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In this work, we study the characteristics of dye-sensitized solar cells using an ionic liquid as the electrolyte
and compare them with the response of a solvent-containing electrolyte cell. Impedance spectroscopy is used
to derive the key circuit elements determining the photovoltaic performance of the cell. On the basis of this
data, photocurrent voltage curves are calculated and compared with experimental results.

ring in liquid electrolyte and ionic liquid based DSCs with their
. effect on the factors that govern the efficiency of the device

Dye-sensitized solar celis(DSCs) have attracted much . e rebuild thé—V curve of the solar cells from impedance
attention in the research for an alternative and low-cost energy y5ia and relate them with the elements in the classical solar
source. Over 11% efficiency has been reached with the use of .o|| mogels.

organic electrolytes as hole conduptmg mé(ﬁgHowever Itis important to determine in detail the operational properties
yolatlhty of t_he _solvent_s emp!oyed IS @ major ISsue for_ the of the DSCs with RTILs, since their performance has not yet
Implementation in long-life devices: Several options are being  ro4cheq that of the DSCs-containing organic electrolytes. This
investigated to .substltute the organic soll\:)ent-cqntalnlng elec- study employs impedance spectroscopy as a tool to scrutinize
trolytet by akSO“d (t)r: low VOI?t”'ty phtas%f. Ir; th|s_ re_sp?_ct, id the salient factors governing the performance of RTIL-based
r?zc':l'elrL] V\;OI’ 3 on the .US% 0 Iroom-”emggrg ure ionic ICI]UII S DSCs. The central emphasis of this work is to identify the key
( | S)tn?rm ye-sensitized solar cells ( s) Is particularly - gjecyric circuit elements determining the steady-state functioning
relevant. . ) of the solar cells and to explore what may be done to improve
RTILs are promising for many electrochemical systems such them_ we shall also compare two different RTIL compositions

as actuators, batteries, supercapacitors, electrochromic windowsyjith the behavior of DSCs based on standard liquid electrolyte.
displays, photovoltaic cells, and light-emitting electrochemical

cells. From the electrochemical point of view, ionic liquids have 3 Experimental Section

excellent properties: they exhibit high-ionic conductivity and ) _ _

wide potential windows42° Furthermore, they are nonvolatile, Electrochemical measurements were carried out in a two-

nonflammable, and have high thermal stability, making them electrode configuration, keeping always the platinized elegtrode

especially suitable for long term outside DSC applications as counter-electrode. Impedance and voltammetry experiments

avoiding problems such as leakage and evaporation of thewere performed on an Autolab general_purpose electrochemical
organic solvent that are notorious for conventional solvent- (AUT30.FRA2-AUTOLAB, Eco Chemie, B.V., The Nether-

1. Introduction

containing electrolytes.
In the study of DSCs, classical diode models applied in solid-
state solar cells are also uséddowever, interpretation of the

lands).
Table 1 presents the configurations and photovoltaic param-
eters of the cells measured. Blank samples with RTIL sand-

parameters obtained from these models and their relationshipWiched between asymmetric transparent-conducting oxide (TCO)
with the physical chemistry fundamental processes governing@nd Pt-activated TCO and symmetric Pt-activated TCO elec-
the performance of the cell is not always provided. Recent works rodes (spacers before melting 2én thick) were used to

based on impedance spectroscopy have described the effect offi€a@sure electrical properties of the mixed ionic liquid electrolyte

thei—V characteristics of several interfacial charge-transfer and
transport mechanisms occurring in D&C26 In this work, we

Z380 (N-methylbenzimidazole, nMBI, 0.5 M, guanidinium
thiocyanate 0.12 M, and iodinef10.2 M in 1-methyl-3-

associate all the characteristic electrochemical processes occurPropylimidazolium iodide and 1-methyl-3-ethylimidazolium
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thiocyanate, 65:35 percent volume ratio) and the pure ionic salt
electrolyte 2594 (nMBI 0.5 M, and;10.2 M in 1-methyl-3-
propylimidazolium iodide, MPII).

