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Abstract

We discussed photocurrent of dye-sensitized solar cells (DSCs) with model equations of polymeric solid electrolyte (PSE)-
based and liquid electrolyte-based DSCs. The short-circuit current (J.) was found out to increase even further by either increas-
ing the diffusion coefficient of I and/or I" or decreasing the cell-gap, or both. In particular, the cell-gap dependence of J,
indicates clearly that narrowing the cell-gap is a simple, effective way to increase the J,.. We also discussed the diffusion
coefficient dependence of J .. The back electron transfer from TiO, to an oxidized dye was taken into account and explained the
diffusion coefficient dependence of J,. well. To cite this article: Y. Nishikitani et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Nous étudions la nature du photocourant généré dans des cellules solaires sensibilisées par un colorant a 1’aide d’équations
modélisant les cellules a électrolytes polymere solide et liquide. Le courant de court-circuit (J,.) augmente d’autant plus qu’on
accroit le coefficient de diffusion de I et/ou de I" ou qu’on diminue la distance entre les électrodes. En particulier, le fait que la
valeur de J,. dépende de cette derniere indique clairement que le rapprochement des électrodes constitue un moyen simple et
efficace d’augmenter ce courant. Nous discutons en outre de la relation entre J . et le coefficient de diffusion. Le « rétro-
transfert » de 1’électron de la bande de conduction du TiO, vers le colorant oxydé a été considéré et a permis d’expliquer
pourquoi J,. dépendait du coefficient de diffusion. Pour citer cet article : Y. Nishikitani et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

O’Regan and Griitzel [ 1] made a major breakthrough
in the field of dye-sensitized photoelectrochemical cells
in 1991, and opened up the possibility of practical appli-
cations as dye-sensitized solar cells (DSCs). A typical
DSC comprises a nanocrystalline TiO, electrode sensi-
tized with a ruthenium dye, a Pt-coated counter elec-
trode consisting of a F-doped SnO, substrate, and a lig-
uid electrolyte with a I'/I; redox couple.

DSCs are attractive for next-generation solar cells
because of their potentially high conversion efficiency
and the possibility of lower production cost than that
of conventional silicon solar cells [2]. However, many
things, such as increasing the conversion efficiency even
more and achieving better durability, remain to be done
before DSCs can be put on the market [3—6]. The elec-
trolyte loss caused by the leakage and/or volatility of
the electrolyte solution has been pointed out to be one
of the major problem, which stays the durability of the
DSC low. Various approaches to the problem have been
tried before, and employing polymeric solid electro-
lytes (PSEs) is one of the most promising approaches.
Wang et al. recently employed a PSEs containing
I-methyl-3-propylimidazolium iodide and poly(vinyli-
denefluoride-co-hexafluoropropylene) (PVDF-HFP) to
fabricate a DSC, and a conversion efficiency of the DSC
with 0.152 cm?-active area at AM 1.5 illumination
stayed at 5.3% [7].

We proposed a PVDF-HFP-based PSE film, having
a good ionic conductivity and mechanical strength, for
DSCs. The short-circuit current density (Jsc) of the
PSE-based DSC has a strong dependence on the cell-
gap, and narrower cell-gap gives a higher Jsc. We con-
firmed experimentally that the Jsc of a PSE-based DSC
with a 20 um cell-gap is turned out to be about 97% of
a liquid electrolyte-based DSC [8].

The purpose of this paper is twofold: we discuss the
photocurrent of DSCs, with model equations, focusing
on the diffusion coefficient of I, and/or I, (D) and the
cell-gap, to find a way to achieve a higher conversion
efficiency, and also explain the dependence of J . on
the diffusion coefficient of I, and/or I" in terms of a
back electron transfer process.

