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A B S T R A C T

Iodide ion conducting electrolytes are intensively studied as effectual electrolytes for dye-sensitized solar cells
(DSSCs). However, the nature and concentration of the counter-ion (cation) in the electrolyte exert a profound
influence on the performance of the thin film meso-porous TiO2 based DSSCs. A series of gel electrolytes
containing the alkaline iodides LiI, NaI, KI, RbI and CsI and polyacrylonitrile (PAN) were fabricated together
with the non-volatile plasticizers ethylene carbonate (EC) and propylene carbonate (PC). A similar series was
fabricated with the inclusions of performance enhancers (additives) tetrapropylammonium iodide (Pr4NI), the
ionic liquid 1-methyl-3-propyl imidazolium iodide (MPII) and 4-tert-butylpyridine (4TBP). The ionic conduc-
tivity of the electrolytes was studied in order to investigate its dependence on the nature of the alkaline cation
in presence or absence of additives. The conductivities were higher for the electrolytes with the larger cations,
namely K+, Rb+ and Cs+. A significant conductivity enhancement was observed in presence of the additives,
and this effect was especially noticeable for samples with the smaller cations. The highest conductivity for
electrolytes with additives, 3.96 mS cm−1 at 25 °C, is exhibited by KI containing samples.

© 2017.

Quasi-solid state DSSCs were assembled using the above men-
tioned series of gel electrolytes and TiO2 photo-anodes prepared with
a meso-porous TiO2 layer overlaid on a compact spin coated layer of
the same oxide. A clear trend of open circuit voltage (Voc) and effi-
ciency enhancement with increasing cation size is observed for ad-
ditive free cells. However, additives enhanced the Voc, short circuit
current density (Jsc), fill factor (ff) and energy conversion efficiency
in all the series of DSSCs investigated. All the cells with additives
have shown Voc and ff higher than 0.7 V and 60% respectively. The
maximum Jsc and efficiency were given by KI based DSSC reach-
ing 11.35 mA cm−2 and 5.26%. The performance enhancers or addi-
tives used in this work are responsible for 348.0, 216.9, 76.5, 35.8 and
22.4% efficiency enhancement for LiI, NaI, KI, RbI and CsI contain-
ing solar cells, respectively.

1. Introduction

Dye sensitized solar cells are getting progressively more interest
since studies show the feasible actuation with the use of gel polymer
electrolytes [1–3]. This approach to the construction of the cells has
the main advantage to reduce the desorption process of the dye from

⁎ Corresponding author.
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the photoanode operated by the pure organic solvents. In fact, sol-
vents like organic carbonates, that as pure solvents could contribute
to the desorption of the dye, may instead interact with the polymeric
gelling agent, for example polyacrylonitrile when they are confined.
In this way they play a less strong role in the interaction with the dyes.
The rather different properties of a solvent confined in a gel struc-
ture are generally observed, as for example in the field of art conser-
vation [4]. Therefore, the use of polymer gel electrolytes results in
more durable devices. Other practical advantages are the low volatil-
ity, the easier lamination and confinement by a simple thermo-sealant
during the fabrication [5]. Although DSSCs based on liquid elec-
trolytes are reported to have better efficiencies [6–8], development of
quasi-solid-state or all solid state solar cells is highly important in or-
der to fabricate commercially viable DSSCs [1–3].

The selection of polymer gel electrolytes with high ionic conduc-
tivity, good compatibility with the photoanode, the ability to realize
a high enough difference of potential at the TiO2/electrolyte interface
and to reduce the recombination phenomena is essential for the devel-
opment of these materials [3,9,10]. The most commonly used redox
couple is I−/I3

− making of the iodides a viable category of salts, but
the cation and the salt concentration have a relevant role to play both
in coordinating and stiffening the system influencing the mobility of
the iodide and tri-iodide anions. The role of some organic additives
has previously been investigated by us in order to optimize power

https://doi.org/10.1016/j.electacta.2017.08.041
0013-4686/© 2017.
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output for LiI and RbI based systems [11], the cation concentration in-
fluence has been examined in a different work [12] and the role of the
cation size in earlier work [13,14].