DSCs were prepared from a 6/n nanoporous Ti® (n-
TiO2) plus a scattering layer of 4m deposited on fluorine-
doped tin oxide glass (FTO-glass). The K-19 #yavas
employed as a sensitizer and was adsorbed from a solution of
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TABLE 1: Sample Configuration and j—V Characteristics 107 - Y
at 1 Sun AM 1.5 lllumination E L 4

Jsc Voc FF n 105 _;
sample configuration (mAcm3) (V) (%) 3
7380 TCO//z3801//Pt 105 - -2
7594 TCO//Z594//Pt I
P380 Pt//Z380//Pt c ] I <
P594  Pt//Z594//Pt ~ 10% 5 - 0 E
C325 TCO//n-TiO2 + dye//z325//Pt  17.06 0.762 0.72 9.64 e 3 F =
C380 TCO//A-TiO2+ dye//Zz380//Pt  13.99 0.707 0.71 7.05 1 I
C594 TCO//n-TiO2 + dye//z594//Pt  13.07  0.678 0.71 6.27 10° 4 L o
a mixture of acetonitrile/butanol (50/50 v/v) along with 102 ﬂ
phenylproprionic acid (PPA) as a coadsorbent, both having a L 4
concentration of 5< 104 M. Apart from the two solvent-free 101 1
ionic liquids, a solvent-based electrolyte, coded Z325, was LA
employed containing 0.6 M 1-methyl-3-propylimidazolium -15-10-05 00 05 10 15
iodide, 0.5 Mt-butyl pyridine, and 0.03 MJlin a 3:1 mixture . .
(v/v) of acetonitrile and valeronitrile. Characteristics of each Applied Potential / V

sample are summarized in Table 1. Al Ce”S_had an active al’eaFigure 1. Leftaxis: the total resistance (black circles) and its different
of 0.28 cn#, and the samples were sealed with@b hot melt  contributions of the z594 blank cell with pure MPII ionic liquid
spacers. Characteristic performance parameters of the cells irelectrolyte from impedance and the total resistance obtainedifram
Table 1 were taken with a 0.16 émask and a 1000 W xenon  curve (black line). The contribution from charge-transfer (green squares)
lamp filtered to AM 1.5 conditions. All the other electrochemical dominates the central potentials plotted while diffusion resistance (red
measurements were done using a 50 W halogen lamp as "ghtcircles) dominates_at the_extremes, where high currents are passing
source. Note that for these measurements, when we speak o hrough the cell. Right axis: the dashed blue line represents-tkie

. L . urve of the same cell.
0.5 sun and 1 sun illumination we are referring to 500 W2m
and 1000 W m? intense halogen light, respectively, but not to
standard air mass 1.5 solar emission conditions. Viscosity
measurements were carried out at®®0on a Haake microvis-
cosimeter, VT 500 viscositester.

