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Abstract

A two-dimensional transient model of dye solar cells (DSC) describing the electro-
chemical reactions in the cell has been prepared. The model includes the relevant
components of DSCs: the photoelectrode, the electrolyte, and the counter electrode.
The solved variables are potential and the concentrations of the different ion species,
which can be used to determine e.g. the current-voltage characteristics of the cell.
The largest benefit of this model is its 2D features which enable the study of lateral
inhomogeneity. Using the model, a new phenomenon was described: lateral current
density distribution caused by a small difference in the size between photoelectrode
and counter electrode, typical to laboratory test cells, causes tri-iodide to move from
the edge region to the active area of the cell. This process takes relatively long time
(8 min) and can be important for performance characterization and design of DSCs.



Notation

Symbols
A active area m?
a absorption coefficient 1/m
C capacitance F
¢ concentration mol /m?
D diffusion coefficient m? /s
d distance between the electrode substrates m
dog  thickness of the counter electrode m
dpr  thickness of the photoelectrode m
Er  Fermi energy eV
F Faraday constant C/mol
Fo ) (RyT) 1V
i current density A/m?
iim  limiting current density A/m?
i exchange current density A/m?
K equilibrium constant
k reaction rate constant 1/s
kg Boltzmann constant J/K
m ideality factor
N  ion flux mol/(m?s)
n number of transferred electrons
@Q;  current source A/m3
q elementary charge C
R resistance Q
R,.s gas constant J/(Kmol)
5 stoichiometric coefficient
T temperature K
U,  mobility m?mol/(Js)
u x-velocity m/s
V voltage V
v y-velocity m/s
x distance from the PE substrate m
z charge number
« transfer coefficient

Ots time-scaling coefficient

n overpotential A%

n efficiency

Noc  open-circuit voltage \Y

A wavelength nm

o conductivity S/m

v reaction rate mol/(m?s)

o incident spectral photon flux photons/(m?s)
) electric potential i A%

o) Conductivity of TiOs at equilibrium S/m



Subscripts

a activation

b backward reaction
CE counter electrode
cT charge transfer
col collection

d diffusion

el electrolyte

f forward reaction
g generation

i ion species

inj injection

LH light harvesting
IPCE indicent photon to collected electron
rec recombination

S series

0 initial, equilibrium

PE photoelectrode

ph photo

t transport
Abbreviations

ALD atomic layer deposition
CE counter electrode
CV  cyclic voltammetry

e electron

DSC  dye solar cell
1 iodine

I iodide

Iy tri-iodide

-V current-voltage
O oxidized species
OC  open circuit

PE photoelectrode
Pt platinum

R reduced species
SC short circuit
Ti0, titanium dioxide

il



1 Introduction

Photoelectrochemical cells such as dye solar cells (DSCs) may become a technically
and economically possible alternative to the present-day silicon solar cells. The low-
cost fabrication of DSCs due to their simple construction and low-cost materials is
a clear advantage. In addition, solar light-to-current conversion efficiencies of over
10 % [1] are adequate for a wider use of the cells. Currently the up-scaling of the
DSC technology is a topical issue. In addition to current collection, there are several
other challenges such as spatial performance distribution when going for larger scale
[2]. In larger area cells, it is important to understand and evaluate the significance
of different kinds of inhomogeneity and edge effects. In the investigation of such
questions modeling is an efficient tool as it would very difficult or even impossible to
obtain the information through measurements. The previously made models have,
however, mainly been one-dimensional (1D) and cannot answer such questions. This
gives the motivation to develop two-dimensional (2D) models of DSC. In this work
we focus on electrochemical 2D modeling which in addition to electrical performance
(I-V performance) gives information also on the mass transport in the electrolyte.

The earliest electrochemical models date to the 1990’s [3, 4] [5], and some of the very
early models are in some part outdated as the knowledge about the reaction mech-
anisms in DSCs has grown. A good basic one dimensional model was introduced by
Ferber et al. [4] and it has been used largely as a basis for this work. In that model,
the space between the photoelectrode substrate and the counter electrode is filled
by a pseudohomogenous medium consisting of porous TiOs, dye, and electrolyte.

Oda et al. continued the basic model by Ferber et al. [4] by adding a separate bulk
electrolyte layer. Such a layer is also present in the models made by Papageorgiou et
al ]3] and by Hyk and Augustynski [6]. An additional modification made by Ferber
and Luther [7] is the implementation of the Helmholtz layers using the Stern’s mod-
ification of the Gouy-Chapman theory. The Helmholtz layers describe the double
layer charging between two phases. The layers are typically only a few nanometers
thick [§] and they can be omitted when studying only microscale ionic distribution
of the cells.

In the basic model of Ferber et al. [4] and in the extension [7] the only back
reaction at the photoelectrode taken into account is the charge recombination from
the TiOs to the electrolyte. This is usually adequate with the exception that at
low light intensities current leakage from the substrate to the electrolyte is typically
significant [9, 10, 11] and therefore needs also to be taken into account. There are
also a series of other back reactions, such as recombination via oxidized dye, which
importance needs to be evaluated on the basis of the employed materials, but with
common dyes such as N719 can be assumed negligible.

Dye solar cell models are typically one dimensional. An exception to this the further
work by Ferber and Luther [7] in which they separated the TiO, and electrolyte to



study the charge transfer processes in those media. That model is in principle
two-dimensional, but only describes a very thin (~ 50 nm) slice of a dye solar cell
making it practically only one dimensional. Only quite recently Gagliardi et al. [12]
published a steady-state 2D in which the TiO, and electrolyte still separated but
the photoelectrode composed of several columns instead of a single one making the
model truly 2D.

Cao et al. [13] added the time dependence into the continuity equation describing
the charge carrier transport in the TiO; film. The model of Cao et al. focuses on
the photoelectrode and does not describe a complete solar cell. The mathematical
formulation presented in their work reduces in steady state to the equations used in
the basic model by Ferber et al. [4].

Recently, a simple analytical 1D dye solar cell model to simulate I-V curves based on
physical parameters was presented [14]. Its relations to electrochemical impedance
spectroscopy (EIS) was shown in that work [14].

Here we introduce a two dimensional transient dye solar cell model. The equations
in 2D format are solved numerically using the COMSOL Multiphysics modeling
software. The spatial distribution of potential and concentrations of the different
ion species modeled in a vertical cross-section of the cell. Similar to the previous 1D
model [14], the parameters of this model can be largely determined by EIS. To make
the application of this model easy, the theory behind the model, the determination of
model parameters and the construction of the model using COMSOL Multiphysics
are explained in detail. The model is applied to investigate the edge effects in typical
cell setup, where the counter electrode is somewhat larger than the photoelectrode.
It is shown that the cell geometry has significant effects on the ion concentrations
at the active region and the time to reach steady state conditions.



