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Abstract

Electron transport in porous, nanocrystalline metal oxide electrodes exhibits many features typical of dispersive transport in disordered
semiconductors. This disorder can be attributed to energetic disorder in localized electron transport sites, or ‘trap’ sites. A numerical model
based upon the continuous-time random walk (CTRW) is introduced to describe electron dynamics. The model is applied primarily to explain
the stretched-exponential kinetic shape and strong bias dependence of optically observed recombination of electrons with photo-oxidized dye
molecules, with the conclusion that recombination is limited by electron diffusion through a distribution of trap states. Analogous experimental
and modelling studies of the functionally important back reaction between electrons in the metal oxide and oxidized species in the redox
couple indicate that this recombination pathway is also dominated by trap-limited electron diffusion. The model predicts that such dispersive
charge transport should be observed only on time scales shorter than the release time from the deepest trap, and this feature is used to explai
the transition from fast, dispersive recombination kinetics slow and monoexponential behaviour in the presence of a slow (>10 ms) process
limiting interfacial electron transfer. It is shown how transient optical measurements combined with modelling can be used as a probe of local
electron dynamics, using inter-particle electron transport as an example. Finally, the application of random walk methods to simulation of
device current—voltage characteristics is discussed.
© 2004 Elsevier B.V. All rights reserved.
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Dye-sensitized nanocrystalline metal oxide solar cells
have become one of the most promising and intensively
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studied novel approaches to low-cost photovoltaic energy this behaviour is observed in a range of materials systems,
generation. Their design and function is well documented although the specific parameters are a function of chemical
in other papers in this special issue and elsewlity2). materials. The model is validated by comparison with data
The device is based upon a porous, nanocrystalline metalfor a range of material systems, and by comparison with
oxide electrode whose large surface area gives the device itother models. InSection 4we show how, in the limit of
high optical depth, and whose function is to conduct pho- slow interfacial charge transfer, the model predicts the ap-
toinjected electrons to an external circuit. Efficient device pearance of slow, monoexponential kinetics resulting from
function requires that electron transport in this porous mem- competition between electron detrapping and the final, in-
brane be efficient relative to recombination. The physical terfacial electron transfer step. 8ection 5we address the
description of electron transport is complicated, however, mechanism of the ‘back reaction’ between electron and re-
by the fact that the electrode is porous, granular and nanos-dox couple, which is the predominant loss pathway affecting
tructured. The consequence of porosity, when the electrodedevice function, and review a combined experimental and
is permeated with a concentrated electrolyte, is that macro-modelling study of the kinetics of this reaction which in-
scopic electrostatic potential gradients cannot be supporteddicates that electron transport is again the rate determining
and the bulk of the film is effectively field fref@,4]. Elec- step. InSection Bve show how the electron—dye recombina-
tron transport must therefore be dominated by diffusion. tion reaction can be used to probe local electronic processes,
Any driving force for charge separation must be provided by and in particular we evaluate the influence of inter-particle
the interfaces, and not by the macroscopic ‘band bending’ electron transfer on electron transport using this approach.
that is present in inorganic semiconductor devices. Gran- Section 7addresses the application of random walk models
ularity and porosity both mean that electron transport in of electron transport to simulation of photocurrent genera-
the electrode may be strongly affected by interface and tion in devices.
surface defects. The large surface area also presents a large
area for electron recombination with the hole transporting
medium in the pores. Porosity further suggests that charge2. Transport in dye-sensitized electrodes and
transport may be influenced by geometry, through perco- ‘dispersive transport’
lation effects. When compared with the crystalline, planar,
field-bearing p—n junctions used in silicon solar cells, it 2.1. Electron transport in nanocrystalline metal oxide
is quite remarkable that the nanocrystalline electrode suc-electrodes
ceeds in transporting close to 100% of the photogenerated
electrons to the external circuit without lofgs2]. Electron transport in the porous nanocrystalline metal
This paper is concerned with the mechanisms of charge oxide electrode of a DSSC is both slow (of order of mil-
transport and recombination in dye sensitized electrodes,liseconds for films of order 1@m thick [6-10]) and very
and the search for a working model of the charge trans- efficient at short circuit. Although electron transport is
port mechanism that is capable of relating the unusual ma-widely agreed to proceed by diffusion, the observed dynam-
terial properties with experimental observation. A suitable ics are not representative of simple diffusional processes,
model was found by adapting numerical models of ‘disper- but contain evidence for charge trapping and trap filling. In
sive transport’, previously developed for amorphous semi- particular photocurrent transients possess a slow tail typical
conductors. The surprising result is the extensive influence of charge trappin{—8] which in some conditions decays as
of charge trapping on the kinetics of charge transfer, as well a power law[9,10]; frequency resolved photocurrent mea-
as charge transport. The model has provided a frameworksurements exhibit multiple time scalgkl]; the effective
within which kinetics of different phenomena and their in- diffusion constant appears to be electron density dependent
fluence on device performance can be evaluated quantita{7,12,13] photocurrent rise time is electron density depen-
tively. This paper focuses in on interpretation of measure- dent and shows a point of inflection typical of trap filling
ments of interfacial charge transfer kinetics, which turns out [14—16] There is some evidence that that this behaviour is
to be strongly influenced by the mechanism of charge trans-intrinsic to the nanocrystalline metal oxide films and is not
port and is uniquely capable of probing electron dynamics solely a result of the interaction with the supporting elec-
on a local scale. trolyte. For example, solid state nanocrystalline Fi@etal
The paper is organized as follows. $ection 2the con- Schottky barrier structures show power-law photocurrent
cept of ‘dispersive’ charge transport is introduced and the transientd17]; while strong evidence of charge trapping is
experimental evidence for dispersive transport in nanocrys-seen in the transient photoconductivity of nanocrystalline
talline metal oxide electrodes is reviewed.3ection 3the TiO> films in gaseous ambien[6].
continuous-time random walk model for the dynamics of  Additional evidence, of key importance to the work de-
charge recombination between electrons and photo-oxidizedscribed here, comes from transient optical studies of the
dye molecules is described. The principal result is that elec- re-reduction of photo-oxidized dye molecules after excita-
tron trapping in the metal oxide is normally the process lim- tion by a laser pulse. When the reaction is studied in a redox
iting the rate of electron—dye cation recombination, and that inactive electrolyte, the only species available to reduce the
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LUMO where AOD(t) represents the change in optical density due
1 to oxidized dyes a time after the laser pulse, andando
5 /ﬁr are constants. The bias dependence translates into a depen-
4 dence on electron density, once the form of the electronic

density of states (DoS) is known.
The observed behaviour could not be explained by either