necessary to reduce the film thickness and increase the triiodide
concentration, although the latter brings about other losses due
to light absorption byJ and enhanced dark currents.
At small applied potentials, however, the current limitation
3. Results and Discussion is due to the charge-transfer process from the electrodes_(mainly
] o o ) the bare TCO) to the redox couple in the electrolyte. This may
First we address the ionic conductivity of the RTILs. Figure pe observed in more detail in the impedance spectroscopy results
1 shows theé—V curve of Z594 electrolyte blank sample. Here = shown in Figure 2. At intermediate potentials, the spectra show
the Z594 is contained in an asymmetric sandwich cell composedtyo arcs. The main contribution to the first (high frequency)
of two identical FTO glass electrodes, one being platinized semicircle arises from the parallel connection of the coupling
(acting as working electrode) and the other not (being the petween the Helmholtz capacities of both electrodes and the
counter and reference e|eCtrOde) The Characte“stlc mass-transfeé|ectr0n_transfer res|stance Of the bare TCO e|ectr0de The
limitation of the current is observed at high enough potentials, charge-transfer resistance of the platinized TCO counter elec-
either positive or negative, the sign referring to the Pt-covered trode was observed to be relatively small, presenting little
FTO electrode. This saturation of the current dengity, due  changes with potential in comparison to bare T&€®@he second
to the transport of the ionic carriers from one electrode to the (low frequency) arc corresponds to the diffusion pf(holes)
other through the whole electrolyte allows to us calculate the i, the electrolyte.
diffusion coefficient of the ], as its concentration is much Figure 2b shows that the high-frequency arc augments in size
lower than I', in the cell by means of the expressid# with decreasing voltage, reflecting the increase in the charge-
| transfer resistance at the TCO electrolyte interface in the
D, = Fj"m 1) asymmetric cells. By contrast, the triiodide diffusion arc
Gs decreases in size and eventually merges with the growing
charge-transfer semicircle. At cell potentiafslov and above,
wheren = 2 is the number of electrons involved in the the diffusion arc dominates the overall spectrum leaving the
electrochemical reduction of triidiode at the electrofeis interfacial charge-transfer effects as a small contribution at high
Faraday's constant; is the concentration per volume unit of  frequencies (Figure 2c). As noted above, the symmetric blank
I3, assumed uniform along the whole cell, drid the distance cells present a smaller high-frequency arc, due to the joint
between the electrodes. Considering that all greddded to the  contribution of both electrodes, that remained nearly constant
electrolyte is converted tg; land thatl ~ 20 um, electrolytes at all the voltages applied (Figure 2d,e). This allows us to
7380 and Z594 yield,_ = 3.0 x 1077 cn? st andD,_ = 1.9 observe the characteristic low-frequency spectrum of impedance
x 1077 cm? s71, respectively. The ratio of the diffusion at all the potentials. When increasing the potential, the diffusion
coefficients agrees quite well with the difference in the arc followed the same trend as for asymmetric blanks, and for
viscosities of the two ionic liquids: 135 cPs for the mixed similar currents passing through the blank cells the diffusion
electrolyte and 285 cPs for the pure MPII electrolyte. spectra presented the same aspect both in the asymmetric and
These values of diffusion coefficient show a first difference Ssymmetric configuration (Figure 2d,e).
of the RTIL with respect to solvent-containing electrolytes as  Within a very good approximation, these impedance spectra
they are around 2 orders of magnitude lower than in acetonitrile. may be modeled by a standard Randles equivalent cituit,
To avoid mass-transfer limitation of the photocurrent, it is indicated in Figure 2aRstcorepresents the series resistance of
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Figure 2. (a) Equivalent circuit of blank cells. (b) Impedance plot of asymmetric Z594 blank cell at several potentials in which the high-frequency
arc corresponding to the parallel combinationRef and Cy dominates. (c) The same in the region in which the low-frequency arc due to the
diffusion impedanc&y dominates. (d) Comparison of asymmetric (red dashed line) and symmetric (solid black line) cells at 0.6 and 0 V, respectively.
The spectrum of the asymmetric cell has been displacedB4® to match the diffusion impedance. (e) The same as in (d) but at 1.1 V for the
asymmetric and 0.3 V for the symmetric blank. No displacement has been used in this case.

leads and TCO (it is the resistance at which the first arc starts), From Figure 1, the direct current (dc) and alternating current
R, is the sum of the charge-transfer resistances of both (ac) results match very well, given that different methods were

electrodes (the width of the first arc in Figure ZJ,is the employed to measure them.
coupled capacitance mentioned above, Zns the diffusion There are two important features in Figures 1 and 2 that affect
impedance given by the application of RTIL in DSCs. The first, observed in Figure
2d, is thatRy presents a minimum value @V in the symmetric
_ _ tanh (w/wy) @ blank. This is also suggested in Figure 1 at arowidV for
Za= Ry jolwy the asymmetric cell at whicRy tends to stabilize to the same

threshold value. The characteristics of the impedance spectra

whereRy is the diffusion resistance (the width of the second do not allow to follow the behavior of diffusion resistance to
arc in Figure 2),j = v—1, w is the angular frequency of lower potential values in the asymmetric cell. The second is
measurement, andg = D/L2, with D being the diffusion that when the currents passing through the cell exceed a certain
coefficient and L being the effective thickness of the film, which threshold value, in this case= 4 mA/cn? at 18°C, Ry tends
is taken as half of the thickness of the sanplBata obtained ~ to rise exponentially.
in both configurations gave the same result and fit well to this ~ Figure 3 shows the impedance spectra change of a fully
model (see Supporting Information, Figure S.1). Using eq 2, functioning DSC. A new arc appears at intermediate frequencies
we have calculated for electrolyte Z38D}, = 2.2 x 1077 cn? between that of the counter electrode and diffusion due to the
s 1, and for electrolyte Z594), = 1.9 x 107 cn? 5%, which contribution of the dye-sensitized nanocrystalline Fi®m
agree with the data obtained above from the steady-statecomponent of the cell. At certain potentials, this intermediate
measurements. arc completely dominates the impedance of the sample, and it