In the recent past quasi-solid state DSSCs have gained a significant
development and some important findings have been reported. For
instance Ardad et al. [15] have demonstrated an efficiency of about
8.90% by using a carbon counter electrode and PEO and PVDF-HFP
based gel electrolyte. High electro-catalytic activity at the counter
electrode/electrolyte interface and low charge transfer resistance are
responsible for the higher solar cell performances. The cost reduc-
tion of the counter electrode and the reported higher efficiency are
important observations [15]. In addition, Andrade et al. [16] have
prepared quasi-solid-state DSSCs using organo-talcs as a gelator and
they reported efficiencies higher than in the respective liquid coun-
terparts. The degradation of cell performances has been reduced by
intercalating poly-iodides into the inter-lamellar space of the talc.
The quasi-solid solar cell containing the poly-iodides have maintained
95% of their initial efficiency under light-soaking at 1 Sun for about
1000 h. The quasi-solid solar cell has shown an efficiency above 95%
of their initial value under light-soaking at 1 Sun for about 1000 h.
The flexible quasi-solid DSSC based on plastic substrates and metal-
lic meshes reported by Gerosa et al. is also an important step towards
preparing portable cells [17]. Several methods of investigation have
been developed to characterize the electrolyte in the devices with opti-
cal and electrochemical techniques. Among these electrochemical im-
pedance spectroscopy and potentio/galvanostatic measurements have
given important results [18].

In this work a series of gel electrolytes containing alkaline iodides
LiI, NaI, KI, RbI and CsI and polyacrylonitrile (PAN) together with
the non-volatile plasticizers ethylene carbonate (EC) and propylene
carbonate (PC) were fabricated. Selected additives which do not de-
grade the physical and chemical stability of the electrolyte and DSSC
were incorporated into the electrolyte with the intention of improving
the energy conversion efficiency in solar cells [19,20]. Pr4NI, MPII
and 4TBP were selected to be incorporated as additives in the elec-
trolyte series based on alkaline iodide salts. The conductivity behavior
in the electrolyte and the influence on the solar cell performance were
also investigated by means of EIS, infrared spectroscopy and poten-
tiostatic methods.

2. Experimental

2.1. Materials

Alkaline metal iodides MI (M = Li, Na, K, Rb, Cs), polyacryloni-
trile (PAN, MW = 150000), iodine (I2), ethylene carbonate (EC) and
propylene carbonate (PC) with purity greater than 98% were pur-
chased from Aldrich. Prior to use, PAN was vacuum dried for 6 h at
50 °C and the alkaline metal salts for 6 h at 100 °C, both in a vacuum
oven (10−3 mbar). The other materials were used as received. Con-
ducting glass containing fluorine doped tin oxide (FTO) with a sheet
resistance of 15 Ω cm−2 and sensitizing dye N719 were purchased
from Solaronix SA. TiO2 of two different particles sizes, P25 and P90,
were received from Degussa.

2.2. Electrolyte sample preparation

Five different gel electrolyte samples were prepared according to
the stoichiometric formula (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 in order
to keep the molar concentration of the electrolyte constant. In this
formula AN represents one repeating unit of polyacrylonitrile and
MI = LiI, NaI, KI, RbI or CsI. For electrolyte preparation, weights of

PAN (0.1 g), EC (0.4151 g) and PC (0.3851 g) were kept unchanged.
The compositions and the other ingredients in the electrolytes are
given in Table 1. Initially, the appropriate amounts of EC, PC and salts
were mixed in a closed glass bottle by continuous stirring at room tem-
perature; when the salt was solubilized, PAN was added to the mix-
ture, which was stirred at 100 °C for further 10 min to obtain the con-
sistency of a gel. Finally, iodine was added to the mixture at 100 °C
and let the electrolyte cool down to room temperature while the stir-
ring was continued for a few more minutes. This procedure yielded a
brown and homogeneous gel-type polymer electrolyte.

Another set of electrolytes was prepared using similar procedure
but incorporating as additives tetrapropylammoniumiodide (Pr4NI),
1-methyl-3-propyl imidazolium iodide, ionic liquid (MPII) and
4-tert-butylpyridine (4TBP). Weights of the additives in the elec-
trolyte are given in Table 2.