2. Experimental

The TiO, (Ti-nanoxide-T, Solaronix) films formed
on a F-doped SnO, substrate (FTO: TEC15, about

15 Qsq', Pilkington) were 10 um thick and 5 x 5 mm
in size. The TiO, substrate was sensitized with a ruthe-
nium dye (0.5 mM ruthenium-535-bis-TBA, Solaronix,
in EtOH). A 30-nm-thick Pt thin film was deposited on
the FTO substrate with the sputtering method, and the
FTO substrate was used as a counter electrode. The lig-
uid electrolyte was comprised of 0.5 M 1-propyl-2,3-
dimethylimidazolium iodide (DMPII), 0.1 M Lil,
0.05 M L,, 0.5 M 4-tert-butylpyridine (TBP), and one
of the following solvents: methoxyacetonitril (MAN),
3-methoxypropionitril (MPN), y-butyrolactone (GBL),
and propylene carbonate (PC). The PSE film consisted
of the PVDF-HFP-based matrix polymer and an elec-
trolyte solution (0.5 M DMPII, 0.1 M Lil, 0.05 M L,
and 0.5 M TBP in GBL). The electrolyte content of the
PSE film was determined from (my—m)/mg; m, and my
are the weight of an as-formed PSE film and a dry,
solvent-free PSE film, respectively.

The diffusion coefficient of I, and/or I" in electro-
lytes were evaluated using the Cottrell equation [9],
i(ty=nFAD,” C,(init)/z"” '"*, where n =2, F is
the Faraday constant, and C(init) is the initial concen-
tration of I,. The current—voltage characteristic was
measured with a potentiostat (1287 Solartron) under
illumination (AM1.5, 100 mW cm2, surface tempera-
ture of the DSC at 27 °C) using solar simulator (YSS-
150, Yamashita-Denso) equipped with a cooling stage.
The current—voltage curves were measured by using
cyclic voltammetry at 10 mV s~'. The cell-gap is defined
here as the distance between the surfaces of the FTO
and Pt layer. We selected a cell-gap by changing the
thickness of either the PSE or spacer film in the case of
a liquid electrolyte.

3. Results and discussion

3.1. Dependence of photocurrent on diffusion
coefficient of 15~ and/or I

The DSC goes through the series of reactions to com-
plete power generation. These reactions are the elec-
tron injection from a photo-excited dye to TiO,, the
electron conduction in TiO,, reduction of I, to I" at a
counter electrode, and the diffusion of I" to TiO, and
the reduction of an oxidized dye to a neutral dye there.
In theory, the maximum conversion efficiency of a DSC
depends solely on an absorption spectrum of a dye used
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(referred to as photon-limiting case hereafter). In prac-
tice, however, part of the electron injected to TiO, anni-
hilates due to a back electron transfer to I, and an oxi-
dized dye. Therefore, the sunlight absorption of the dye
hardly becomes a rate limiting process in power gen-
eration of a solar cell, but the ionic conduction of I™
and/or I in an electrolyte does, for example.

We then derive model equations for J, of DSCs as a
function of a cell-gap and I, diffusion coefficient, and
discuss their effects on the performance of DCSs. To
do so, the model equations given by Papageorgiou et
al. [10] are extended so that we are able to discuss not
only liquid electrolyte-based DSCs but also PSE-
based DSCs. For simplicity, in modifying the model
equations, we assumed the diffusion coefficient of I, in
a PSE to relate with that in a liquid electrolyte through
the form of D = a D, where D and D, are diffusion
coefficients, respectively, of a PSE and a liquid electro-
lyte, and « a liquid electrolyte content in the PSE. The
symbols used to describe the equations are given in
Fig. 1, and summarized in Table 1 for the sake of clar-
ity.