The knowledge of the diffusion resistance allows us to IS Possible to recognize the characteristic shape of transport and
compare the results of impedance analysis with those from the'€combination through the semiconduéto(Figure 3c). Note
i—V curve. The derivative of thie-V curve provides the overall ~ that although only one of the samples is shown here, this

resistance of the cell through spectrum is observed for all of them.
The equivalent circuit of the complete cell may be then
Ry = — (ﬂ)’l 3) represented by a transmission line model as indicated in Figure
otal dv, 4a2322|f we takeL as the thickness of the nanoporous TiO
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Figure 3. (a) Impedance spectra of sample complete DSC with the
mixed RTIL, C380, at 1000 W cn? and different applied potentials.
(b) The same sample polarized at 0.75 V and different illumination
conditions. (c) At 0.5 V in the dark, the characteristic spectrum
accounting for the transmission line equivalent circuit is observed. The
straight line at high frequencies in the inset accounts for transport in
TiO2, while the big arc at low frequencies accounts for charge-transfer
from TiO; to the electrolyte (charge losses).

film, the most characteristic elements of the transmission line
are the electron transport resistance in Ji& (= riL), the

J. Phys. Chem. C, Vol. 111, No. 17, 2006553

interfacial charge recombination resistafiGe,, (= re/L), and

the chemical capacitance produced by the accumulation of
electrons in the filmC, (= c,L).3? The other elements in the
equivalent circuit model that describe additional processes in
the DSC are the charge-transfer resistaRgand the interfacial
capacitanceCp; at the platinized counter electrode/electrolyte
interface, the charge-transfer resistanRe-o for electron
recombination from the uncovered layer of the TCO to the
electrolyte, the sheet resistan& of the conducting glass
(TCO), the capacitanc€rco at the exposed FTO/electrolyte
interface, the resistand®c and the capacitandgco at TCO/
TiO, contact, and finally the impedanggso with dc resistance

R4 showing diffusion of the redox species in the electrolyte.

The shape and characteristic evolution of the impedance
spectra and equivalent circuits of DSCs have been described in
detail previously?326 Under high-illumination intensity, the
transport resistance becomes negligible and the complete
equivalent circuit may be simplified as in Figure #4At high
potentials, the equivalent circuit of the working electrode further
reduces to a simple arc generated by the chemical capacitance
of TiO, in parallel with the charge-transfer resistance of JiO
to the electrolyte (the width of the central arc in Figure 3a,b),
represented by, in Figure 4b. On the other side, at the
lower potentials the Ti@ becomes an insulator and the
impedance is dominated by the parallel combination of the
double-layer capacitance at the bottom of the pores of the
nanostructured matrix and the charge losses from TCO to
electrolyte,R.itco. The overall charge-transfer resistance as-
sociated to the cell is then the parallel combination of bBth,
= RCtTco”RCtTioz-

We will focus our attention on the evolution of the different
resistances contributing to the total resistance of the sample, as
they will determine the steady-state behavior of the system.
Figure 3a shows Nyquist plots measured under 500 3V/m
halogen light. The size of the low-frequency diffusion arc grows
with forward bias (i.e., with increasing current). Meanwhile,
Retnop the resistance of interfacial charge-transfer from the, TiO
to the triiodide in the electrolyte, decreases due to the increase
of the electron concentration in the Ti& The high-frequency
arc remains nearly constant. This arc is due to the coupling
between the capacities of the counter electrode and the TCO/
electrolyte interface at the bottom of the Ti@Im (Cc is
assumed to be negligible) witR., the resistance given by the
sum of the counter electrode/electrolyte and TCOLTiider-
face? (R, = Rpt + Ry, is the width of this arc).

The effect of the light intensity on these parameters is shown
in Figure 3b in which one sample is kept &0.75 V under
different illumination conditions. All the arcs strongly decrease
in size with increasing light level. One of the reasons for this is
the heating of the cell by the halogen lamp. The increase of
temperature accelerates the interfacial charge-transfer ip TiO
due to the inverse proportionality in eq 4 and als&gafor the
same reason. On the other side, this increase of temperature
also reduces the viscosity of the electrofjtand as a direct
consequence diminishes the diffusion resistance, which is
proportional to viscosity, and increases the diffusion coeficient
(see Supporting Information).

The rise of the local triiodide ion concentration in the pores
under illumination also contributes to the decreas®goBs it
accelerates the recapture of conduction band electrons by the
redox electrolyte. An additional effect of the light exposure is
that the transport resistance of the Fi®m, 23 which is present
in the dark, becomes negligible.
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Figure 4. (a) General transmission line model of DSCs. Thes the charge-transfer resistance of the charge recombination process between
electrons in mesoscopic Ti@llm and I in electrolyte;c, is the chemical capacitance of Ti@im; r; is the transport resistance of electrons in FiO

film; Zy is the Warburg element showing the Nernst diffusion ofri electrolyte;Rs and Cp; are the charge-transfer resistance and double-layer
capacitance at the counter electrode (platinized TCO gl&s); and Crco are the charge-transfer resistance and the corresponding double-layer
capacitance at exposed TCO/electrolyte interf&e;andCco are the resistance and the capacitance at TCQ/Jadtact;Rs is the series resistance,
including the sheet resistance of TCO glass and contact resistance of theisé¢le thickness of the mesoscopic Tifdm. (b) Simplified model

at high illumination intensities.