2 Theoretical section

In this model, all the three main components are modelled: the photoelectrode (PE),
the counter electrode (CE), and the electrolyte. The photoelectrode is modeled
here as a pseudo-homogeneous medium of TiO,, dye, and redox electrolyte. This
composition describes the electrode well and a similar one has been used for the
photoelectrode in 1D modeling [4, 15]. The realization of a pseudo-homogeneous
electrode with COMSOL is similar to the one used by Hottinen et al. in the case of
a polymer electrolyte membrane fuel cell model [16].

The dye molecules absorb the incoming photons which is here modeled with the
Lambert-Beer law. The excited electrons are injected into the conduction band of
the semiconductor. The electrons diffuse through the nanoparticles and are collected
at the back contact. The electrons may also leak from the photoelectrode to the
electrolyte. The most significant current leakage pathways are from the TiO, layer
and from the substrate to the I3 ions in the electrolyte. There are also a series
of other back reactions, such as recombination via oxidized dye, the importance of
which needs to be evaluated on the basis of the employed materials, but which for
common dyes such as N719 can be assumed negligible. The contact between the
TiO, and the substrate is assumed ideal. This is in most cases a valid presumption
since a TiO, - substrate contact resistance has been detected only in the case of few
alternative substrates [11, [17].

The electrolyte 1™ and I3 ions function as mediators for the electrons between the
photoelectrode and the counter electrode, i.e. the anode and the cathode. The
oxidized dye molecules are reduced with the I~ ions, which, when oxidized, form I3
ions. I3 is again reduced at the cathode into I™ by the electrons from the external
circuit. The total reaction is

I; +2 =3I, (1)

where the net forward reaction occurs at the counter electrode and the net backward
reaction at the photoelectrode. The mass transport of the ions is here described by
the Nernst-Planck equation and electroneutrality.

At the counter electrode, the substrate is covered with a material of high electrocat-
alytic activity, usually a Pt layer [I8] of a few nanometers or a few micrometers thick
porous carbon [19,20]. The counter electrode can be modeled as an interface (¢f. Pt)
or a as pseoudohomogeous mixture of catalyst and electrolyte (c¢f. porous carbon).
The charge transfer at the counter electrode is described by current-overvoltage
equation.

The 2D model presented here is to some extent a numerical extension of our previous
analytical 1D DSC device model [14], but with the following differences:

Instead of pure diffusion according to the Fick’s law assumed in [I4], mixed diffusion



and migration according to the using the Nernst-Plack equations are used to model
the ionic transport in the electrolyte.

In [I4] the effects of electrode porosity on the mass transport in the electrolyte
were neglected. Here, they are taken into account similar to Ferber et al. [4], by
modeling the electrode domains as overlapping pseudo-homogenous effective media
of the electrode and the electrolyte phases. As a result, the local ion concentrations
in the pores of the film are calculated as a part of the model solution.

In [I4] the effect of electrolyte concentrations on the photoelectrode function was
omitted. In the present model, the ion concentrations in the pores of the film
are coupled to the interfacial charge transfer reaction (recombination) at the TiOy
surface through the local over-potential, similar to Ferber et al. [4]. The effect of
ion concentration on the charge transfer reaction inside a pore counter electrode are
taken into account in a similar fashion.

In |[14] the non-ideality of the photoelectrode I-V characteristics was accounted for
by adding a posteriori the ideality factor in the mathematical expression for the solar
cell I-V curve — an approximation necessary to reach an analytical solution. Here,
the non-ideality is introduced as non-linear electron recombination, as proposed by
Bisquert and Mora-Ser6 [21], thus rooting it to a microscopic physical model [22].

Finally, in contrast to [14], the implementation of the model with COMSOL Mul-
tiphysics brings about the possibility to run 2D and transient simulations at the
macroscopic scale of the solar cell. This is the main new functionality of our model
compared to previous numerical DSC models [4], and will be our focus in the prac-
tical examples later in the paper.

2.1 Charge and mass transport in the electrolyte

The movement of dissolved ion species in the electrolyte is described by the Nernst-
Planck equation

Ni = —ziutiiV<b — DZVCZ + ¢, (2)

where N; is the ion flux, z; the charge number, u; the mobility, ¢; the concentration, ¢
the electric potential and D; the diffusion coefficient of ion species 7. The mobilities
and diffusion coefficients are related as D; = RgosTw; [23], where Ry, is the gas
constant. F'is the Faraday constant and u the bulk velocity of the solution.

The first term in eq. stands for migration and the second term for diffusion. The
third term indicates the motion of the solution with a bulk velocity, i.e. convection.
This term is assumed very small and is left out on the grounds of the porosity of
the electrodes and the small distance between them [3].

Eq. is valid for dilute solutions, which have been determined as solutions with
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solute concentrations below 0.1 M [24] 25 26]. In this model the concentrations
of some ion species are slightly higher, exceeding 0.5 M. However, we anticipate
that applying eq. should not cause a significant error. Eq. has been used
frequently in electrolyte modeling in similar cases [4, [7, 27, 28].

As chemical reactions are assumed to occur at the electrodes only, no ions are
produced nor consumed in the bulk electrolyte,

0 C;
ot

Eq. states that at the anode, I is consumed and I3 produced and at the cathode,
vice versa. Cations, here Li*, do not take part in the reactions. The production
of ion flux is proportional to the current density per unit volume ¢ due to charge
transfer at the electrode-electrolyte interfaces

8cl- S;
+V- N, = 7, 4
ot " onF ()
where s; is the stoichiometric coefficient of species 7 in the redox reaction (1)),
s- = —3, S = 1 and s;;+ = 0.

The bulk electrolyte is assumed to be electrically neutral,

Z zic; =0, (5)

i=I— I3 ,Lit

While electroneutrality is not a fundamental law of nature, it has been observed to
apply in all solutions except in a thin electric double layer of 1 to 10 nm near the
boundary surfaces of the solution.

2.2 Limiting current density

At sufficiently high currents, the rate of the reaction at the electrodes is no longer
controlled by rate of electron transfer but by the rate of the transport of ions to
the electrode surfaces. The maximum current density that diffusion can convey is
called the limiting current density ¢;,,. Since the c¢;- in the electrolyte is typically
much larger, here nine times larger, than Crrs the current in the cell is limited by

the transport of I3 . iy, for I3 is obtained as [29]

4FD;-c;-
it = —— 1, (6)

where F is Faraday’s constant, D the diffusion coefficient of I3, ¢~ ; the equilib-

rium concentration of I3 and d the thickness of the electrolyte layer (i.e. distance
between the electrode substrates). iy, can be determined from I-V measurements of
symmetric CE-CE cells, and when 4, and Cy o are known, DI; can be calculated

using eq. (6)) [29].