2 . of two anticipated mechanisms: in the limit of fast interfa-
f 3 cial electron transfer, recombination would be expected fol-
HOMO low second order kinetics and the dye cation lifetime to vary

Metal oxid like 1/n, assuming that electrons follow normal diffusion; in
naitgcrc;/);aje Senstiser dye  Redox Couple the limit of slow interfacial electron transfer then the recom-

bination rate should depend upon the electron—dye cation
Fig. 1. Schematic of electron transfer steps in a DSSC. Photoexcitation wave function overlap and be independentnpfalthough
of a surface attached dye molecule leads to rapid electron injection into gome dispersion in rates could be introduced by disorder
the conduction band of the TiOnanocrystal (1), while the dye is re- . . . . . .

in the interfacial free energy difference. Neither mechanism
generated by electron transfer from a redox couple (3). Loss pathways ) .
are recombination of the electron with the dye cation (2) or directly Predicted the observed strong bias dependence. An explana-

with the redox couple (4). (4) is normally believed to be the predomi- tion was found instead in the concept of dispersive electron

nant loss mechanism. Electron trapping in the nanocrystals (5) appearstransport.

to limit the rate of electron transport and of recombination, via both
pathways.

dye cation is the electron in the ‘conduction band’ of the
TiO2 (pathway 2 inFig. 1). The transfer rate should thus de-
pend on the availability of electrons near to the dye cation
and the oxide—cation wave function overlap. This reaction
was studied in detail by Haque et §l8] using externally

applied bias to modulate the background electron density in

the TiG,. The observed kinetics displayed a wide range of
time scales and an unexpectedly strong dependence on a
plied bias, as shown iRig. 2 The kinetic curves are best ap-
proximated by ‘stretched-exponential&OD(r) o e~ /D%,

Cation survival probability

Time /s

Fig. 2. Kinetic traces showing dye cation recombination with electrons
in a dye-sensitized Ti@film after photo-excitation by a laser pulse, at
several different applied biases in a redox inactive electrolyte, from Ref.
[32]. The dye cation survival probability is obtained from the change in
optical density of the dye cation normalized to the initial change after the
laser pulse. Simulated results using the multiple trapping CTRW model
are represented by smooth lines. Reprinted with permission from Ref.
[32].

2.2. Dispersive transport and the continuous-time random
walk

The concept of ‘dispersive transport’ was introduced in
the 1970s to describe charge transport phenomena in disor-
dered semiconductors such as amorphous silicon and amor-
phous compound semiconduct¢t®—21] The central idea
is that charge carriers become trapped in localized, or ‘trap’
states so that the kinetics of charge transport are dominated
by the time constants for release from those sites. In a dis-
ordered electronic material, these rates may be distributed
as a result of energetic disorder (in the case of transport by
thermal activation) or configurational disorder (in the case
of variable range hopping). Transient phenomena observed
on time scales shorter than the longest of these rates for
the studied system are ‘dispersive’ and lead to poorly de-
fined average physical properties, which may depend on the
observation window. A common signature of dispersive
transport is a transient photocurrent with asymptotic time
dependence of the formr) « +~1~*, wherew is a con-
stant such that < @ < 1. A numerical model for such
‘anomalous’ diffusion, was proposed by Scher and Mon-
troll [20] using a ‘continuous-time’ random walk (CTRW)
where charge carriers move by diffusion on a lattice, but
with a time step drawn from a waiting time distribution,
¥(t). Scher and Montroll used a power-law waiting time
distribution of the form

W) o 17179, 1)

This contrasts with ‘normal’ diffusion where the time step
should be drawn from a Poisson distributiany) o« e~*/7,
equivalent to a random walk with a mean step time
The CTRW model is easily implemented using Monte
Carlo simulations on a lattice and the use of an adaptive
time step allows systems with widely differing time scales
to be simulated without excessive computational cost.
Though applied by Scher and Montroll to measurements of
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time-of-flight photocurrent transients, the CTRW has also distribution of site energies. The occupancy rule results in

been applied to the kinetics of scavengi®®] and anni-
hilation [23] reactions in disordered media, and to exciton
transport in light harvesting systerf4]. The annihilation
reaction,A + B — 0 is the analogue of diffusion limited
bimolecular recombination but in a dispersive medium. For
the case of annihilation of immobile species, or ‘targets’

(A), by encounters with an excess of mobile species, or

‘walkers’ (B), the target survival probabilityps varies
like

Pa(t) o exp(—S(1) (2

where St) is a function representing the number of sites
visited by walkers in timet [25]. For a normal random
walk whereS(¢) o t the kinetics take the usual quasi-first
order form expected wheB >> A, i.e. ¢4(1) = ¢oe /7.

For a continuous-time random walk characterized by
the waiting time distribution (1)(t) has the asymptotic
form S(r) oc * [26] with the result thatp4 varies like a
stretched-exponential

Pa(t) = poe /" ©)

In the limit whereA andB are initially equal, each popu-
lation decays like a power-law at long times, again charac-
terized by the exponeat,

pa() =17 4)

Stretched-exponential kinetics are often observed for re-

Fermi-Dirac statistics for the trap state occupaf8ij.

In its simplest version, the CTRW is executed as follows:
A simple cubic lattice is generated where flfesite has an
energyE; drawn from the distribution

N — i —(Ec—E;)/KTo
g(E) = kToe )
where Tg is the characteristic temperature of the distribu-
tion, k Boltzmann’s constant anig; is the conduction band
edge energy. For simulations described here the simulation
space is typically a sphere of radius 15a2@herea is the
lattice constant (of~0.4 nm for anatase Ti§), representing
a nanoparticle of about 15 nm diameter, though identical re-
sults (to within a time scale factor) are obtained for a cubic
domain with periodic boundary conditions. Electrons may
move in this lattice by performing a random walk where the
waiting time for an electron in a site of energy (<E) is
given by

P = —

X (Ee—Ep T
Vo

(6)

wherey is the attempt-to-jump frequency ads a random
number between 0 and 1. The destination site is one of the
unoccupied nearest neighbours and is chosen at random. To
simulate equilibrium a densityy of electrons, representing
the background and electrically injected electron density, is
located at random on the lattice and allowed to diffuse in

laxation processes in disordered electronic and molecularthis way. The dynamics are handled using a queue, where

systemg27-29] Physically, a waiting time distribution of
exactly the form (1) may arise from thermal activation out
of an exponential distribution of trap states. A distribution
similar to (1) may also arise from variable range hopping
between localized sites with a uniform, random spatial
distribution[19].