Figure 5 shows the results of the measured diffusion resistance The charge-transfer resistance of cells with ionic liquid, shown
at these potentials, both in the dark and under 1000 W m in Figure 6a, presents three regions. Below 0.35 V, charge-
illumination, for the samples with the two different RTILs and transfer is dominated by losses from FTO back-layer that still
the solvent-containing electrolyte cell. The comparison between occur despite the coverage after treatment with JiBbwever,
the two kinds of cells shows clearly that the solvent-containing given the values they have at these potentials, these losses have
electrolyte has a loweR, that furthermore changes more slowly a minor effect on the efficiency of the cell, even for the case of
than for the RTIL. the liquid cell that presents smaller values probably because of

The dependency on the potential may be understood in termsa poorer quality on the back-layer.
of the data obtained previously for the blank cell (Figure 1).  Above 0.35 V, the slope in the exponential potential
When the absolute value of the current increaBRgsises. The dependence of charge-transfer of ionic liquid cells increases,
minimum of Ry occurs when no net steady-state current is indicating the change to the region in which charge-transfer from
passing through the cells and when it is only given by the small TiO, to electrolyte dominates the losses in the cell.
ac modulation. Thus, this minimum provides a good estimation At the higher potentials, the slope decreases. This effect is
of the open circuit potential of the cell. due to the contribution of the series resistance of the cell that

As pointed out above, the difference between dark and becomes of the same order of magnitude as charge-transfer
illumination is related to changes in temperature and local resistance. Correcting for the potential drop produced by this
triiodide concentration in the pores. Exposure to a high-intensity series resistance, it is possible to extend the observati®y of
halogen lamp lowers the viscosity of the ionic ligtfithereby for the real values of the potential in the electrode, Figure 7a.
increasing the diffusion coefficient obtained from the fit of Furthermore, in the case of liquid cell C325 series resistance
impedance data, Table 2, and redudigFigure 5. The faster  correction allows us to observe the transition from the region
progression of the diffusion coefficient for the cell with the pure in which losses from FTO dominates to the one in which they
ionic liquid shown in Table 2 agrees well with the relatively are due to TiQ
bigger decrease in the value of the diffusion resistance of this Charge-transfer follows at moderate potentials the Buttler
sample with respect to the mixed ionic liquid one. Volmer relationship that yields 3

Comparison of charge-transfer, capacitance data, and recom- .
bination time obtained from impedance for the different samples _1 Ojrec| * _ exd — ﬁ(E e )
are plotted in Figure 6 for the liquid, C325, and the different Ra= o dE.] Ro kgTH recod)
ionic salt electrolytes, C380 and C594, at 1000 W2m
illumination. wherejrec is the recombination (or losses) curreBg, is the
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Figure 5. Diffusion resistance under 1000 WAtilumination of DSCs 100
(&) and in the dark (b) employing RTIL mixed Z380 (red inverted
triangles), pure MPII Z594 (green squares), and liquid Z325 (black fj
circles) electrolyte in the complete cells. @ |
E 10_1 E
TABLE 2: Change in the Effective Diffusion Coefficient = 3
with Heat Produced by lllumination, Assuming That c ]
I; Diffuses along the Whole Thickness of the Cell g 102 -
cell in dark at 500 W m2 at 1000 W m?2 pud 3
C594 15x 10 7cnmPs? 2.7x 107cs? 53x 107 cnPs? o ]
C380 2.5x 107cn?s? 4.8x107cnms? 8.3x 107 cmPs? g 1072 -
o E
o
position of the Fermi level of electronEeqgox is the energy of 104 ‘ . , . .
the redox coupleEr — Eredox = €V wheree is the electron ' ' ! ' !
charge andV the potential at the electrodg, is the transfer 00 02 04 06 08 10
coefficient,Ry is a constantgg is the Boltzman constant, afid )
is the absolute temperature. Potential / V
Calculation of the transfer factor from Ti@ecombination Figure 6. Values of the charge-transfer resistance (a), capacitance (b)c
resistance give$ = 0.78 for the ionic liquids ang = 0.70 for and recombination time (c) at liquid, C325 (black circles), and ionic

the liquid electrolyte. An important result in Figure 7a is that lectrolytes mixed C380 (red inverted triangles) and pure MPII C594
. . . ..~ . (green squares) cells under 1000 WAilumination with halogen lamp.