2.3 Charge-transfer at the counter electrode

The current density per unit volume icp produced at the counter electrode in a
one-electron transfer reaction

O+e =R (7)

between an oxidized species O and a reduced species R is described by the current-
overpotential equation [§]|

Cr _ C _
" e—afnos _ 20 ,(1-a)fnom : (8)
Cro Co,0

i1cE = 1o

where the coefficient ¢, is the exchange current density, f=F/(R,.s1), ¢, and ¢, are
the concentrations of oxidized and reduced species and ¢, and ¢, o their equilibrium
(initial) concentrations. « is the transfer coefficient, o € [0, 1], which determines
the symmetry of the overpotential-current curve and neg is the voltage between the
electrolyte and the counter electrode, ncg = ¢ei — PcE-

In DSCs, the reaction at the electrodes is not, however, a one-electron reaction but
consists of three consecutive steps [30]:

(I"=1+4e")x2 charge-transfer reaction, (9)
2l =1,  fast chemical reaction, (10)
I, +1I" =15  fast chemical reaction. (11)

The reduced and oxidized species of eq. are therefore I~ and I, respectively. The
reactions listed above resulting in a half order process are widely used but also first
and second order processes have also been suggested [31), 32, 33]. More investigation
is apparently still needed to define the correct reactions at each electrode. For
the examples shown later in this work, the selection of reaction process should not
significantly influence.

Equations and are as fast chemical reactions assumed to be always in
equilibrium [4]. Hence, the law of mass action, which describes solutions in dynamic
equilibrium, can be applied to the reaction

1 1
=13 —- 1" 12
Sl - (12
and the concentration of I written in terms of the concentrations of I~ and I3 and
an equilibrium constant K,

1

1 _1
Cr = KC[23—CI_2' (13)

Substituting c; from eq. and c;- into eq. gives

. e Cr; C1-0 (4_
icp = io e~afice _ 3 e(l—a)fnce | (14)
C]—7Q CI_CIS_,O



2.4 Charge-transfer resistance at the counter electrode

The value of iy needed for eq. can be determined with the charge transfer resis-
tance at counter electrode-electrolyte interface Rop. This can be done by deriving
Rer from eq. . With small currents, the concentrations of ion species can be
approximated with their equilibrium values, which leads to

iop = 1 |:€*Oéf77€E _ e(lfa)fWCE] (15)

known as the Butler—Volmer equation. The approximation is good when current is
less than 10 % of 4y, [8].

Neg 18 a sum of activation overpotential 7,, also called the surface overpotential
[23], and concentration overpotential, or diffusion overpotential, 1. 7, is due to the
rate of the charge-transfer reaction at the interface. Whereas when the transfer of
ions is not as fast as the charge-transfer reaction would require, the current through
the interface becomes limited by diffusion. Here approximating the concentrations
with equilibrium ones excludes the mass-transfer effects, and the voltage between the
electrode and the electrolyte is then assumed to be the pure activation overpotential,

NcE = M-

The charge-transfer resistance Rcp in the case of porous counter electrode can be
presented as a resistance corresponding to a unit volume ror, ror = RerAdeg,
where A is the area and dog the thickness of the counter electrode. For an interface
type counter electrode rcr = RorA. ror, which thus has the units [Q2m?] or [Qm?]
depending on the electrode type, is defined as

dng
S , 16
rer = =g (16)
Differentiating both sides of eq. , we get
1 _
ror = —— [—afe e — (1 — a)felt=)fme] ! (17)
0
and when 7, = 0,
1
19 = . 18
’ Jrero (18)

Hence iy can be determined through measuring the Rop of a symmetric CE-CE
cell with impedance spectroscopy in open circuit conditions where 7, = 0. At open
circuit, the both electrodes are assumed to have the same Ror and the resistance
of one electrode is half of the measured resistance. iy can then be calculated from
eq. . Rer can also be determined by measuring complete DSCs at open cir-
cuit: when there is no current through the cell, the voltage loss takes place at the
photoelectrode-electrolyte interface and the overpotential at the counter electrode
is zero, as assumed in eq. ((L8).



2.5 Current generation at the photoelectrode

The current density per unit area generated in the PE at a specific wavelength A
can be written as

dpg
j{ i\ )z = gD (g (V). (19)

where 74 is the current density per unit volume, x the distance from the PE substrate,
q elementary charge, ® the incident spectral photon flux, nyg the light-harvesting
efficiency, and 7;,; the electron injection efficiency. 7.y is the probability of an
incident photon to be absorbed by a dye molecule, which depends on the absorption
coefficient of the dye and the thickness of the photoelectrode. n;,; is the probability
of an excited dye molecule to inject the electron to the TiOs,.

Note that, the incident-photon-to-collected-electron efficiency n;pcp is a product of
three terms,

n1pce(AN) = ML (M) Ning (M) (N), (20)

where 7., is the collection efficiency. Here 7., is in this model taken into account
via the analysis of the recombination and transport characteristics of the PE.

The position dependence of 1.y can be described with the Beer-Lambert law. The
law assumes the absorbing medium to be non-scattering, homogeneous and isotropic.
The photoelectrode can usually be approximated to be such with reasonable accu-
racy. For instance due to the small size of the 20-nm-diameter TiO, particles,
scattering in the photoelectrode film is negligible [34]. Using the Beer-Lambert law,

NLE 1S

dpg
nea(\) = / a()\)e_“(’\)xd:z:, (21)
0

where a is the absorption coefficient of the dye. Hence, i,(\, z) can be written as
ig(A, @) = qP(A)Ninj(N)ae . (22)

Eq. can be used for modeling the current generated by monochromatic light. In
the case of a full solar spectrum, the current per unit volume at distance x from the
substrate is

Amaa
o) =a [ B ()aye Ve (23)
Amin

where \,.;, and A\, reflect the spectral response of the dye. Note that the eqs.
and take into account only the light that penetrates the photoelectrode
for the first time. Secondary effects such as back reflection are not included. The
focus of this model is in the mass and change transport and hence detailed optical
analysis is omitted here.



2.6 Charge recombination at the photoelectrode

The density of electrons in the conduction band n,. can be written

EFfEF,redom
Ne = Neo€ BT . (24)

where n.( is equilibrium density of electrons in the conduction band, Er Fermi
energy, Er redor the redox Fermi level of the electrolyte, and kp Boltzmann constant.
In terms of energy levels, photovoltage Vpg corresponds to the difference of the PE
Fermi level and the redox Fermi level of the electrolyte,

q4Vpe = Er — EFyedox- (25)

The concentration and density of electrons in the semiconductor are proportional,
and can be written based on eqgs. 24 and 25 as

4VPE
Ce = Cep€ FBT . (26)

As explained in section [2.3] the charge-transfer from TiO, to the electrolyte is an
elementary (one-step) reaction described by the chemical equation

kg
I =1I+e" (27)
ky

where k; and £, are the corresponding rate constants. The net reaction rate of the
backward direction, i.e. the recombination rate of electrons from the semiconductor
to the electrolyte, is

Vpet = kpcre” — kgcr-. (28)

where we have with factor [ taken into account that recombination reaction may
not be linear in the electron concentration |21, 22]. At equilibrium, the forward and
backward reaction rates are equal,

k?bCI,oCe,oB = k?fCI—,o~ (29)

Here ¢; o are the equilibrium concentrations. By substituting ky from eq. (29) into
eq. (28) we get
B Ce,OBCI,O
Unet = kp | ce”cr — —=c;- | . (30)
Cr-,0

By inserting c; from eq. and using eq. for the electron concentration, v,

turns into
Cr— qBV, Cr—
[Ci- 48VpE 17,0
Unet = kaCe,O —e BT . Cr— |- (31)
Cr- Cr-,0
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If the net reaction rate is chosen to have a unit [m—3s!|, the recombination current
lrec PEr UNit volume is v, multiplied by the elementary charge:

C[* qBVPE
Zvec - Z're(,O —6 kBT (32)

Cr— C]O

where i,e.0 = gkpKceo’.