When the photon-limiting current flows, the concen-
tration profiles of I in a TiO, nanopore region (Region

Region: 0 <x=< ¢

633
TiO, Electrolyte
ConplX) Coplx)
£,D, aD,
A X
0 / /+b
Fig. 1. Schematic cross-sectional view of DSC.
Table 1
List of symbols given in Fig. 1
Cop(x) Triiodide concentration in electrolyte at position x
Conp(X) Triiodide concentration in TiO,
Cy(init) Initial concentration of triiodide
Jiim Short-circuit current density (lim: diffusion-limiting
case)
D, Diffusion coefficient of triiode
& Porosity of TiO,
o Liquid electrolyte (LE) content in PSE
¢ TiO, film thickness
b Electrolyte layer thickness

I: 0 < x <¢) and in a bulk electrolyte region (Region II:
€ <x < {+ D) are given below; ¢ is a TiO, film thick-
ness and b is a bulk electrolyte layer thickness.
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Fig. 2. Absorption spectra of three different dyes used for DSC. The
maximum or photon-limiting photocurrent supposed to be achieved
in case of the photon-limiting case for N-719, Black-dye, and 920 nm-
dye are 16, 20.5, and 28 mA cm2, respectively.

Conp(¥) and Cp(x) are I concentrations at a posi-
tion of X, respectively, in a TiO, nanopore electrolyte
and in a bulk electrolyte, and Cy(init) an initial concen-
tration of L;. ¢, is a porosity of TiO,. The equations
become the ones given by Papageorgiou et al. [10] in
the case of a liquid electrolyte, i.e. a = 1.

We calculated the concentration profiles of I in the
DSCs, employing three different sensitizing-dyes and
two different cell-gaps. The two of the dyes are com-
monly used ones in DSCs, cis—bis(isothiocya-
nato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)- ruthe-
nium(Il)  bis-tetrabutylammonium  (N719) and
tris(isothiocyanato)-ruthenium(II)-2,2":6”,2”-terpyri-
dine-4,4",4”-tricarboxylic acid, tris-tetrabutyl-
ammonium salt (black dye), and the third one is a hypo-

N719-dye
200 F g 200
— E -hase —
Cell 2150 £ & PSE-based g 150
L EaP| & 190 £ 100
S0pm | 7 5, = 50
0 0
0 10 20 30 40 50
X pm
200 g 200
S 150 S 150
g F g
Cell gap| £ 149 [ £ 100
20pm | 250 BN, = 50
0 B 0
0 10 20
X um
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thetical dye(920 nm-dye) with a sharp absorption edge
at 920 nm, i.e. the optimal threshold for single junction
solar cells [2]. The absorption spectra of the three dyes
are given in Fig. 2. The maximum or photon-limiting
photocurrent supposed to be achieved in the case of the
photon-limiting for N-719, Black-dye, and 920 nm-
dye are 16, 20.5, and 28 mA cm2, respectively [2].
The I concentration profiles between the electrodes
are shown in Fig. 3. The concentration profiles of I, in
DSCs with 50 um cell-gap indicate that J,_s flow under
diffusion-limiting conditions in all the cases since the
concentration of I, at the Pt-counter electrode
(x =50 um) can not be greater than zero as shown in
Fig. 3. In contrast, the photocurrent of the DSCs with
the cell-gap of 20 um flows under photon-limiting con-
ditions except for the PSE-based DSC formed with
920 nm dye.

We now focus our attention on the minimum diffu-
sion coefficient required to obtain the photon-limiting
photocurrent. The photocurrent flowing under diffusion-
limiting conditions is given in Eq. (4).

ab
I+ —

_ 6¢ FD,C(init) et @)
lim ¢ 1

eb 3/b\’
Sfer af 2\ ¢

The minimum diffusion coefficients for the DSCs,
tabulated in Table 2, are estimated by equating J;,,, to
Jon- The diffusion coefficient I; and/or I” of the DSC

Black-dye 920nm-dye
200
150 &
gloo
B
0 B .
0 10 20 30 40 50 0 10 20 30 40 50
X gm X pm
: 200 E
3 B 100 %
\ =50 F
E ., . 0 E
0 10 20 0 10 20
X pm X pm