2.3. Fabrication of DSSCs

Two layers of TiO2 were deposited on the conducting glass sub-
strate in order to prepare the photo-anode. The first layer or compact
layer was spin-coated on a pre-cleaned FTO substrate using a colloidal
suspension of TiO2 P90 powder. The second layer (porous layer) was
coated on the first layer using a colloidal suspension of TiO2 P25 pow-
der using the doctor blade method. The TiO2 photo-anode prepara-
tion has been described in detail in a previous work [21]. The dye ad-
sorption to the double layered TiO2 film prepared on a FTO substrate
was conducted by immersing the TiO2-coated FTO plates in a 0.5 mM
ethanolic solution of N719 dye for about 24 h at room temperature.
Finally, the dye-adsorbed TiO2 electrode was rinsed with acetone to
remove the unbound TiO2 particles and dye prior to assembly of the
cells.

The prepared gel electrolyte was casted onto the dye-sensitized
TiO2 electrode and then a platinum (Pt)-coated conducting glass plate
(counter electrode) was pressed on the top of the TiO2 electrode to
assemble a DSSC with the configuration glass/FTO/TiO2/dye/elec-
trolyte/Pt/glass.

2.4. Electrochemical Impedance Spectroscopy measurements

The impedance measurements were made on gel electrolyte sam-
ples with a thickness of ∼ 0.2 mm sandwiched between two stain-
less (SS) steel electrodes of ∼ 7 mm, using a computer-controlled

Table 1
Composition of electrolyte (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series. The weight of PAN
(0.1 g), EC (0.4151 g) and PC (0.3851 g) were kept fixed.

Sample name (MI)Salt/mg I2/mg

LiI 30.384 5.76
NaI 34.025 5.76
KI 37.682 5.76
RbI 48.208 5.76
CsI 58.977 5.76

Table 2
Composition of the electrolyte series containing additives (chemical composition (AN)
10(EC) 25(PC) 20(MI)1.2(Pr4NI)0.75(MPII)0.25 (4TBP)0.85 (I2)0.12). The weight of PAN
(0.1 g), EC (0.4151 g) and PC (0.3851 g) were kept fixed.

Sample Name Salt (MI) (MI)Salt/mg Pr4NI/mg MPII/mg 4TBP/mg

LiI-ad LiI 30.384 44.3 12.6 21.7
NaI- ad NaI 34.025 44.3 12.6 21.7
KI- ad KI 37.682 44.3 12.6 21.7
RbI- ad RbI 48.208 44.3 12.6 21.7
CsI- ad CsI 58.977 44.3 12.6 21.7
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HP4274 impedance analyzer in the frequency range of 10
Hz-0.1 MHz. Prior to measurements the samples were heated to 60 °C
and thereafter the temperature of the sample was varied from 60 to
0 °C, taking measurements at 10 °C intervals during the cooling runs.
During the impedance measurements the SS/electrolyte/SS cells were
kept inside a Faraday cage and the temperature was controlled using a
water bath connected to a GRANT heating system (type KD, England)
and a cooling system (HETOFRIGE, Denmark). A K type thermocou-
ple connected to a HEWLETT PACKARD 344401A multimeter was
used to measure the sample temperature.

2.5. Current voltage characteristics

Fabricated solar cells were illuminated using a LOT-Oriel class
AAB, 1.5G, solar simulator with a 1000 W m−2 (one sun) irradiation
in order to obtain current density versus cell potential (J–V) charac-
teristics using a computer controlled eDAQ Potentiostat and e-coder.
The position of the cells in the illuminated area was kept constant. The
area of the cell exposed to light was 11 mm2 and the scan rate was
100 mV s−1

2.6. Infrared spectroscopy

Attenuated total reflectance (ATR) spectra were obtained at room
temperature on a computer interfaced Bruker Alpha FTIR spectropho-
tometer equipped with a Platinum-ATR with a Ge crystal module,
with a resolution of 1 cm−1.

2.7. Transient current

Transient current measurements (DC polarization) were carried out
at room temperature by sandwiching an electrolyte sample between
two iodine non-blocking electrodes with the configuration of (stain-
less steel)/I2/electrolyte/I2/(stainless steel).