Considering the recent discussion on the non-linear nature of the electron recombi-
nation in DSC [21], 22], it is worth noting that the present numerical model allows
replacing eq. in principle with any kind of expression arising from a detailed
physical description of the recombination mechanism. For example, Bisquert et al.
[35] have shown that the exponent (5 in eq. can be explained with a physical
model that assumes that electron recombination occurs mainly via electron trap
states distributed exponentially in energy in the band gap of the TiO,. Note that if
variations in the electrolyte concentration can be neglected, i.e. the concentrations
are fixed to their equilibrium values, eq. reduces to

Vet = ki (cf — c§,0> (33)

where k; = kycro. From eq. , it follows that the recombination current per unit
volume becomes

. -/ qﬁVPE
Irec = lpeco | € BT — 1 (34)
where i, = qkbcf7oc§0. Eq. is identical to the well know I-V characteristics

of a non-ideal diode, where the factor § is often replaced with the ideality factor
m = L. While eq. can be used to approximate analytical modeling of DSC,
we use here eq. instead, since the concentration variations are solved explicitly
as a part of the numerical model.

2.7 Recombination resistance at the photoelectrode

In the eq. , there are two unknown parameters, %,..o and (3, that need to be deter-
mined experimentally for the model simulations. They can be determined through
measuring the recombination resistance R,.. of the photoelectrode with impedance
spectroscopy. The recombination resistance is a voltage-dependent resistance which
limits the recombination current from the photoelectrode to the electrolyte. Here,
only the recombination from TiO, to the electrolyte is considered as it is the domi-
nant recombination route. The recombination resistance depends on the photovolt-
age Vpg as

dVpg

dipg’

(35)

Tree = —

10



where 7, is the measured resistance R, (in units [(2m?|) multiplied by the thickness
of the photoelectrode dpg, e = Ryecdpr. ipg is the total current per unit volume
in the photoelectrode,

IpE = ig — lpec- (36)

Neglecting the current dependence of the electrolyte concentrations, the recombina-

tion resistance becomes (egs. (32} 35 and
hel e =F (37)
ﬁqlrec,o Cry;

T’I‘EC -

At small currents, close to open circuit conditions, the concentrations of ion species
can be approximated to have their equilibrium values, ¢; = ¢; 9. The coefficient ¢,
can therefore be determined using eq. (37),

]{?BT Cr-,0 —aBVoc

l.'rec,OZ e *BT 9 (38)

5@7"7»@,00 C[{; 0

where 7, oc is the recombination resistance at open circuit and Vo the open circuit
voltage. The values for i,..o and 5 can be calculated from eq. by measuring
Trec,oc @t least at two different light intensities as explained in section .

It is worth noting that contrary to many other numerical models, except e.g. that of
Ferber et al. [4], the present model includes also the influence of iodide and triiodide
concentrations on the electron recombination, as evident from eq. . Note that
the concentration dependence in eq. is a first order approximation, since the
concentrations were not differentiated with respect to the cell current when deriving
eq. . In the numerical simulations, we use directly eq. (as a part of eq.
(43))), which is not subject to this approximation.

2.8 Conductivity of the photoelectrode

Assuming that the mobility p of the conduction band electrons is constant, the
conductivity o of the TiOy photoelectrode film can be written as [30]

1 VPE
o =qune =1, = oge 5T . (39)

where r; [Qm] is the electron transport resistivity and og is the conductivity at
equilibrium in the dark. The voltage dependence of the conductivity follows from
the assumption of "ideal" Boltzmann statistics of the conduction band electrons (eq.
24). Ideal voltage dependence of r;, and thus o, has been found also experimentally
by impedance spectroscopy [37, 36l 38], although not for all cases [36]. In the absence
of a well established physical model for non-ideal electron transport, we use eq.
in the present work.

11



2.9 Substrates

The substrates affect the performance of the cell with their sheet resistance and
the photoelectrode substrate also by current leakage to the electrolyte. In high
efficiency cells, the current leakage via the substrate is often prevented by using a
recombination blocking layer.

The sheet resistance of the substrates R, can be taken into account with a simple
IR-correction to the calculated IV-data, and EIS measurements can be used to
determine its value. Note that the sheet resistance and current collector grid are
perpendicular to the cross section of the cell. Hence if the model is expanded to 3D
the sheet resistance and different current collector structures can be easily added
as separate modeling domain. The model for the current collection is shown in our
previous work [39).

The current leakage via substrate dominates at the low voltages |9, [11],136]. It should,
however, be noticed that it has only a negligible effect on the TV curve of dye solar
cells at high light intensities such as at 1 Sun [7, 10, [II]. Hence, at high light
intensities, recombination via substrate has been and can be in many cases omitted.
At low light intensities the effect of substrate needs to be taken into account if
recombination blocking layer is not employed.

If necessary, the current leakage via the photoelectrode substrate can be modeled.
In practice the photoelectrode substrate acts similarly to a counter electrode with
a very small i . Hence, it can be modeled with the same equations as the
counter electrode. The value for iy can be measured from a SU-CE cells [11], 40] in
open circuit conditions, or, alternatively from a complete DSC with the cell voltage
of 0 V with eq. . In the latter case, it is assumed that R,.. >> Rgy at
Vpp=0. Normally this is a very good assumption e.g. with FTO glass substrates
the difference is more than two orders of magnitude at Vpp=0 [I1].
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3 Solving the model with COMSOL Multiphysics

3.1 Application modes and the analysis type

COMSOL Multiphysics is a modeling software that uses the finite element method
to solve partial differential equations numerically. The model was built using two
ready-made application modes, ’Nernst-Planck’ and 'Conductive media DC’ [41].
The transient type analysis is embedded in the 'Nernst-Planck’ mode. The concen-
trations of ions and the potential of the electrolyte were solved in the 'Nernst-Planck’
mode and the electrode potentials were solved in the ’Conductive Media DC’ mode.
The porosity of the electrodes is realized by overlapping the electrode domains with
the electrolyte domain. The model could also be made in the general mode called
'PDE, General form’. The usage of ready made applications modes is, however,
easier. An example of the modeled geometries is shown in Figure [I}

X 3 ]
7 | FPhotoelectrode | 12
1 Electralyte g 11
B| Counter electrode | 10
2 4 ¥

Figure 1: An example of the modeled geometries. The electrode and electrolyte
domains are overlapping. The boundaries are marked with numbers from 1 to 12.
The dimensions are not in scale.