Fig. 3. I; concentration profiles between the electrodes.
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Table 2
Minimum diffusion coefficient of I; obtained on 12 different DSCs
Cell gap um D, x 10 cm? 5™
N719 (I, = 16 mA cm™) Black-dye (I, = 20.5 mA cm™) 92 nm-dye (/,, = 28 mA cm™)
solution PSE solution PSE solution PSE
50 4.4 6.4 5.6 8.2 7.6 11.2
20 1.8 2.6 2.3 34 3.2 4.6
with a 50 um cell-gap is required to be twice as high as q (V +R J)
the corresponding value of the 20 um cell-gap DSC. J=J,=J O[GXP {—S} - 1]
P nkT 4)
Therefore, the cell-gap dependence shows clearly that
narrowing the cell-gap is a simple, effective way to _ V+RJ
increase the J. R

3.2. Equivalent circuit analysis of photocurrent in
DSCs

In this section, the short-circuit current density of
DSCs are discussed in terms of diffusion coefficients
of I, and/or I". Fig. 4 shows the current density—volt-
age (J-V) curves for DSCs with four different electro-
lyte solvents; MAN, MPN, GBL, and PC. As shown in
Fig. 4, one of the characteristic features of the J-V
curves is that the entire shape of a J-V curve is similar
to each other irrespective of diffusion coefficients, but
J. values decrease with decreasing the diffusion coef-
ficient of I5 and/or I". The J-V characteristics of DSCs
have been often discussed with an equivalent circuit
depicted schematically in Fig. 5 by analogy with con-
ventional p—n junction solar cells. The equation for the
equivalent circuit is given by Eq. (5) [11].

a Liquid electrolyte-based

16
14
12

NE
RS
<
g
2 10T
Z 8
£ i
S 6 F
5 4L
= r
S 2
0 .
0 0.5 1

Voltage V

sh

Here J,, is the saturation current density, R, the series
resistance, R, the shunt resistance, g the electric charge,
n the ideality factor, k the Boltzman constant, and 7 the
temperature. J;, is mainly determined by the back elec-
tron transfer process from TiO, to I;, and the R, is com-
posed chiefly of the resistance of a FTO thin film and a
nanoporous TiO, film, and ionic resistance of an elec-
trolyte layer. The R, is then given by Eq. (6) since the
resistance of the electrolyte is assumed to change
inversely proportional to the diffusion coefficient of I;
and/or I" in the electrolyte.
R =R,+R =R ¢ (6)

sT Ry TRy =R+ D

In Fig. 6, the series resistance values of DSCs with
four different electrolyte solvents are plotted with the
reciprocal value of diffusion coefficient of I, and/or I".
Series resistance values were obtained from AC imped-

b PSE-based
12
o1 = 0
510 v 78%
i
= 8
E 6
= 4
2 - 63%
5 2 [ (electrolyte content)
0 L 1 1 1 L 1 1 1
0 0.5 1
Voltage V

Fig. 4. Current—voltage curves of liquid-electrolyte-based and PSE-based DSCs.
MAN; methoxyacetonitril, MPN; 3-methoxypropionitril, GBL; y-butyrolactone, and PC; propylene carbonate.
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WD Y

Fig. 5. Equivalent circuit for DSC. R; series resistance, R,; shunt
resistance.

ance spectra [8]. The experimental data (solid-squares)
was fitted well with Eq. (6) (solid-line). The slope and
the intercept at the axis of ordinate of the straight line
give a and R, respectively. Under short-circuit condi-
tions, the relationship between the diffusion coeffi-
cients of I and/or I" and short-circuit current density
was derived into the form of Eq. (7): the third-term of
Eq. (5) is neglected because R, is quite large.
1

9 7
D=a - J +J,=J, R, J )
nkT In ph 0 sc _ q 0 Y sc
J, nkT

V.. and J. are obtained from the J-V curves mea-
sured with various irradiation intensities. V. values
plotted with their respective J,. on a semi-logarithm
scale gives a straight line as shown in Fig. 7, from the
slope of which the ideality factor was obtained to be
about 1.8 for all the DSCs. Fig. 8 gives the J. depen-
dence on the diffusion coefficient in liquid electrolyte-

14
12 r /
e 10 F
o 8
d L
gz °Ff
4T
2 -
0 i 1 | 1 1 1
0.1 0.2 0.3 0.4

1/D X 10° s/em’

Fig. 6. Series resistance values of DSCs with four different electro-
lyte solvents are plotted with the reciprocal value of diffusion coef-
ficient of I; and/or I".