3. Continuous-time random walk model for charge
recombination in dye sensitized electrodes
3.1. CTRW applied to electron—dye cation recombination

The CTRW is an attractive model for the electron—dye

recombination kinetics in dye sensitized Bi€lectrodes on
account of the prediction of stretched-exponential kinetic

first the electron with the shortest waiting time is moved,
and then the queue is resorted, and simulation and waiting
times advanced, after each step. A laser pulse experiment is
simulated by generatingy additional electrons andy dye
cations, or ‘targets’, at random locations at time- 0. ng

is known from the optical absorbance and laser intensity,
and uniform distribution is justified by the low optical den-
sities used in transient optical experiments. The electrons
are allowed to diffuse and when an electron walks on to
a site occupied by a dye cation the pair recombine. Physi-
cally this ‘reactive site’ may represent the site on the metal
oxide lattice that is closest to the adsorbed dye cation. The
prompt recombination implies a much faster rate for elec-
tron transfer to the dye cation than to any neighbouring lat-
tice site. The populations are then decremented and the dye
cation lifetime recorded. The simulation continues until the

behaviour and its relevance to disordered semiconductors. Adye cations are exhausted. The simulated dye cation survival
microscopic mechanism based on thermal activation out of probability¢(t) is built up from the distribution of dye cation

exponentially distributed electron traps seemed more plausi-

ble than hopping between spatially distributed ‘trap’ states,
although both were test¢80]. In order to explain the experi-
mental data the model had to be modified to allow trap filling

lifetimes over many simulations, for given valuesrgf ng
andTy.

The resulting survival probability varies as a stretched-
exponential (3) where = T/ Ty, and the characteristic time

at high electron densities. This was achieved by assigningconstantr decreases with increasimgwheren = nq + ng.
energies to specific trap sites and imposing a rule forbidding Experimental data are usually characterized by a half-life,

multiple occupancy, rather than using the Scher—Montroll
approach of a waiting time distribution corresponding to the

7500, Which relates tor through g (In2)Y/*. The
exponent irEq. (3)should vary in proportion ta sinceS(t)
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represents the number of sites visited by walkers in time 10°] @
Hencetsoy, should vary withn like 10° " e
T5006 0 1~/ (7) 1074 ° g ®
1073 o °
Thus the apparent order of reaction with respecnhts l’e 1061? a Vv o
controlled by the exponent of the density of states function, 3 10’7§ v .
and may be very large. Large orders (up to 4) are indeed x v
observed30,32] 103 T
An alternative view of the kinetics is that only a fraction, 107+ f TI'OZ f“levt[ 23 L
Niree, Of the electron population is available to take part in 10"”1; . Zl OZ_mMCCN W.lth Li v
recombination (or transport) at any time. (It is assumed that 10" e
carriers which are trapped at sites not adjacent to the dye ; X 1-0 o
cation do not take part in recombination while trapped; this )
is supported by a comparison of models with and without @) Electrons per cation
long-range hopping to the dye cation in RE0].) With
Fermi-Dirac statistics it is easily shown thHag,31] 1074 \
10° Normal diffusion
Nfree X nt/e (8) 10° ] e
. . o I CTRW
Since for bimolecular recombination the lifetime of the tar- w107
get, A), varies like the inverse of the density of walkeB), ( . 10°4
where walkers outnumber target8)[>> [A]), we recover =B 107 ]
the same behaviour &5. (7} 10* ]
1 10°]  Long-range tunnelling BRI

T500% X o n e 10

Nfree 1075

. 10" ‘ Vv Experimental data‘

Note that the above argument leads to an electron density v
dependence of the effective mobility(n): If the free elec- 1 10 100
trons diffuse normally with a density independent mobility ®) Electrons per cation

uiree then the effective mobility.(n) must satisfy[33,34]
Fig. 3. (a) Dye cation half-lifetsoe, as a function of the number of
Wireeltiree = 1 (n)n (9) electrons per cation for three different metal oxide—electrolyte combina-
tions. The different points in each set represent different applied biases.
whenceu(n) o« nd=9/¢ Similar n dependences for the  The tgyy, value is obtained by transient optical spectroscopy (such as

effective diffusion coefficient and recombination coefficients Fig. 2 and the electron densities are obtained from chronoamperome-
can be found. try or from infrared optical absorbance, or both (from R¢80,32,35).
. . ;- (b) Dependence of dye cation half-lifgsoe, 0N electron density as pre-

The model as (.jeS(.:”bed above has peen appllgd to_ sim dicted by the multiple trapping CTRW model (full line), the long range
ulate the recomblnatlgn of eIectrqns with dye cations in a ynneliing model (dashed line) and for recombination limited by simple,
range of chemical environments (i@ ethanol electrolyte trap-free diffusion (dotted line) in comparison with experimental data for
without lithium[18,32], TiO2 in dry acetonitrile with lithium the TiO—ethanol electrolyte systef0]. Only the CTRW model repro-
ions (0.1 M LiCIQy) [30], ZnO in dry acetonitrile with and duces the strong power-law behaviour shown by the data. Reprinted with
without lithium ions[35], TiO, in propylene carbonate with ~ Pe"mission from Ref(30].
0.1 M LiClO4 [36]) and the behaviour dEgs. (3) and (7has
been reproduced{g. 3. The similar qualitative behaviour  jng of parameters used. The model is based on the following
of the different systems (sumr_narlzedFFrg._ 3(5_1) suppo_rts assumptions:
the idea that electron—dye cation recombination kinetics are
dominated by trap-limited electron diffusion in all these sys- (1) thatrecombination is limited by the time taken for arrival
tems. The simple model is thus able to explain the transient  of an electron at a reactive site next to an adsorbed dye
shape and the strong bias dependence of the observed dye cation;

re-reduction kinetics, and also why the recombination is un- (2) that electron transport is dominated by the distribution

expectedly slow in unbiased systems. of trap energies and not by the details of the microscopic

(e.g. lattice) or macroscopic (grain size and intergrain)

3.2. Justification of assumptions and evaluation of geometry, and that the chemical environment enters only
alternative models through the parameteiig), nq andvg;