3.2 Subdomain equations

In the 'Nernst-Planck’ mode the current continuity equation from which the poten-
tial of the electrolyte is solved has the form

V- FZ Zi(—ZiUmJFCiVQbel - DZVCZ) =F Z ZiRi, (40)

where ¢ is the potential of the electrolyte and R; the reaction rate of species i. R;
is V - N; defined by eq. which relates icg and ipg to the charge transfer in the
electrolyte. The material balance equation for the concentrations has the form (cf.

eq.

5“2_; +V .- (=DVe— zu, FcVog) = R—u- Ve, (41)

13



where ;5 is a time-scaling coefficient, ¢ the concentration being solved, R the reaction
rate and u the velocity as a vector quantity. Because convection in the electrolyte
was not taken into account, both x-velocity u and y-velocity v were set to zero. For
0ts, the default value 1 was used. In the ’Nernst-Planck’ mode, the concentrations of
two of the ion species are solved from eq. and the third one, here cy;+, directly
from electroneutrality condition, eq. . In the electrolyte areas that overlap the
electrodes, the porosity of the electrode (typically about 50 %) has been taken into
account by diving the diffusion coefficients D; with factor 2.

In the 'Conductive Media DC’ mode, the current continuity equation is of the form
-V -d(eVV = J%) = dQ;, (42)

where d denotes thickness, J¢ the external current density, and (); the current source.
For d, the default value 1 was used and both components of J¢ were set to zero. All
conductivities were modeled as isotropic. @); refers to current via electrodes ¢ which
is entered as a subdomain expression and defined separately in each domain based

on egs. (14), (22), and ([29)):
- c
PE:  ipp = qa®Pninje” ™ — ireco [\/ Ciefﬁvp’f - 013 703 CI—] ; (43)
- -0
_ -0
CE:  icp =g [Cf eetnes | HU70 af"CE] (44)
CI*,O Cr- le

3.3 Boundary conditions

The boundary conditions used in modeling are gathered in Tables [I] and 2l The
equations in Table [I] correspond to the geometry of Figure [, where the counter
electrode is modeled as a domain. In the case where the counter electrode is modeled
as a boundary, boundaries 6, 8, and 10 vanish and the insulating conditions at
boundary 4 are replaced with the flux and inward current flow conditions written in
Table 2 The current leakage via substrate could be taken into account with similar
equations as shown for boundary type counter electrode (Table [2) at boundary 5.

The ’Conductive media mode’ calculates the potential ¢ in the different domains.
The voltage over the cell V., is controlled by setting constant potentials at the
counter electrode and photoelectrode boundaries that indicate contacts to the ex-
ternal circuit. In the model, zero potential level is selected to be at the counter
electrode boundary. Therefore, the value of the potential at the photoelectrode cor-
responds to the value of V.., (Table . This way, the direction and magnitude of
the current through the cell is determined by the voltage.
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Table 1: Boundary conditions in the geometry of Figure [ The zero potential
was selected to be at the counter electrode (boundary 4), hence the potential at
the photoelectrode substrate (boundary 5) is then equal to the cell voltage.

Variable | Boundary Condition Equation
¢ L2, 3,4, 5 10, Insulation/Symmetry n-N; =0
11, 12
1, 2, 3, 4, 5, 10, . . .
et 11, 12 Electric insulation n-J=20
é 7,9, 12 Electric insulation n-J=0
PE 5) Electric potential oprE = Ve,
é 6, 8, 10 Electric insulation n-J=0
cE 4 Electric potential ocr =0

Table 2: Boundary conditions at boundary 4 in Figurein the case of a boundary
counter electrode.

Variable | Condition Equation
G Flux —n-N,; = Tf;,z
Qel Inward current flow —-n-J =1
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4 Experimental Methods

The parameters ig, iyec0, 5, 0o and D I in the model were determined experimentally
by studying the I-V characteristics and impedance spectra of dye solar cells and
counter electrode cells built on glass substrates. The DSCs were assembled using
materials and methods described in [40] with the exception that there was a 4 nm
compact ALD TiO, blocking layer on the photoelectrode FTO-glass substrate to
prevent recombination from the substrate [I1]. The area of the photoelectrode was
0.4 cm?. In the CE-CE cells, 40 um thick Surlyn ionomer resin film 1601 was used
instead of the 25 pm thick 1702 film used in [40] and in the electrolyte, 0.05 M I,

was used instead of 0.03 M.

[-V and electrochemical impedance spectroscopy (EIS) measurements were per-
formed using Zahner Elektrik’s IM6 Impedance Measurement unit (Zahner Elektrik)
and Autolab PGSTAT302N (Eco Chemie). The I-V and EIS measurements of the
complete DSCs were performed at different light intensities in OC. The measure-
ments were made in a black box and a LED of 639 nm wavelength was applied as
a light source. The I-V measurements of the CE-CE cells were taken in the dark
in the voltage range -1 V-1 V and with a scan rate of 20 mV /s. All the EIS mea-
surements were made in the frequency range 100 kHz-100 mHz and with a 10 mV
amplitude. The equivalent circuit analysis was similar to our previous publications
[111, [40], using the ZView2 software.

5 Material parameters

The constants and experimental parameters used for modeling are in Table [d] The
initial concentrations of ion species are those of the electrolyte composition used
in the measured DSCs. The absorption coefficient a of the dyed photoelectrode
has been obtained through optical measurements at the 640 nm wavelength. This
wavelength matches sufficiently well the 639 nm LED used in measuring the DSCs.
0o was determined according to eq. using R; data from the EIS measurements
(Table 3] voltage point 0.4635 V).

The diffusion coefficient of Iy was measured from a CE-CE cell with electrolyte
layer thickness of 40 um and I3 concentration of 50 mol/m3. I-V measurements
(Figure [2) were made to determine the limiting current density iy, here the value
was 23.42 mA /cm?. Using eq. @, the resulting value for D, was 4.8545 10719

m?/s. The diffusion coefficients are assumed to be equal for all ion species. This
is a common practice in these types of models since it is difficult to determine the
separate coefficients reliably.

The recombination resistance of the PE and the charge-transfer resistance of the
CE were determined from the impedance spectra at three different OC voltages
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corresponding to different light intensities shown in Table |3} The coefficient 7 was
then calculated from eq. for all values of Ror and the average is shown in Table
. With two values for R, ¢, irec0 and 3 can be solved from a pair of equations using

Table 3: Resistance values at different light intensities i.e. different OC voltages

defined via impedance spectroscopy.

Voo (V) | Ror () Ry () Rr (2) Ry (2)
0.4635 | - 3407.8 1758.9  14.805
0.5985 | 33.650 215.24 - 15.931
0.6260 | 30.683 112.57 - 14.294
0.6430 | 28.479 74.050 - 13.411

eq. . ireco and B (Table were averaged from the three values obtained by
making all the possible combinations of the different values for R,.., from the above

mentioned three different light intensities.