at high potentials, the charge-transfer resistance of ionic liquid
cells drops below the values of the liquid one. These larger window of potentials to obtain information about the relative
charge losses limit the open circuit potential to lower values in position of the conduction barfd Results forR; from the fit to
ionic liquid cells, although ionic liquid cells have their conduc- the transmission line model in Figure 4a are plotted in Figure
tion band at a slightly higher value than the liquid cell, as may 7b indicating that ionic liquid samples have their conduction
be seen from the transport resistance in the dark shown in Figureband at nearly the same place, while the liquid cell has it
7b. approximately at a 50 mV smaller potential.

In the absence of illumination, evolution of transport resis-  The much higher capacitance found for the organic solvent-
tance of electrons in TiPmay be observed in a wide enough containing electrolyte compared to the ionic liquids, Figure 6b
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Figure 7. (a) Recombination resistances of Figure 6a after series
resistance correction. Despite previous result, onsBg;starts at more
negative potentials in the case of liquid cell. (b) Transport resistance
evolution for liquid electrolyte (black circles), and molten salt
electrolytes mixed C380 (red inverted triangles) and pure MPII C594

0.0

(green squares) samples in the dark. Conduction band in liquid cell is

at 50 mV lower potential. (c) Cyclic voltammetry in the dark showing
localized intraband state for liquid electrolyte cell (black dashed line)
and for mixed ionic liquid electrolyte (red solid line). The shape of the
peak during the reverse bias indicates little recombination.

indicates a higher density of accessible electronic states within

the film or at the interface. The capacitance of the film at the

Fabregat-Santiago et al.

2
Cﬂ = % eXF{%(EFn B Ecb)]

where Eg, is the energy of the conduction band aadis a
constant related to the distribution of electronic states below
the conduction ban? Part of this capacity increase is thus
caused by the downward shift in the conduction band position,
which agrees with the larger short circuit current observed with
these cells, as shown in Table 1.

Additional capacitance contributions may be introduced by
localized electronic states in the TfQas pointed out by the
peaks in the cyclic voltammogram appearing at around 0.4 V.
The intensity and reversibility of the peaks is influenced by both
the TiCl, treatment and the solvent interaction with the surface.
In our case, the slight displacement of the small bump of the
C380 ionic liquid with respect to the big peak in liquid cell
C325 agrees well with the band shift and a poorer F@kting
as described above.

The effect of this extra capacitance is clearly seen in the case
of the impedances of the ionic liquid cells, as a large distortion
from the expected exponential behavior due to the chemical
capacitance of the charging of the exponential density of states
in TiO.. In the case of the liquid cell, however the capacitance
is already so high that this contribution becomes negligible,
although from the voltammetry data of the fresh sample we
could expect it to be larger that in the ionic liquid case.

The product of the charge-transfer resistance and the chemical
capacitance corresponds to the electron lifetiye,RC,.. From
Figure 6¢ is much larger for the solvent-containing electrolyte
than for the ionic liquids especially at potentials close to the
Voo, and this is one of the reasons why photovoltatic performance
of the former is superior to that of the latter cells. Electrolyte
in C380 presents a slightly higher recombination time than in
C594, which contributes to a higher efficiency of this cell.

These data, combined with theV characteristics, give a
detailed picture of the situation in the cell. In all cases,
recombination time at short circuit is very similar and relatively
high, even at 1 sun. However, the short circuit current is much
higher in the liquid than in the ionic salt devices (Table 1).
Two reasons may influence this result. On one hand, greater
losses in the Ti@due to shorter diffusion length (Supporting
Information, Figure S.2) and on the other, a lower injection from
the dye due to either reductive quenching by iodide or the small
shift in the conduction band®.