(3) that the dominant electron transport mechanism is ther-

Before extending the model to other situations we will mal activation out of a localized site to a nearest neigh-

attempt to justify the underlying assumptions and the mean- bour via a ‘conduction band’, and is not influenced by
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long range interactions. We will call this preferred mech- the surface and through the ‘bulk’ of the film, and the above
anism ‘multiple trapping’. evidence suggests that many of these will be some form of
Ti3t state, though the variations in origin and location may
Question (1) is dealt with irBections 4 and ,5where well lead to variations in the binding energy. The physical
we show how in certain conditions the recombination ki- basis of our model is therefore that electrons move on the
netics become dominated by a slower, interfacial processTiO2 nanocrystal lattice by thermally activated small po-
and the kinetics become monoexponential. We stress herdaron hopping between neighbouring Ti sites, some of which
that the shape of the kinetic curves at a single bias is in- may be stoichiometric ‘self trapping’ sites and some intrin-
sufficient to determine a model. Several groups have shownsic or extrinsic defects, and that the energies of the sites are
that the multiphasic kinetics observed in transient optical distributed on account of the variations in origin and nature.
experiments can be fitted to some combination of second A useful consequence of the nature of the conduction
order processe87,38] However, the second order models band electron states is the appearance of optical absorp-
are incapable of explaining the very strong dependence oftion in the red—infra-red when the material is doped with
kinetics on applied bias. electrons[3,44,47] This absorbance can be attributed to
Regarding question (2), the issue of intergrain versus in- an optically allowed transition between the lowest lying 3d
tragrain transport is addressed $ection 6 The effect of orbitals, of by symmetry, of the Ti ion, and highery eor-
geometry within a grain has been addressed in B#f], bitals, whose degeneracy is lifted by the octahedral crystal
where it is shown that for a sufficient density of deep traps field of the surrounding oxygen iorj48]. (Such transitions
the effect of imposing different geometries on the simulation are known to lead to a violet colour in hydrated %iD
space or on the location of traps is only to change the time It may also be compared to free electron absorbance in
scale through the factary, and does not change the tem- semiconductors, though there is evidence that the absorb-
poral form of the kinetics or thein dependence. For most ing electrons in nanocrystalline TiOare not completely
simulations we use a cubic lattice enclosed in a sphere or afree but are trappef#8-50] In Section 5below we will
spherical shell, as a crude model of a nanoparticle. describe how this optical signature of conduction band elec-
The proposed multiple trapping transport mechanism trons in TiQ can be used to probe the dynamics of electron
(question (3)) has a physical justification for electron recombination with the redox couple in the electrolyte.
transport in TiQ. There is substantial evidence that the  Alternative microscopic models of electron transport in-
mechanism of electron conduction, at least in rutile JTiO  clude variable range hopping and ‘random flight'. A long
is small-polaron hopping. Conduction electrons localize range tunnelling model was evaluated in comparison with the
on sites occupied by transition metal ions*) and are multiple trapping transport mechanism in REF0]. In the
bound there by a potential well due to the distortion of the tunnelling modeltrapped electrons experience long range
surrounding lattice by the negative charge on the extra elec-interactions, by which they tunnel to other, vacant trap sites
tron, i.e. the electron “digs its own potential well” and may or to the dye cation, according to a Miller—Abrahams model
be described as ‘self-trappef39]. Conduction electrons for the thermally activated transition rateig. 4). In this case
thus create P species. To move, the electron must over- recombination occurs after a short sequence of long hops.
come a potential barrier to hop to a neighbourinfy Tsite, In Ref. [30] it was shown that while the multiple trapping
bringing its associated lattice distortion. In rutile the small model could explain both the observed kinetic curves and
polaron activation energy is reported to be a few tenths of the dependence tfpe, 0nn, the tunnelling model could not
an eV[39,40] predict sufficiently strong dependence of kinetics over the
There is, moreover, significant evidence that the predom- full range of experimental data, even in the limit of very few
inant defects in TiQ, both anatase and rutile, are similar in traps and extremely long tunnelling distances of several nm.
nature to T¥ states. In particular, oxygen deficient rutile The tunnelling model was effectively ruled out by compari-
TiO, possesses electronic states with 3d electronic charac-son with data for sub-nanosecond recombinatieig.(3(b).
ter located some few tenths of an electron-volt below the  Barzykin and Tachiya have proposed an alternative model
conduction band eddd1]. Electronic structure calculations based upon the ‘random flight' of electrons across a;TiO
confirm that oxygen deficiency should lead t6Tidefect nanoparticle [51]. Electrons are effectively delocalized
states of 3d charactg#A2]. Anatase crystals, though less across the nanoparticle and captured at random by trap
well studied, reveal a similar oxygen dependent gap statestates. The model is mathematically similar to the CTRW
some 1eV below the conduction band edge when studiedand predicts similar behaviour but with a different physical
by photoelectron spectroscopy3]. Application of a neg- interpretation. One difficulty with the application of that
ative potential[44] and doping by intercalation of lithium  model to TiQ is the evidence that electrons tend to move
ions[45] or surface binding of other metal catioj$] have by small-polaron hopping in Ti@rather than by scatter-
been shown to lead to electron localisation offTdefect ing between delocalized states within a conduction band;
sites. however, the agreement between the two models is instruc-
The high surface area and small particle size of nanocrys-tive and random flight may be appropriate for less polar
talline TiO, indicates that defects may be expected both at materials.
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»
L

at higher or lower energies. For example, a distribution ap-
proximately equal to an exponential over a limited range of
-V—V-V?\? Aepepofh \;V-\N 'V'V'\f\/"v energies is easily constructed from other forms such as the
E, Distance

Energy

sum of two unequal Gaussiaf&il]. In this work we use the
exponential DoS as a convenient empirical form. The char-
acteristic temperatur@y appears to be influenced by both
electrolyte and metal oxide (values range from 600 to over
1000 K), though the relationship is not well defined.
The ‘dark’ electron densityg has a clear interpretation.
‘ From a Fermi-Dirac perspectiveg should vary likeng o
,I .? exp(Eg/KTp), whereEr is the Fermi level of the metal ox-

ide. In practice, shifts ifer may not correspond exactly to
I-. gAYV, whereAV is an externally applied bias step, indicating
that part of the applied bias is dropped across the interfaces
(a) ® or lost to series resistan{®0,32] As the bias applied to the
metal oxide is increased (more negating)should increase
relative tong resulting in two regimes: a low (or positive)
.......... bias regime whera is independent ofy and kinetics are