Table 4: Constants and parameters used in the model.

Constants Symbol Value
Boltzmann constant kg 1.380665 - 107%% J/K
Elementary charge q 1.60218 - 107 C
Faraday constant F 96485.3 C/mol
Gas constant Ryas 8.31447 J/(molK)
Number of transferred electrons n 2
Stoichiometric coefficient of I~ Sp— -3
Stoichiometric coefficient of I3 Sp; 1
Stoichiometric coefficient of Li™ Spi+ 0
Parameters

Absorption coefficient a 0.04 1/um
Charge transfer current density io 26.073 A/m?
Conductivity of TiO, at equilibrium o 3.099-107'* S/m
Diffusion coefficients of all ion species Dr-, Di=, D+ 4.8545- 10719 m? /s
Ideality factor 6] 0.618
Initial concentration of I~ cr- 0 470 mol/m?
Initial concentration of I3 Crr 0 30 mol/m?
Initial concentration of Lit Cri+ 500 mol/m?
Equilibrium recombination current density lrec,0 13.731-10719 A / cm?
Temperature T 298.15 K
Transfer coefficient o} 0.5
Thickness of the TiO4 layer dpg 15 pm
Distance between the electrode substrates d 20 pm
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6 Verification against experimental data
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Figure 2: Measured and simulated I-V characteristics of a) a CE-CE cell and b)
a complete DSC. The resistance parameters are given in Table .

The model was verified against experimental data by comparing measured I-V curves
of a DSC as well as CE-CE with the corresponding simulated I-V curves. For this
purpose, the inactive boundaries, i.e. boundaries 2 and 3 in Figure [1| were omitted,
which rendered the simulation essentially one-dimensional. This correspondence to
the real situation in the measured CE-CE cells, where the Pt catalyst layer covers
the whole substrate surface. It is also a valid approximation of the situation in a
complete DSC, as shown later in section 7.3.

The catalyst layer in the measured DSC and CE-CE cell was a very thin Pt layer
which was modeled as a boundary counter electrode. The photoelectrode in the DSC
was equipped with a recombination blocking layer meaning that current leakage via
substrate can be omitted. The light source in the measurement was a red LED which
gave approximately 0.15 Sun illumination. This way heating of the DSC could be
prevented as it is difficult to cool thick glass based DSCs at full 1 sun illumination.
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The correspondence of the simulated and measured I-V data of the CE-CE cell
is good (Fig. [2). There are small deviations around the voltages £0.3 V, where
the gradient of the curve begins to decrease. These are, however, smaller than the
deviations between the different measured curves, which are due to hysteresis and
differences between [-V sweeps. Hence, the measured and the simulated data are in
practice the same when taking into account the measurement accuracy.

The measured and simulated data of the complete dye solar cells (Fig. [2/b) are also
corresponding. This is in fact a very good result when taking into account that the
only model parameter which was fixed according to the experimental I-V curve was
the product ®7;,; so that the igc of the measured and simulated data matched. In
other words, with the photocurrent generation adjusted, the model predicts well the
experimentally observed Voo and fill factor, as well as the slope of the I-V curve,
using independently determined parameters.

7 Results and discussion

As already pointed out, the main new feature of the present numerical DSC model
arises from the capability to run transient 2D simulations of the cell operation at
the scale of the complete devises. However, whether such simulations of the cell are
actually needed in practice is not obvious. Being a thin layer electrochemical cell
where several millimetres wide electrode are situated at a distance of only few tens of
micrometers from each other, it is usually a fair assumption that the electric current
flows through the device exactly perpendicular to the co-planar electrodes, which
makes 1D simulations valid for most practical cases. The need for 2D simulations
arises only when the one-dimensionality is broken by some structural features in
the lateral dimensions of the cell. In the rest of the paper, we demonstrate this by
investigating one such case, which in fact, is a standard type laboratory scale DSC.
The transient analysis on the other hand gives useful information related to e.g. the
expected time to reach stead state.

In the simulations, we will be looking at the cross-section of a DSC that has a 15 ym
thick and 4 mm wide PE film (dyed nanoporous TiO,, in Fig. 1) facing a 5 mm wide
planar CE (thin film of Pt, regions 2 and 4 in Fig. 1), both sitting on parallel FTO
coated glass substrates that are separated from each other with 20 pym thick edge
sealant, so that there is 5 um of free electrolyte between the PE and CE. While at
the CE, the catalyst layer covers the entire FTO surface wetted by the electrolyte,
at the PE side of the cell there is 0.5 mm passive area that is not covered by the PE
film, at the both sides of the PE film. This is the typical structure of a small sized
DSC laboratory test cell used for material testing and experimental studies [14], 42].
Since the PE and CE are centered with respect to each other, the simulations need
to be done only for the half of the cross section of the cell. I.e. the vertical borders
10, 11 and 12 on the right of Fig. 1 can be considered as a symmetry axis cutting
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the cell half at the center the cell. The cell is assumed to have infinite length in the
dimension perpendicular to the paper, which corresponds roughly to a long unit cell
in a large DSC module.

In this typical DSC geometry, the exact one-dimensionality is broken by the different
size of the PE and CE, which creates an edge region next to the PE containing an
excess volume of electrolyte as well as extra catalytic CE surface area. In the
following simulations we take a look what happens in this edge region under normal
cell operation, and how it affects the cell performance. This issue seems to have been
completely neglected in the previous literature. More specifically, we investigate the
following phenomena, taking place in the typical DSC:

1. With time-dependent simulation of the 2D distribution of tri-iodide concentration
in the cell, we investigate how the excess electrolyte volume in the edge region
influences mass transport in the rest of the cell as well as the time to reach steady
state operation after turning on illumination. This has implications to the cell
performance and its experimental evaluation. In this scenario, it is assumed that
any influence of charge trapping and detrapping is fast relative to the transient
electrolyte effects of interest.

2. By simulation of the current density distribution at the counter electrode, we
investigate to which extent the extra catalyst material in the edge region is actually
utilized in the charge transfer reactions. Any un-utilized catalyst increases the solar
cell manufacturing costs without contributing to its output power.

Unless otherwise mentioned, the same cell geometry (described above) applies to
both of the cases. The material parameters are the same as for the simulated I-V
curve in Figure [2b.

7.1 2D distribution of tri-iodide and time to reach the steady
state

The simulation starts from a situation where the concentration of ions is even across
the cell, which corresponds to the real life situation of the cell being in the dark and
unpolarized. At t=0, light intensity corresponding to ca. 0.15 suns is turned on and
the solar cell is polarized close to the short circuit conditions (V.. = 0.2 V).

Fig. [3] shows the evolution of the tri-iodide concentration in the cell. Note how the
I becomes almost completely depleted from the edge region next the PE (on the
left) and accumulates in front of the PE. This is a rather unexpected result that will
be discussed below.