Evaluation of the impact of the resistances obtained from
impedance measurements of the different cells may be done by
analyzing their effect in the-V curve. Let us consider how to
construct thei—V curve starting from the different cell
resistances. Taking into account that the total resistance is the
sum of all the contributionsRiotal = Rs;co T Re + Ret + Ry,
and thus depend strongly on the potential, using the current at
short circuit,ls;, we can obtain the current crossing the sample
at a certain potential through

®)

(6)

Alternatively, we can calculate the potential given by the cell
(or necessary to apply to it) at a certain current from

V=-— sc Rrota i (7)

potentials presented is given by the sum of the capacitance at Excellent agreement is found between the results from

the interface and the chemical capacitance of the film given
by23,32

impedance and the originatV curve at the two illuminations
applied over sample C594, as shown in Figure 8.
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Figure 9. (a) Standard equivalent circuit for a solar cell. (b) Simplified Potential / V

equivalent circuit applied to DSC. Figure 10. Evolution of simulated—V curves with the change of

overall series resistance (a), charge-transfer resistance (b), and ideality

To explain the differences between the tiveV curves, we factor (c). Short circuit current is fixed at 10 mA.

now have to adapt our equivalent circuit of ac impedance to

main elements in the steady-state equivalent circuit of a solarjle |, and V. remain constard-25 diminishing the overall
cell, shown in Figure 9a, are a current source accounting for efficiency of the cell (Figure 10a). The transition gf from
electron injection from light, a series resistance accounting for y,gjues dominated bYshun to Values given byrgiods Which is
contacts a_nd wires, and a diode accounting for che_lrge crossingeontrolled byls in eq 8, produces changes\ig. Therefore the
the. selective contaét. We may represent the diode as a ggonery,qreaches low values, the smalléy. becomes (Figure
resistance by the following: 10b). The last parameter to be analyzed in this model is the
v ideality factor. At a giverVy, the larger then is the lower the
I diode = FF is (Figure 10c). This fact reduces the importance of the effect
iode e A . .
| £ _v| = 8 of Rs (Figure 10a), which is very strong when= 121
ex (8) . :
mkT In the case of the DSC, the value Gf is related with the
total series differential resistanBe = Rs,., + Rc + Ry through
the equation

wherels is the saturation current of the junctiof,= V + irs
is the potential at the extreme of the diode, ami$ the ideality
factor of the diode. In many cases, a resistance in parallel to 1 i 1 e _
the diodefshuns is added to account for charge losses near short rg= T flsc Rydi = “Jo Ry di (9)
circuit conditions that dominates the value of the parallel branch P
at low potentialg! To simplify the notation of this circuit, both ) )
I giode aNdTshuntmay be substituted by an equivalent resistance, whlle Fhe .parallel resistance (electron losses due to the forward
re, connected in parallel to the current source (Figure 9b).  Pias) is given b

Let us examine the influence of the different resistive ) )
elements in the solar cell characteristics. The model presents rp= LI‘ R, di = _lf'P R di (10)
several behaviors depending on the valuesahdrp, as shown lgo— 1 lse Ip/0
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Figure 11. (a) Values of charge-transfer resistance (symbols) and series Figure 12. Changes in current limit in blank, ionic liquid, symmetric
resistance (dashed lines) in C380 sample at different illumination samples P380 (a), and P594 (b) due to temperature.

conditions. Series resistance presents small variations with potential

and is higher at the lower light intensity. For potentials smaller than TABLE 3: Evolution of Diffusion Coefficient and Resistance
0.4-0.5 V, series resistance may only be estimatedi-{) curve in (at 0.1 V) for the Two lonic Liquids at Different

this sample at 1000 W md and simulations (dashed lines) for the cases Temperatures
without series resistance and diffusion resistance.

Dpsoa Dp3so Rd psos Ra pago
temperature  (cn?s™) (cn?s™) (Q) (Q)
As we haye seen, Fhe charg.e-trans.fer resistance ineq 10 hasan  g.c 0.7x 107 13x107 73 42
exponential behavior associated with the charge-transfer atthe  18°c 1.5% 107 28x 107 25 16
oxide/liquid interface (and not with the existence of a semi- 25°C 2.0x 1077 3.4x 107 14 12
conductor p-n junction). In these interfaces, rather than the = 35°C 34x 107  56x 107 7 7
45°C 5.6x 1077 7.9x 107 4 4

ideality factor, a transfer factg# = 1/mis used. In our case,
after thers drop correction, we have fouri= 0.78 (n= 1.3)
for liquid ionic cells, ang3 = 0.70 (n = 1.4), which are better
than the previously reported value pf= 0.5 (m = 2).23 o R
~ The use of integrated resistances, Figure 11a, allows us to Itiﬁ%uld also be mentioned that in the case of low-working
interpret the differences between theV curves in Figure 8. temperatures, limitations to transport may occur due to the
The decrease iRy and R at different illumination intensities  gecrease of diffusion coefficient and increase in diffusion
reduces the value af providing the small change observed in  resistance, yielding to lower FF. This is seen in Figure 12 that
the slope of the curve-V at potentials near the open circuit.  shows the evolution of diffusion-limited current with the
This effect facilitates maintaining a high FF, despite the increase temperature for the symmetric blank cells. From these data, the
in the current passing through the cell at higher illumination diffusion coefficient could be calculated at the different tem-
intensities. However, this compensation is small due to the fact peratures, as shown in Table 3.