Energy

vav R VVW A independent of bias, and a high (or negative) bias regime
Distance wheretsgy, decreases approximately like 7/ 0 (Eq. (7).
Two such regimes have been observed in all systems stud-

ied, but with a threshold bias that depends on material. The
threshold bias is more positive in those materials that have
a higher electron density at equilibrium, due to either the
higher background charge density (e.g. ZnO and Scabn-
pared to TiQ electrode$35,54] or to the effect of potential
determining Li* or HT ions[55].

ng has a further effect, which is to determine the effective
low energy cut-off for the density of states (equivalent to
(b) the electron Fermi level for equilibrium systems). This low

energy cut-off determines the time scale at which transport

Fig. 4. Schematic of electron motion in (a) the multiple trapping CTRW becomes non-dispersive. This is discussed beldeictions
and (b) the long range tunnelling models. Lower panels show a spatial . .
schematic of electron transport inside a nanoparticle, represented by a_4 and 5 Increasmg_ the baCkg_round el_eCtr_on density, for
regular cubic lattice embedded in a spherical space. Upper panels showiNStance by measuring recombination kinetics under steady
transport as transfer between localized sites which are distributed in State illumination, has the effect of cutting off the slow tail

energy. In (a), electrons move at random between nearest neighbour sitesof the kinetic curve, in agreement with the model predictions
with a waiting time which depends on the activation energy of the site [56 57]_

currently occupied. Recombination occurs whenever an electron moves on .
to a reactive site occupied by the dye cation. In (b) electrons may tunnel The parametevo forma”y represents the attempt-to-jump

over longer distances to other, vacant trap sites or directly to the dye requency for_a DosS of the forrg. (5) that i$ a continu-
cation. Only the multiple trapping random walk reproduces the observed OUS exponential up t&:, where all site energies are drawn
dependence of dye cation half-life on electron density over the full range from (5) and the probabilityP; of electron—dye cation re-

of time scales (se&ig. 3(b). combination upon meeting is unity. However, the value of
vo may differ from the actual attempt-to-jump frequency
3.3. Meaning of parameters if the form of g(E) above the highest Fermi level probed

is not exponential, or if not all sites are ‘traps’, Bg; is

The kinetic curves are determined by the paramelgys  less than 1. Therefore the correct physical interpretation of
na/ng andvg. Physically, To must represent the characteris- o, is not well defined andy is best treated as a fitting
tic temperature of the DoS over the range of Fermi levels parameter.
probed. There is no fundamental reason why electron traps
in nanocrystalline TiQ and other oxides should adopt an
exponential distribution. However, an approximately expo- 4. Limit of slow interfacial electron transfer
nential dependence of electron density on applied bias in
nanocrystalline metal oxide electrodes has often been ob- The model described i®ection 3supposes that kinet-
served[35,52] or inferred[9,10,13,53] Note that experi- ics are controlled by the intersite hopping ratgand the
ment gives no information on the form gfE) outside the density of trap states. The interfacial electron transfer rate,
range of Fermi levels probed and so another form may apply ket, is assumed so fast that electron—dye cation recombi-
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nation occurs promptly upon meeting. Within the model it 1
is clear that reducingg for any given DoS merely trans-
lates the kinetic curves to longer time scales. Such effects
are indeed observed where faster or slower recombination
in the low (or positive) bias regime is achieved by changing
solvent or metal oxide. Such variations may be attributed
to different mobilities in the oxide, or to the effect of sol-
vent on charge transport, e.g. through ambipolar diffusion
[33,58]

Introducing ket as an explicit parameter leads to qual-
itative changes in the shape of the kinetic curves. When
ket is slow, release from trap states competes with the in-
terfacial transfer step and the electron makes multiple en-
counters with the reactive site before a recombination event
takes place. If the DoS is exponential down to deep ener-
gies, the effect is simply to slow down the kinetics by a
constant factor, exactly like reducing. However, back-

k. reducing

%

//‘

10° 107
t,, (au.)

Cation survival probability

10"

10° 10" 10® 10% 10" 10°

Time (a.u.)

Fig. 5. Simulated kinetic curves for dye cation survival probability in a
system with a fractional probability of electron—dye cation recombination

ground electron density in the n-type oxide material in-
troduces a low-energy cutoff to the effective DoS, and if

upon meeting. The CTRW model is used with an exponential density of
states witha = 0.3. From left to right, the kinetic curves represdat
values of 1, 0.3, 0.1, 0.03, 0.01 and 0.001 times the attempt to jump

the interfacial electron transfer time is comparable with ) .
the release time from these deepest states then the kineti(gzg;fncy (see text for explanation). Ag: is reduced, the apparent

. . , y-of-states parameter obtained by forcing a stretched-exponential
curves begin to change shape and become less d'SperS'VEfit to the kinetic curve, increases towards 1 as shown in the inset. Adapted
Recombination is no longer limited by the first passage from Ref.[75].
time of an electron to a reactive site. In the limit where
1/ket exceeds the time for release from the deepest effec-
tive trap, the kinetics become monoexponential, provided at a ratevg. If recombination does not occur, the electron
that ket is similar for all dye cations in the system. This continues its random walk and the simulation continues. In
behaviour was observed by Clifford et 9] in a com- the limit where Pet — O, the recombination becomes reac-
parison of electron—dye cation recombination kinetics us- tion limited and the recombination rate tendsR&/tmax,
ing a porphyrin dye and using a modified porphyrin dye in wheretmax is the average time to visit all sites on the sys-
which triphenylamine side groups serve to locate the pos-tem, and is a function of the system size and the depth of

itive charge further from the Ti@surface. The modified
dye led to slower, monoexponential kinetics ($ég. 6 of
paper by Durrant et al. in this issue). A continuous trend

the density of states. In this limit the kinetics are monoex-
ponential.
The effect ofket, On recombination dynamics was simu-