The time required to reach the final steady state distribution can be examined by
selecting a point in the modeled domain and plotting its values against time. In this
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case, the lower right corner in Fig. i.e. center of the cell on the CE, stabilized
last. Fig. [] shows that this took about 1000 s. Note how right at the start of the
simulation, there is a fast drop in the I3 concentration at the CE from its initial
value of 30 mol m~1 in 1 s to ca. 26.5 mol m~1. This transient is very fast and it is
partially established already at the initialization of the numerical simulation (Fig.
t = 0s). Note that at time ¢t = 0, the simulation gives actually the first calculated
solution which already deviates from the initial settings. This transient corresponds
to the diffusion of tri-iodide across the distance d = 20 ym between the PE and CE
as the current in the cell starts flowing and the tri-iodide is consumed at the CE.
The time required for this can be estimated as t = % = 0.8 s, which is consistent
with the time step of 1 s used in the simulation. After the initial transient, a slow
recovery of the I3 concentration occurs as excess I3 available in the edge region
diffuses to the area in front of the PE, with the striking result that, at the steady
state, the I3 concentration at the CE (32 mol m™1) exceeds its initial equilibrium
concentration (30 mol m~1) (Fig. [3). In effect, the excess I3 of the edge region has
moved into to active area of the cell and has been engaged in the cell operation.
The time required to reach the steady state corresponds thus to the time it takes
for the I3 to diffusion across ca. 2 mm in the lateral dimension of the cell, i.e. ¢t =
8200 s, which is roughly the same order of magnitude as the simulation result that
gave stabilization time of 1000 s (Fig. 4).

These above observations have the following important practical implications, which
we briefly point out here, while leaving their quantitative analysis as a topic of future
investigations. Firstly, the increase of the I concentration in the active area of the
cell due to transfer of the excess I3 from the edge region improves mass transport
between the electrode, so that the mass transport resistance at the counter electrode
decreases and the limited current density increases (cf. [I4] for the effect of these on
cell performance). However, at the same time the I concentration at the PE will
be higher than what it would be without the edge region, which promotes electron
recombination and causes additional optical losses due to absorption of light by
the I3 in the pores of the TiO; film. In the same simulation, there was transfer
of I~ laterally in the cell, in the opposite direction to I3, i.e. from the PE area
to the edge region (not shown). In principle, the decreased I~ concentration can
retard regeneration of the dye at the PE. In other words, this cell geometry favors
CE performance at the expense of PE performance. We could argue that this is
obvious since the CE is larger than the PE, meaning that the current density and
thus voltage losses will be lower at the CE than at the PE. However, as shown in
the next section, the current density at the CE is confined rather well to the region
right opposite to the PE, which implies that the I; distribution is not a result of
the current density per se. Instead, as explained in the next Section, it is result of
spontaneous adjustment of the current distribution to minimize the overall voltage
loss at the CE side of the cell.

The loss of I3 from the edge region should correspond to bleaching of the color of
the electrolyte in the edge region. We have indeed observed this experimentally by
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visual inspection of the solar cells when passing current though them: the brownish-
yellow color characteristic to the I3 fades in the edge region when the cell is put
in operation. The effect could be seen even in blank cells, consisting of two CEs of
different size, i.e. the PE replaced with a Pt on FTO, electrically isolated from rest
of the substrate by cutting the FTO between the borders 3 and 5 in Fig. 1. This
confirms that the effect is due to current passing in the cell, rather than just the
illumination of the solar cell.

What we have essentially witnessed here both by simulations and experiments is a
color change in the DSC as a function of its operation. This may be an important
issue from the point of view of practical DSC product design. Much of the present
advantages of DSCs over other photovoltaic technologies are based on its unique
visual aspects such as color and semi-transparency, which one might want to fix by
the design, rather than allow them to vary depending on the operating conditions.

Change of the electrolyte color upon cell operation can be important also from the
point of view of accurate performance characterization of DSC. In fact, the present
results may explain why it has been so difficult to obtain a good fit of the IPCE
model of DSC to measured TPCE spectra at wavelengths below 500 nm where the
light absorption by the I3 is strong [43, [44] 33]. Note that IPCE measurements are
taken at the short circuit condition, i.e. when current density in the cell is at the
maximum. According to the present results even relatively low current density can
change the tri-iodide concentration in the active area of the cell, compared to the
equilibrium concentration in separate optical sample cells used for determining the
electrolyte transmittance experimentally. As a result of the I3 accumulation to the
active area, the electrolyte transmittance becomes overestimated compared to the
real situation in the solar cell.

Also the relatively long time to reach a steady state operation, more than 8 minutes
predicted by the simulation, can be problematic, especially in cases where the cell
performance is limited by mass transport in the cell. In practice, the slow lateral
distribution of the electrolyte species in a polarized cell could cause drift in the
cell properties during long measurements. In fact, this could be an explanation
to the drift observed often the EIS data of complete DSCs at the low frequencies
where the EIS spectrum is dominated by the electrolyte diffusion impedance. The
present results gives thus a practical recommendation for building a DSC test cell.
In order to avoid electrolyte drift during the measurements, it is advisable cut the
thermoplastic (e.g. Surlyn) sealant exactly to the size of the PE film, in order to
minimize the edge region in the cell. Note that merely sizing the CE exactly to
the size of the PE (e.g. by laser scribing the FTO), would not be sufficient due to
the practical difficulty in placing such electrodes exactly opposite each other. This
becomes clear from the results in the Section 7.2 below.
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Figure 3: The concentration profile [mol/m?] of I with a cell voltage 0.2 V at
different points in time (0 s, 10 s, 100 s, 500s, 1000 s). The electrodes in the
studied cell had different width as indicated with the borders of the geometry (see
Fig. 1): the counter electrode was full width (2.5 mm) and the photoelectrode
only 2 mm, leaving 0.5 mm of inactive substrate at the PE side (on the left in the
figure). Note that the scaling of the x- and y-axis are different.
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Figure 4: The concentration of I3 as a function of time ¢ in the low right corner
of the modelled domain (Fig. [3). The initial concentration was 30 mol m~3. The
inset shows the up-scale of the first 5 s.

7.2 Current distribution at the counter electrode

In the preparation of a typical laboratory scale DSC, the Pt catalyst is deposited
on the FTO coated glass substrate by drop casting a Pt precursor solution on it.
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In the solar cell, the Pt catalyst covers thus the whole electrolyte wetted FTO
surface bordered by the edge sealant, and as a result the CE is larger than the
PE [42]. Whether this extra Pt at the edge region of the cell contributes to the
overall CE performance in the operating cell is a relevant question regarding accurate
device characterization, but it is important also for the optimization of the cost-
performance ratio of DSCs.