07 F
. i
=06
05 '
0.1 1 10 100

Joo mA/em”

Fig. 7. Relation between short-circuit current density and open cir-
cuit voltage.

MAN; methoxyacetonitril, MPN; 3-methoxypropionitril, GBL;
y-butyrolactone, and PC; propylene carbonate.

based DSCs and PSE-based DSCs. We fitted the experi-
mental data with Eq. (7) using the known ideality factor
of 1.8. The best-fitted curve shown as a solid-line in
Fig. 8 was obtained when the J, was adjusted to
1.06 x 107* A cm™2. This J, value is five to six orders
of magnitude larger than given in previous literatures
[12-14]. A typical J,, value is in a range from 10~ to
10~% A cm2, which was, however, confirmed to repro-
duce the experimental data with Eq. (7) far from satis-
factory. We have been employing the fixed J,;, of
16 mA cm ™2 all the way through the discussion. In prac-
tice, the J,;, value is found out to depend on the diffu-
sion coefficient. Actually a similar J;, dependence on
the ionic conductivity, or equivalently the diffusion
coefficient, of polyacrylate derivative PSEs has been
reported by Yanagida et al. [14]. We then focus on the

o

Jsc mA/em”™

[ ST - - - S |

0 2 4 6 8 10
D *10° em’fs

Fig. 8. Short-circuit current density dependence on diffusion coeffi-
cient of liquid electrolyte-based and PSE-based DSCs. Experimen-
tal data; square, best-fitted curve; solid line. J,, = 16 x 107 A cm™,
n=180,Ry=893Qecm?g=16x10""C, kT=4.11x107"7,
a=1.16x 10" Qcm*s™. J, = 1.06 x 10~* A cm™; this value is about
three orders of magnitude greater than typical values reported in pre-
vious literatures.
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Fig. 9. Schematic diagram of operating principle of DSC. k,, and kg4
are the rate constants, respectively, for back and forward electron
transfer reactions, [n] the electron density in TiO,, [S*] the oxidized
dye concentration, ¢ the electron injection efficiency, @ the incident
photon flux, and A the ratio of absorbed photon flux to @.

back electron transfer from the nanoporous TiO, to an
oxidized dye, besides the back electron transfer to L.
This process is usually neglected because the reduc-
tion of the oxidized dye by I" is assumed to take place
well before an electron in TiO, reduces the oxidized
dye. It is, however, pointed out that this process
becomes not negligible in the case of a DSC with an
electrolyte of low I, diffusion coefficient [12]. This is
because I may not diffuse in nanoporous TiO, freely
and part of oxidized dyes remains unchanged as it is
without being reduced by I".

A schematic diagram of the operating principle of a
DSC under short-circuit conditions is given in Fig. 9.
The operation process is composed of the following
fundamental steps.

Forward electron transfer process:

e the dye absorbs the sunlight and an electron is pho-
toexcited from a ground state to an excited state;

e the electron is injected from the excited dye to a TiO,
conduction band, leaving behind an oxidized dye;
e the electron is extracted through the TiO, conduc-

tion band;
e the oxidized dye is reduced by I, returning back to
its initial neutral state.

Backward electron transfer process:

e part of the injected electrons in the TiO, recombines
with the oxidized dye.

Here, k, and k, are the rate constants, respectively,
for back and forward electron transfer reactions, [n]:
electron density in TiO,, [S*]: the oxidized dye concen-
tration, ¢: electron injection efficiency, @: incident pho-
ton flux, and A: the ratio of absorbed photon flux to @.