from fast, stretched-exponential kinetics to slow, monoex- lated using the CTRW model modified as explained above.
ponential kinetics was observed using a series of different The model system was similar to that used in R&®] con-
dyes in which the positive charge density of the cation is sisting of a spherical shell of radius 17 and thickness three
located, according to quantum-chemical calculations, at dif- lattice units, representing a Tihanoparticle with surface
ferent distances from the carboxylate binding ligaf@fy. distributed traps. The room-temperature dispersion parame-
Reducingke; using barrier layers of a second metal oxide ter« was 0.3 {p = 1000K) and simulations were carried
with smaller electron affinity also reduces both the rate of out with one dye cation and three electrons, allowing for
recombination and the dispersiveness of the kinetic curve dark conduction electrons in the film (although the value
[61]. From comparison of the time scales for fast, electron of ny does not affect results qualitativelype; was varied
transport limited recombination and slow, interfacial trans- between 1, representing prompt recombination, and 0.001.
fer limited recombination we obtain an upper limit, of order Simulated kinetic curves are presented-ig. 5. It is clear
10 ms, to the time for electron release from the deepest trapthat the curve evolves from a stretched-exponential of dis-
state. persion parameter = 0.3 towards more monoexponential
This competition between detrapping and interfacial elec- behaviour as¢; is reduced. The inset shows how the value
tron transfer is readily incorporated into the CTRW model. of o extracted by forcing a stretched-exponential fit to the
In the simple model described above the probability of a re- kinetic curves increases with decreaskag In the limit of
combination event when electron meets dye cation is one.highke;, the recombination dynamics are limited by the first
To allow for variation in the rate of electron transfer to the passage time to the reactive sites, resulting in dispersive re-
dye cation, we introduce a fractional probabilig, for re- combination dynamics as we have reported previously. In the
combination once an electron reaches a reactive site. Thislimit of slow ke, electrons must visit the reactive site many
represents a first order recombination process ofkate- times before recombination occurs, resulting in a more mo-
vo Pet Which competes with electron release from the site noexponential decay. Note that the valuekgfat which the
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process becomes monoexponential reflects the time neede@xceeds the photo-injected electrons, the signal is fast and
for the electron to freely explore the surrounding volume, stretched-exponential. (Given that the iodine exists pre-
and depends upon the effective electron mobility as well as dominantly as tri-iodide in the iodide rich electrolyte, we
the distribution of trap energies. The simulation results pre- will refer here to the reacting species as | though it is
sented irFig. 5are in good agreement with the experimental understood that thesT dissociates intool and I~ before
results reported in Ref59,60] the bk is reduced[10,53]) This is compatible with a re-
combination process which is rate limited by the diffusion
of electrons through an energetically disordered landscape
5. Influence of charge trapping on the back reaction towards ™ ‘targets’ located on or near the surface of the
nanocrystalline film. At low [$] the kinetics become slow
The work described irSection 3is concerned with re-  and monoexponential, apparently limited by the diffusion
action pathway 2, which has been sho[86,62] to be the of I3~ species from the bulk of the electrolyte towards the
less important of the two electron loss pathways$-ig. 1, TiO2 nanoparticle surface. In this limit the final, interfa-
at least in liquid electrolyte devices. Given the conclusion cial charge transfer step becomes limiting, exactly as in
above that electron transport dynamics normally dominate the case of slow electron transfer to the dye cation dis-
the kinetics of pathway 2 it is of interest to know if they cussed inSection 4 The two regimes are illustrated in
also control the kinetics of pathway 4. This question is rel- Fig. 6(a)
evant to device design and choice of materials: evidence The process can be simulated with the CTRW, treating
from intensity modulated photovoltage spectroscopy stud- the electrons as ‘walkers’ and thg™| species as ‘targets’.
ies indicates that the rate of electron recombination with First order recombination with respect to electron density
the b/l electrolyte varies approximately like?, leading is simulated by allowing a recombination event as soon as
to long open-circuit electron lifetimes in solar cells at low an electron walks on to a site occupied by a target, in anal-
light levels[63]. If electron dynamics follow normal diffu-  ogy with the electron—dye cation recombination model. A
sion this behaviour can be attributed to a reaction schemesecond order process is simulated by allowing the electrons
for the reduction of 4 that is second order in electron den- to remain for a certain residence time with the target. If a
sity [53]. However, as pointed out in R480], a superlinear  second electron arrives at this pair before the first electron
dependence of recombination raterois also expected for  leaves then recombination occurs and all three species are
trap-limited electron transport, accordingEqg. (7)and the removed from the lattice. For short residence times the in-
discussion above, even if the redox reaction is first order termediate electron—target complex is in equilibrium with its
inn. separate components and second order kinetics result. This
The question has been addressed experimentally in ais readily demonstrated by using a trap free lattice, where
recent transient optical studp4,65] analogous to those short residence times lead to an electron density that decays
described inSection 3 Electrons are introduced by band like 1/ at long times in an excess of targets, as expected
gap excitation of a dye-free Tielectrode and their den- from second order kinetics. Long residence times lead to
sity monitored by probing the change in absorbance at quasi-first order behaviour.
800 nm where the absorption due to conduction electrons In order to avoid including a full microscopic simulation
in nanocrystalline TiQ is strong. Transient optical spec- of I3~ diffusion in the electrolyte we make two approxima-
troscopy of conduction electrons has been used previouslytions. We consider that only a fractioR, of the electrolyte
in the frequency domain to study electron dynamics at volume is available for recombination. This may be consid-
short circuit and open circu[62,66] In the present work, ered as the volume of a thin layer at the surface of the TiO
electron—hole recombination is prevented by adding a hole nanoparticle where the redox species are close enough to re-
scavenger such as methanol. (Methanol is well known act with electrons in the nanoparticle. We trEas a fitting
to act as a hole scavengf7] and has been shown to parameter. As targets are removed from this layer by recom-
greatly enhance the lifetime of photoexcited electrons in bination they must be replenished (by diffusion) from the
nanocrystalline TiQ [16,64] Comparison with different  bulk of the electrolyte. The flux of targets from electrolyte
hole scavengers confirmed that the choice of hole scavengeinto surface layer is simulated by analogy with a diffusive
had no observable effect on kinetics.) In a redox inactive flux where new targets are introduced into the surface layer
electrolyte the absorbance signal due to the optically intro- at a rate
duced electrons then lasts for hundreds of ms. When the
I2/1~ couple is introduced the electron absorbance decaysJi = kp(lin — 1) (10)
on a time scale of ms, through recombination of electrons
with the oxidized species in the redox couple. We will re- wherel;, is the initial density of targets (equal to concen-
fer to this as the ‘back reaction’. As the concentration of tration of b) andkp is an effective diffusion rate. The value
I> is increased from 1 to 100 mM, in an excess of the of kp is determined by the kinetic curves for low]l much
kinetics accelerate and change shape. At high Wihere as the kinetic curves for slow electron—dye cation recombi-
the concentration of3l” species available for reduction nation indicateket.
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Fig. 6. (a) Schematic showing the two regimes for the electron—redox couple back reaction. Left panel: when the concentration of oxidized species, or
‘holes’ in the electrolyte (marked by ‘h’) is high recombination is limited by the diffusion of electrons towards the surface and kinetics areedominat