3. Results and discussion

The ionic conductivity of all samples was calculated from the
complex dielectric measurement (Nyquist plots) using the intercept
with the real axis. Fig. 1 shows variation of conductivity against
inverse temperature (1000/T) for the electrolyte series

Fig. 1. variation of conductivity against inverse temperature (1000/T) in the electrolyte
(AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series without additives for different alkaline iodides.

(AN)10(EC)25(PC)20(MI)1.2(I2)0.12 without additives and in all cases
they seems to follow a “Vogel Tammann Fulcher” (VTF) behavior
[22,23]. The observed conductivity increase with temperature for all
the electrolytes can be attributed to thermal activation of mobility and
carrier density [24]. The electrolyte containing the smallest cation,
Li+, shows the lowest conductivities for all measured temperatures.
The electrolytes containing K+, Rb+, and Cs+ show similar tempera-
ture dependence for the conductivity. These three electrolytes exhib-
ited the highest conductivity.

Fig. 2 shows variation of conductivity against inverse temperature
(1000/T) for the electrolyte series (AN)10(EC)25(PC)20(MI)1.2(I2)0.12
with the additives Pr4NI, MPII and 4TBP. The electrolytes with ad-
ditives have shown significant conductivity enchantments compared
to those without additives. This behavior can be attributed to an in-
crease of the carrier density due to the addition of Pr4NI and MPII.
The additives Pr4NI and MPII are iodine salts that carry large cations,
in particular, MPII is an ionic liquid. When they are incorporated
into the electrolyte, both salts increase the number of ionic species
in the electrolytes, since they can dissociate to tetrapropylammonium,
1-methyl-3-propyl imidazolium and iodide ions. The dissociation is
facilitated by solvents EC and PC in the electrolyte. In particular, both
the iodides (additives) can increase the density of iodide ions in the
electrolyte. On the other hand, the conductivity depends on the num-
ber of charge carriers and their mobility. Therefore, the increase of the
density of charge carriers affected by the incorporated additives will,
in turn, improve the conductivity.

As liquid additives, the ionic liquids could provide plasticizing ef-
fect to the electrolyte as reported by many authors [25–27]. MPII can
impose a plasticizing effect to the electrolyte contributing to an en-
hancement of the mobility of the charge carriers by increasing poly-
mer chain flexibility [24–26].

Fig. 3 shows the variation of conductivity with the type of iodide
salt for the (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 electrolyte series at dif-
ferent temperatures. The conductivity variation is in agreement with
the earlier reported values [13]. The conductivity of electrolytes de-
pends on mobility of ions, dissociation of salt, polymer crosslinking,
ion coordination and shielding by polymer chains etc. As already dis-
cussed [13] these effects are linked to the charge density and the size
of ions in the electrolyte. Due to the smaller size and higher charge
density Li+ can crosslink the polymer chains strongly reducing the

Fig. 2. variation of conductivity against inverse temperature (1000/T) in the electrolyte
(AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series with additives Pr4NI, MPII and 4TBP (molecu-
lar formulas as insets) for different alkaline iodides.
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Fig. 3. Conductivity isotherms of the (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 electrolyte se-
ries without additives.

polymer flexibility. This can result in reduction of mobility and den-
sity of free ions and thus the lowest conductivity is given by LiI con-
taining electrolyte.

As seen in Fig. 3, all the electrolytes without additives have shown
a similar trend for the conductivity variation and the curves have
shifted upward with increasing temperature. These conductivity
isotherms (Fig. 3) are clearly flattened in all cases and all tempera-
tures for larger cations (K+, Rb+ and Cs+) while in presence of addi-
tives (Fig. 4) there is a maximum for the KI and a minimum value for
LiI.