The series of equations for photo- and electrochemi-
cal kinetics in a DSC operating under steady state con-
ditions is given below.

d[s” . .
T=¢A D —ky, [n][S7] -k, [T1[S7]=0 ®)
d[n] . o
C(1=) —==9 A Pk nl[ST—k, T[S =0 (9)
Jsc= qkd[Ii] [S+] (10)

The electron concentration in the nanoporous TiO,
at a steady state equals summation of the initial con-
centration of electrons, [n,], at # = 0 and the concentra-
tion of steadily injected electrons from the excited dye.
The balance equation is then

€1 —¢)[nl=€(1—¢)ngl +[5] (1)

where ¢ is the thickness of the TiO, layer.

The short-circuit current density is derived from Eqgs. (8)—(11) in the following form;

4k, pAD
(12)

(1 — sp)

SC 2kb
(1 - ep)

The equation is approximated to be

k, [T k, [T
=#]7q¢m¢— d[ |
ky [ngl + k4 [T7]

ok [ngl 4k, (1] (13)

SC

qkyll] {—(kb[no] + kD + \/(k.,[no] +k D+
J —

because (k, [ny] + ky >4 kyp A D/1(1 - sp).
The Smoluchowski equation gives the relationship

between ky and D, that is, k;=y D A [15]. Although y

was originally assigned to 4 7, y given in the equation
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2
/cm

Jsc 1

D %10 em™/s

Fig. 10. Short-circuit current density dependence on diffusion coef-
ficient of liquid electrolyte-based and PSE-based DSCs. Experimen-
tal data; square, best-fitted curve; solid-line Jph =16x 10°Acm™>,
A=513%x 10" cm, [IT]=5.5x 10~ ecm™" k, =2.74 x 1072 57!,
[ny] = 1.96 x 10'” cm™, 7 =2.35 x 1072

is a constant value less than 4 7 because I can only
approach to S* from a limited solid angle. With the
Smoluchowski equation, J . is rewritten as a function
of D:

y D A[T]

J = 7 (14)
“ky [ngl+y D AI]P

The experimental data shown in Fig. 10 were fitted
well with Eq. (14) by least-squares method. The fitting
parameters thus obtained are as follows:
[no] = 1.96 x 10" cm™, y=2.35x 1072, 1 =5.13 x
108 cm, k, = 2.74 x 107'% 57" The first term on the right
side of Eq. (5) becomes a leading term under short-
circuit conditions because V=0, and J,, in Eq. (5)
should be replaced by Eq. (15) then;

_ yDAr]
Cky[ngl+yD AT (15)

V+R_J V+R . J
—Jy|exp —q( = ) -1 - —
nkT R

It is concluded that a back electron transfer from
TiO, to an oxidized dye also appear to influence on J,
particularly when diffusion coefficient of I; and/or I" is
low enough for an oxidized dye to be reduced before
the back electron transfer reaction occurs [12].

The electron injection efficiency and incident pho-
ton flux are assumed to be constant all the way through
the discussion because the electrolyte compositions

used are essentially same in all the samples except for
the matrix polymer and solvent.

4. Conclusion

We discussed photocurrent of DSCs with model
equations of the two types of DSCs, choosing three dif-
ferent sensitizing-dyes; N719-, black-, and 920 nm-
dyes. The J. is found out to increase even further by
either increasing the diffusion coefficient of I; or de-
creasing the cell-gap, i.e. €, or both. In particular, the
cell-gap dependence indicates clearly that narrowing
the cell-gap is a simple, effective way to increase the
Jeo. The J J.’s of the DSCs studied here reach quite
close to the J,y,, if the cell-gap is reduced to 20 um. The
J-V characteristics of the DSCs were discussed by anal-
ogy with conventional p—n junction solar cells. We also
discussed the diffusion coefficient dependence of J,..
The back electron transfer from TiO, to an oxidized
dye was taken into account, which explained the diffu-
sion coefficient dependence of J . well.
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