by the dispersive electron detrapping process. Right: when the hole concentration is low, kinetics are limited by ion diffusion in the eldgtrolyte. (
Measured (grey lines) and modelled (black lines) change in absorbance at 800 nm, attributed to photoexcited electrons, in a dyeleetdd® in

an electrolyte containing 0.6 M tetrabutyl ammonium iodide, 0.1 M lithium iodide and different concentrations of iodine in an acetonitrile stiivent w
10% methanol to act as a hole scavenger. In the limit if high $tretched-exponential kinetics are observed, similar to those for electron—dye cation
recombination Fig. 2). In the limit of low [l,] the kinetics become monoexponentjéb].

Fig. 6(b) shows measured and modelled data for a If the kinetics of the back reaction are indeed first order
set of samples with differenty | concentrations using a in electron density, as this study suggests, then the observed
first-order recombination model taken from RgB5]. superlinean dependence of the recombination rate at mod-
The best fit to the data was achieved with= 0.05 and erate to high [4] levels can be attributed solely to electron
kp = 4.5 x 10°s1 although other combinations of these trapping in the TiQ and not to the details of the back re-
parameters gave reasonable fits. The first conclusion isaction scheme. A similar conclusion was reached recently
therefore that the observed kinetics are consistent with aby Kopidakis et al[10] from a study of the correlations be-
back-reaction that is first order m The second conclusion, tween the rate of electron transport and the rate of back reac-
apparent from the data alone, is that the order of reactiontion in nanocrystalline Ti@electrodes in different chemical
with respect to [4] is first order as concluded by Liu et al. environments.

[63,68,69] and not second order as suggested by others
[63,69]

Repeating the simulations with the second-order model 6. Dye as a spy: intra grain versusintergrain electron
leads to much poorer fits of the kinetics curves, for any set transport
of parameter values, and to poorer fits of the dependence
of the half-life on [b] [65]. However, to confidently rule The correlation of recombination kinetics with electron
out a second order mechanism recombination should alsodensity provides a diagnostic tool for the physics of these
be studied as a function of systems. If kinetics are so strongly dependent on the elec-
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tron density, we may use the kinetics as a probe of electronvirtually no change in the dependencergfq, on n.
density in different configurations: this approach was used This shows that interparticle transport is facile on the time
previously to show that the electron distribution through the scale of the measurement (408-10 ms). The result indi-
films is approximately unifornfirQ]. In this section we show  cates inter-particle trapping is not solely responsible for the
how optical measurements of recombination kinetics can beslow electron transport, and supports the proposal that in-
used to probe local electron dynamics, in order to evalu- traparticle trapping is sufficient to cause the observed dis-
ate the ease of inter-particulate, relative to intra-particulate, persive behaviour. However, some influence of inter-particle
electron transport in a nanocrystalline film. retardation cannot be ruled out on the basis of these data
It has been proposed that the trapping of electrons within alone; studies of different film morphologies would help to
nanoparticles by inter-particulate barriers, leading to cir- clarify the situation. A preliminary comparison of sintered
cuitous routes for charge collection, may be one reason forand unsintered films suggests that interparticle transport may

the very slow observed photocurrent transigifs-73] Our be slowed down, andsge, beginning to saturate, in the un-
study is based on the argument that the kinetics of recom-sintered film[74].
bination reflect the total number of electrons initially avail- The conclusion agrees with recent experimental studies

able to each dye cation. Thus, two dye cations and two elec-by Benkstein et al[73] who find that geometric effects
trons confined to a certain volume recombine, on average,influence transport only weakly for porosities less than 60%,
faster than one dye cation with one electron confined to the which are typical for working electrodes in dye sensitized
half the volume of material. If electrons are confined within solar cells. Further evidence that interparticulate transport is
nanoparticles on the time scale of the measurement, therfacile in nanocrystalline electrodes used in devices is given
at low intensities where less than one dye is excited per by the very high photocurrent quantum efficiencies available
nanoparticle, the kinetics should become intensity indepen-at short circuit is good working devic§s]. These show that
dent, as there is always only one electron initially available even if inter-particle transport is restricted, it does not seem
to the dye cation within the nanoparticle volume. If, on the to result in completely inaccessible regions of film.
other hand, electrons are free to move between neighbouring
particles, then recombination kinetics will continue to slow
down as light intensity is reduced even at low illumination 7. Charge transport in devices. applications and
levels. The two situations are illustratedkig. 7(a) implications

To address this question, we have extended the continuous-
time random walk model discussed above to a multi-particle  Until now we have dealt with simulation of transient op-
geometry. We incorporate the effect of restrictions between tical experiments. These effectively probe electron transport
particles by considering a string of spherical particles in a local scale, of the order of a few nanoparticles and so
connected by necks of areatimes the geometric cross are well suited to microscopic Monte Carlo simulation with
sectional area of a particle. Physicallymay represent a  hopping distances of a few Angstroms. Monte Carlo ran-
small contact area, a barrier for interparticle transport, or a dom walk models are impractical, however, for microscopic
high scattering probability at the grain boundary. We have simulation of photocurrent generation in complete devices,
simulated the kinetics of electron—dye cation recombina- which are typically~10um and hundreds of nanoparticles
tion for photogenerated electron—cation pair densitigs, thick. Yet it is clearly of interest to transfer models and pa-
from 0.1 to 3 per nanoparticle for a trap distribution with rameters used to simulate transient optical phenomena to
To = 750K (@ = 0.4 at room temperature) and different charge transport in operating devices.
values ofx. The simulatedrsge, values, with an arbitrary One approach is to ‘renormalize’ the system and consider
time scale factor, are plotted againstin Fig. 7(b) For transport through larger units using hopping rules derived
poorly connected nanoparticlesvalues approaching zero), from the study of transport within those units. Provided that
the kinetics clearly saturate when< 1. For well connected  inter-grain effects are not dominant, and the background
particles, the kinetics continue to slow down monotonically charge density is low enough for the trap distribution to be
as electrons explore a larger and larger volume to find the effectively exponential, then a useful approximation to larger
dye cation. scale transport can be achieved by renormalization of the