that the larger differential resistands;., = 16 Q remained The strong dependence on temperature of diffusion resistance
constant. In Figure 11b, we have plotted th&/ curve for C380 s plotted in Figure 13. Together with the effect of temperature,
and simulated thé—V curves that could be obtained after the increase of the resistance at higher voltages (currents) is
eliminating only the diffusion resistance (red line) or the total again obtained as in Figure 1. Data in Table 3 reveals that
series resistance (green line). In the first case, FF increases 9%cdespite the difference in diffusion coefficients, at high temper-

while in the second case the improvement is 28%. The main
contribution to the reduction in FF (15%) has to be attributed
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different applied potentials for blank, ionic liquid, symmetric samples
P380 (a), and P594 (b). At*®, the resistance becomes large, especially
in the case of the pure electrolyte Z594.
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better understanding of the THICO layer is needed. Fdrp,

an increase of the effective surface of Pt at counter electrode
(i.e., by using a rough layer) may diminish the value of this
resistance.

e Increasing the parallel resistance, which requires a reduction
of recombination, or even better, shifting the onset of the
exponential decrease Ry, toward higher potentials. Both
aspects may be achieved at the same time by covering TiO
with an insulating layer as AD33¢ Further reductions of the
charge-transfer resistance may be obtained by decreaging |
concentration to a level compatible with the diffusion of holes
in the electrolyte and by diminishing the film thickness. This
last procedure demands the use of higher extinction coefficient
dyes than the ones used here to avoid a decrease in the absortion
of the incident light.

4. Conclusions

The characteristics of several configurations of dye-sensitized
solar cells have been studied by ac impedance and steady-state
methods. The effect of recombination and series resistances on
the photovoltage and FF of the DSC have been studied in detalil
and related with standard models for semiconductor solar cells.

Differences between the efficiency of a DSC with an ionic
liquid as electrolyte and with a solvent-containing electrolyte
have been found to be: (i) The lower injection of electrons from
the dye to the TiQ that may be due to;l competitive
absorption of light, smaller dye regeneration withlarger self-
recombination in the dye, and a small shift in the conduction
band position with ionic liquid electrolyte. (ii) The smaller open
circuit photopotential given by both the smaller electron injection
and smaller onset potential Bf; in liquid ionic cells that yield
also to a higher recombination time at Bi€lectrolyte surface.

(iii) A larger diffusion resistance in the RTIL than in the liquid
electrolyte. (iv) A larger transfer factor in the case of ionic
electrolyte that improves the fill factor of the cell.

The main limiting factors in the RTIL dye solar with respect
to liquid solvent cell are the higher recombination and lower

atures the two liquid electrolytes present the same values ofinjection of charge. Meanwhile, the differences in diffusion
diffusion resistance while at low temperatures these values resistances of liquid and ionic liquid play a minor role in this
diverge. This result agrees with the ones obtained in the dark case, provided that TCO resistance in operating conditions is

and under illumination for complete cells in Figure 5. Com-

always larger and dominates the series resistance in both kind

parison between data from Tables 2 and 3 allows us to estimateof cells. However, at low temperatures the diffusion resistance
the temperature inside the cells under the illumination condi- in the ionic liquid cells may be the main limiting factor through

tions.

As mentioned above, increasing the illumination has the effect

of reducingR; (and thusrp) (Figure 3b). As a consequence,

its effect on the FF.
Without changing the basics of the presented RTIL-based
DSCs, efficiency may be enhanced by reducing the different

Voc reduces from the value that could be obtained if this effect components of the series resistance of the cell; glass resistance
would not occur (see Figure 10b), and the difference betweenis responsible of a 15% loss in the efficiency of present cells.

Vo at 500 and 1000 W n# illumination becomes small.
The differences found for the values d§; of the different

samples also agree with the results in Figure 10b. The shift in

the onset oR from TiO; at lower values of potentials (Figure

Further improvements may be attained by optimizing cell
thickness and counter electrode geometry.
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