Figure [5| shows the current distribution at the counter electrode in the same sim-
ulation as discussed above. It can be clearly seen that the current density, that is
restricted to flow through the dye-sensitized TiO, film at the PE side, distributes
itself laterally at the CE side only about 50 um beyond the edge of the PE film (Fig.
b). Hence, it can be concluded that the Pt deposited in the edge region of the cell
is almost completely unutilized in the cell operation.

The reason for the confinement of the current right opposite of PE is the very short
distance between the electrodes (5 pm) compared to the lateral dimensions of the
cell, or more precisely, the high voltage losses associated with transfer of current over
long distances laterally in the electrolyte. Note that the current density distribution
adjusts itself to minimize the overall voltage loss in the cell, i.e. the current always
finds the path of least resistance. Here, lateral distribution of the current density
into the edge region at the CE is effectively restricted by increase of the I; mass
transport overvoltage at the CE as a function of distance across which the I3 needs
to diffuse. Indeed, it was shown in the previous Section that I is essentially depleted
in the edge region even at a moderate cell current density. This corresponds to a
mass transport limited condition at the CE surface, making it essentially inactive
in the charge transfer process. A further contribution to the current confinement
comes from the Ohmic resistance in the electrolyte.

To complete the mental picture of the processes behind the present phenomena, we
point out how the dramatic depletion of I3 from the edge region in the operating
cell (Figure [3) results from the principle of spontaneous current distribution that
minimizes the overall voltage loss at the CE side of the cell. This voltage loss is
minimized when the current distribution is as uniform as possible, since this mini-
mizes the local current density at the CE surface. The maximum for the uniformity
is determined by the ability of the current to flow to the edge region. This ability is
limited by the rapid rise in the I3 mass transport overvoltage at the CE for a given
current density, when the current path length is increased, as already mentioned. As
a result, a spontaneous adjustment of the current distribution at the CE takes place,
in which as much current density is passed to the edge region as possible without
increasing the overall voltage loss, but on the contrary decreasing it. In practice,
this corresponds to a local current density at the CE that is right before the onset of
the rapid increase in the I mass transport overvoltage (cf. Figure 14¢ in ref. [14],
the value of which is the lower the longer the distance to the edge of the PE. This
value of the current density corresponds to low I3 concentration at the CE surface,
which explains the depletion of I3 in the edge region.
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The restricted current distribution at the CE has two practical implications. Firstly,
in the performance characterization of DSCs, such as with electrochemical impedance
spectroscopy (EIS), the current density and charge transfer resistance (in Qcm?)
should be calculated based on the area defined by the geometric overlap of PE and
CE, which in practice is normally equal to the area of the PE film. This has been
a standard practice in our case, as justified by qualitative reasoning based on the
internal resistances as discussed above. The present simulation result verifies it
quantitatively.

Secondly, from the point of view of industrial manufacturing of DSCs, the result
implies that distributing the catalyst to larger areas than that defined by the PE
film is waste of catalyst material. Omitting the potentially expensive catalyst at the
edge regions of the cell is thus one way to reduce the manufacturing costs without
effects on the cell performance. Of course, the best solution would be to omit the
edge region altogether, so that the active area losses of the DSC module would be
minimized. However, to which extent this can be realized in practice depends on
the manufacturing tolerances of a given DSC module technology.
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Figure 5: The current profile at the counter electrode in the cases where the
counter electrode is max lenght (here 0-2.5 mm) or matching with photoelectrode
(here 0.5-2.5 mm). a) The whole simulated profile and b) the profile from 0.2 mm
to 0.8 mm.

7.3 Further development and applications

In addition to the edge effects caused by having a larger counter electrode, the
model is applicable for many other situations where there is some asymmetry in the
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structure or operation of the cell. One important case is the segmented cell method
[2, [45], [46], 47], which is a new in-situ technique for aging studies. A typical question
related to segmented cells is how quickly the neighbouring segments affect each
other, and for this purpose both 2D and transient modeling features are required.

The transient feature can also be applied for analysis of voltage and current steps.
Additionally it can be applied to study degradation for instance by introducing
leakages in the form of ion fluxes or sink terms at the boundaries.

It would also be interesting to make a real sized 3D model of a DSC. From the
theoretical point of view this is easy, but the number of elements to be calculated
becomes enormous. The size of the elements is defined in relation to the smallest
dimension. In the case of DSCs, the limiting dimension is the thickness of the
cell. Scaling the model suitably, the dimensions can be adjusted to the same order
of magnitude and the number of studied elements can be reduced to a reasonable
level. In a 3D model it would be possible to take into account also the effects of
sheet resistance of the substrates and current collector grid.

In addition we want to point out how they could in principle be taken into account
to further develop the model. The present model neglects the effect of spatially
varying and current dependent iodide concentration on the regeneration of the dye
(eq. 4 in [14]). In an operating cell under illumination, the iodide concentration at
the photoelectrode is lower than at the equilibrium, as it is constantly consumed
in the dye regeneration while its supply from the counter electrode is limited by
diffusion [5]. The reduced iodide concentration can in principle decrease the dye
regeneration rate and thereby increase direct recombination of electrons with the
oxidized dye, apparently diminishing electron injection efficiency. Although there is
some indirect experimental evidence of injection limitations due to iodide depletion
[5], the significance and theoretical treatment of this effect remains to be clarified.
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& Conclusions

A numerical 2D transient model of dye solar cells was developed using the COMSOL
Multiphysics software. The model includes all the important inner components of
a dye solar cell: the photoelectrode, the electrolyte, and the counter electrode. The
simulated I-V data was verified against the experimental data of a dye solar cell and
a symmetric counter electrode - counter electrode cell. The unique features of the
model are the capability to simulate spatial distribution and transient phenomena.
Here the model was applied to the study of edge effects and revealed that a typical
small blank space (0.5 mm) on the photoelectrode side can significantly change the
distribution of ions and the time to reach steady state.

In a dye solar cell, where the photoelectrode is smaller than the counter electrode,
tri-iodide ions move from the inactive edge region to the active region between the
electrodes when photocurrent is flowing. In a normal homogeneous case, the tri-
iodide concentration at the counter electrode decreases when current is drawn from
the cell. However, in this case with smaller photoelectrode, the excess ions from the
edge region actually over compensated the tri-iodide concentration at the counter
electrode so that it was higher than the initial equilibrium value. Although having
a larger counter electrode significantly affected the ion concentration, it was further
shown that the current was driven at the counter electrode through only about 50
pm larger area compared to the photoelectrode. Furthermore, the examination of
the stabilization time showed that as much as an 8 minutes’ stabilization time was
required even when having only this 0.5 mm misalignment between the electrodes.
The modelled misalignment between the electrodes is quite typical and its effect
on the ion concentration and relatively long stabilization time might explain some
common issues such as the drifts in EIS measurements and problems in the fitting
of IPCE spectra.

In addition to these examples, the model can be used in the prediction electrochem-
ical performance the dye solar cells and in their design. In particular, the model
suits to special cases such as the analysis of segmented cells. The model can easily
be developed further to meet the needs of different specific purposes.
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