materials that exhibit a full photonic band gap, i.e., a wavelength band in which photon
propagation is forbidden.® These photonic materials can be integrated into substrates of
technological interest” and can be used in applications in which the manipulation of the flow of
visible and near-IR light is required, as commented before for improving light-harvesting in
DSC. TiO, is an attractive material for the fabrication of photonic bandgap materials, especially
the inverse opal, air spheres in TiO. matrix, due to the high refractive index and good
transparency of TiO, for the visible light. Inverse titania opal photonic crystals have shown
effective to control the spontaneous emission from semiconductor quantum dots embedded in
the photonic crystal.®® In these experiments the crystal lattice parameter could be used to
enhance of delay the decay rates of light emission from the quantum dots. Dye-sensitized and
solid-state solar cells have been fabricated on microporous titania inverse opal structures,?®”2%
The electrochemical behaviour of these structures under Li intercalation was investigated.*®®
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7. Nanowires and nanotubes

Nanowires and nanotubes are drawing a tremendous attention due to their potential
applications in various nanoscale devices. Among the oxide materials, those having a bulk
crystalline structure in form of layers or ribbons can be more easil%/ induced to grow in the form
of rods or tubes with high aspect ratio and nanometric dimensions."’

ZnO nanostructures such as nanowires, nanotubes, and nanorings have been grown
successfully via a variety of methods including chemical vapor deposition, thermal evaporation,
and electrodeposition.?’? Zinc oxide is a nontoxic n-type semiconductor that has favorable band
energies for forming heterojunctions with hole-conducting polymers and can be grown as
nanorod arrays with the appropriate dimensions for efficient nanorod-hole conductor devices.
Vertically aligned ZnO nanorods, formed by electrodeposition on a transparent conducting oxide
have attracted much attention for applications in UV-optoelectronic devices such as light
emitting diodes."* Due to its near-cylindrical geometry and large refractive index, ZnO
nanowire/nanorod is a natural candidate for optical waveguide, and for optical resonant cavities
with facilitate lasing in well-aligned ZnO nanowires.”*

With respect to solar cells based on nanoparticulate metal oxides, nanowire structures have
the advantage of providing long and uninterrupted paths for electron transport while maintaing a
high area density.?#** ZnO nanowires have been used to form high heterojunction area solar
cells,**"#2215 in particular CdSe-sensitized CuSCN/nanowire ZnO heterojunctions have shown
an encouraging photovoltaic performance.® There has been recent progress in obtaining highly
ordered transparent TiO, nanotube arrays for DSC with high electron lifetimes and excellent
pathways for electron percolation.?® Carbon-doped TiO, (TiO,..C,) nanotube arrays have also
shown high photocurrent densities and more efficient water splitting under visible-light
illumination than TiO, nanoparticles.?’

Recent literature results®®®?? have demonstrated that V' oxides, such as V,Os, can be
produced in form of nanowires by means of different techniques, i.e. by hydrothermal, sol-gel,
sol electrophoretic or sol electrochemical deposition. V,0s nanowires have many intrinsic
merits, such as an uniform geometric cross-section of 1.5 nm x 10 nm and several micrometer
length, which are important in nanofunctional materials. The heterojunction of V,0s nanowires
with carbon nanotube, field effect transistor and actuators as artificial muscles have been
demonstrated as feasible electronic components.??* The fibers show a double layer structure,
with each layer consisting of two V,0s sheets. A V,0s fiber is composed of only four atomic
layers of vanadium, which therefore represents a wire with a thickness of molecular dimension.
The conductivity of one individual V,0s fiber was estimated to be ~0.5 S/cm at room
temperature.220 The electrochemical Li-intercalation behaviour of nanoscale V,0s was found to
depend markedly on the morphology and defect structure.??

Nanowires and nanotubes are also encouraging structures for chemical and biological sensors
in which detection can be monitored electrically and/or optically. For example when helium gas
is absorbed physically into the interlayer or on the surface of soft V,0Os nanowires, it is possible
to detect the helium gas from the variation of conductance through the nanowires.””® With
molecular receptors or a selective membrane for the analyte of interest, the binding of a charged
species to the surface of a nanowire or nanotube can lead to depletion or accumulation of
carriers in the “bulk” of the nanometer diameter structure and increase sensitivity to the point
that single-molecule detection is possible.”*
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