The model can be compared with experimental measure-waiting time distribution. Given a power-law waiting time
ments of electron—-dye cation recombination kinetics as a distribution y(t) of the formEq. (1) for diffusion between
function of light intensity in redox inactive environments units on a cubic lattice, a waiting time distributigr (t) can
[55,74] Those measurements were done without applied be constructed for diffusion between cubic blocks of side
bias to maximize the effect of light intensity (i.e. to max- Considering the Laplace transformsaft) and v, (t) leads
imize ng relative tong, so thatng ~ n). Data for t5og, as to a form fory,(t) which also varies likaf, (1) o« 1% in
a function ofn, from Ref.[74] are plotted inFig 7(b) in the limit of long times, though this result is only applicable
comparison with the simulation. (The time scale of the sim- to experiments on a time scale shorter than the longest de-
ulation is arbitrary.) It is clear that the experimental kinetics trapping time. Such a renormalized waiting time distribution
are intensity dependent down to low illumination levels with was used in Ref[32] to simulate power-law photocurrent
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Fig. 7. (a) Schematic showing two different limits for the electron—dye cation recombination mechanism as the number of electron—cation pairs per
nanoparticle falls below one. In the limit of no inter-particle transport (left) the photogenerated electron and dye cation are confined to acgiagielea

and kinetics should become independent of the number of such pairs. In the limit of facile inter-particle communication (right) photoinjectesl elect

are free to explore the network of particles and recombination times continue to increase as the excitation density is reduced. (b) Simuladed dye cati
half-life in a connected chain of ten spherical nanoparticles, as a function of the number of cation—electron pairs excited per nanopargole. Differ
curves show the effect of changing the cross sectional area of the neck between neighbouring pa(tsles fraction of the maximum nanoparticle
cross-sectional area). For very small neck area, kinetics saturate as intensity reduces towards 0; otherwise the dye lifetime increasdg. @&datinuous
shown aretsoy, data taken from Ref[74] for dye cation—electron recombination in a dye sensitized, Téctrolyte in a redox inactive propylene
carbonate electrolyte. The experimental data show continuous slowing as light intensity is reduced, consistent with facile inter-padicigagisport.

transients and demonstrate the effect of trap filling on tran- fects dominate at porosities above 60%. A more detailed ap-
sient decay and rise profiles. A similar approach was used byproach was taken by Cass et [a@?2], who use a ‘fine scale’
Van de Lagemaat and Frank to simulate photocurrent tran-Monte Carlo simulation to simulate electron transport over
sients in Ref[9]. By modulating the electron quasi-Fermi the range of a few nanoparticles, and compile a database of
level to allow for trap filling, they were able to predict an statistically similar trajectories, which are used as input into
observed transition from dispersive, power-law photocurrent a larger scale simulation. That work clearly shows how the
transients over short collection distances to non-dispersive,effect of traps can be accentuated by restricted inter-grain
exponential transients over longer collection distances andtransport.
longer times (>10 ms). This transition is qualitatively similar ~ As a more practical alternative to Monte Carlo simula-
to that observed for transport-limited and interface-limited tion of transport in devices, the microscopic transport model
recombination irBection 4and results from similar physics. can be applied to find closed form approximations to the
A natural unit for a renormalized transport model is the recombination coefficient and charge mobility. It is shown
component nanopatrticle. In the limit of highly porous films above that, for an exponential density of states, the density
where interparticle transport is limiting this unit would be of free electrons with energy above some demarcation level
physically sensible, and a useful model can be constructed byor conduction band edge is related to the total electron den-
simulating a random walk between neighbouring nanopar- sity by Eq. (8) nfree o nY/%. This is consistent with the ob-
ticles in a simulated film. Benkstein et §r.3] use this ap- served increase in recombination rate and in effective diffu-
proach to study the effects of geometry and morphology in sion coefficient with increasing electron denskyg. (8)can
films of different porosity and find that morphological ef- be used to define dependent recombination and diffusion
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coefficients in the continuity and current equations for elec- between electrons in the metal oxide and the redox couple
trons in a device, in a similar manner Eg. (9) In a field again indicate that the dispersive kinetics and high reaction
free medium in one dimension, the continuity equation for order can be accounted for by electron trapping, rather than

electrons by a recombination reaction that is second order in electron

d dn density.

o (Da) +G—-R=0 Dispersive electron transport is only observed on time
scales shorter than the release time from the deepest trap,

becomes and when interfacial electron transfer is slowed down by

Odx dx the availability of redox species, then a transition to mono-
exponential, interface transfer limited kinetics is observed.
whereng is some reference electron density at whigg Nondispersive behaviour is observed on time scales longer
and By are defined. It is assumed here that the recombi- than order 10 ms.
nation is bimolecular for free carriers and that the density  Our studies of charge recombination indicate that the de-
of positive charges is equal to(no dark electrons). For a  tailed effect of electron trapping on both transport and re-
density of electron states other than purely exponential ancombination must be incorporated into any useful numerical
empirical relationship betweem.ce andn can be found by model of current-voltage characteristics of dye-sensitized
Monte Carlo simulations of the steady state and used in solar cells. Although Monte Carlo simulation of a full device
Eqg. (11) Eqg. (11)can then be solved numerically together is notfeasible, random walk simulations can be used to deter-
with corresponding continuity relation for the positive mine appropriate empirical forms for the electron density de-
charge carriers and Poisson’s equation. This was done inpendent diffusion and recombination coefficients, which can
Ref. [57] to calculate the short circuit current density in then be used in solution of the photocurrent—photovoltage
polymer-fullerene solar cells, where hole polaron trapping equations.
appears to dominate the kinetics. Similar methods could Finally, we have shown how the sensitivity of recombina-
be applied to model the current—voltage characteristics of tion kinetics to electron density can also be used as a probe
dye sensitized solar cells, preferably after validation of of local electron dynamics, and have used it to study the im-
the empirical forms for the recombination and diffusion portance of inter-particle transport in nanocrystalline films.
coefficients against experimental data. Our studies suggest that intra-particulate trapping is suffi-
cient to explain the observed transport behaviour of sintered
TiO2 films.

d 2\ Y gn n\ e reducing the interaction with dye cations or by reducing
<—> + G — Bophp (—) =0 (12)
no n

8. Conclusions
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