The trend can be understood to some extent by studying diffusion
coefficients and mobility of the alkaline ions since the molar compo-
sition of electrolyte was unchanged. Because, salts with larger cations
(KI, RbI, and CsI) can be assumed to be completely dissociated and
thus the concentration of ions in these electrolytes are unchanged.
Therefore, the conductivity is governed by variation of mobility. Con-
sidering the availability of mobility data for the alkaline series of

Fig. 4. Conductivity isotherms of the (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series with ad-
ditives Pr4NI, MPII and 4TBP.

cations, the conductivity results obtained in our study are compared
with results of liquid electrolytes. Mobility and diffusion coefficients
of Li+,Na+, K+,Rb+,and Cs+ at infinite dilution in water at 25 °C calcu-
lated from velocity autocorrelation functions are given in Fig. 4 [28].
Mobility and diffusion coefficients of K+, Rb+, and Cs+ reach an al-
most common value compared to that of Li+, Na+ (Fig. 4). Therefore,
flattening of conductivity in KI, RbI, CsI based gel electrolytes seen
in Fig. 3 can also be correlated to unchanged mobility of the cations.
However, the very low conductivity measured for the LiI electrolyte
can be due to the cross-linking of the polymer chains by high charge
density Li cations as mentioned above and by the large volume of the
cation solvation shell.

Fourier transform infrared (FTIR) spectra of the samples were
studied in order to understand the conductivity behavior by means of
salt-gel interactions. The infrared spectroscopy offers little evidence
of the stiffening action due to salts because the splitting or shifting of
the gel characteristic peaks are hardly observable due to the relatively
low dissociation of the iodides and because of the strong interaction
of ethylene carbonate with the other gel components. The position of
the CN stretching band is mainly tuned by the most polar EC [29].
We could anyway detect the typical splitting of the EC ring breathing
mode at 893 cm−1 that for the sample containing LiI has a component
around 900 cm−1 (Fig. 5) [30]. This effect was hardly visible for the
sample with Na or other alkaline salts.

As previously observed using Raman spectroscopy on the same vi-
bration [29], larger cations give even less splitting and at these concen-
trations not enough intense absorption. The absence of the split peak
for the sample containing Li-I and additives can be explained by the
competitive effect of the additives towards the Li cation, especially
the nucleofilic 4TBP which results in a less intense coordination of
the alkaline ion with EC and indirectly with the polymer backbone.
The modest dilution effect due to the additives would not alone ex-
plain the decreased if not diminished intensity of the splitting at about
900 cm−1 for the Li+ containing sample. A tentative curve fitting of
the ring breathing peak (region 875–915 cm−1) is shown in Fig. 6 for
the Li and Na containing samples, in absence of additives. Sample
with other salts does not show signs of peak splitting. The introduc-
tion of Li or Na shows a deformation of the region interpreted as pre-
viously discussed and is more clearly visible in other more dissoci-
ated systems as a weak split peak at 900 cm−1, respectively. The fit-
ting in the Li containing sample indicate a moderate dissociation of

Fig. 5. ATR FTIR of the ring-breathing peak at 895 for EC a) PAN + EC + PC + addi-
tives b) PAN + EC + PC + LiI + additives c) PAN + EC + PC + LiI.
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Fig. 6. Curve fitting of the gel containing (a) NaI and (b) LiI. a) Peak position 893 and 900 cm−1, width 7.2 and 10 cm−1, area 0.05 and 0.03 (a.u.); b) Peak position 893 and 900 cm−1, width 5.4 and 11 cm−1, area 0.03 and 0.04 (a.u.).
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the salt (for higly dissociated Li salts the intensity of the spilt peak can
reach the same intensity as the original one). For the Na containing
sample containing sample, where the salt is expected to be more disso-
ciated, only a deformation of the peak is noticed and the fitting results
were insufficient for an univocal evaluation and interpretation.

To explain the behavior of gels containing the larger alkaline
cations we could consider that, in spite of larger coordination num-
bers, larger cations are less prone to form Lewis acid/base interactions
due to their lower charge density in a model that can consider them of
spherical symmetry. The larger coordination number is therefore not
synonymous of strong bonds, but the increased bulkiness of the sol-
vated cation can hinder a further increase of mobility because of the
additives.

Fig. 7 shows the current density (J) versus cell potential (V) of the
DSSCs containing the (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 electrolyte
series in absence of performance enhancers. The solar cell parameters
short circuit current density (Jsc), open circuit voltage (Voc), fill fac-
tor (ff) and energy conversion efficiency were calculated using the J-V
curves shown in Fig. 7. Calculated parameters are given in Table 3.
Very clearly the Voc increases with the size of the cation in the elec-
trolyte. The observed enhancement in Voc with increasing size of the
cation is now an established phenomenon [31] which can be attrib-
uted to the decrease of the recombination of electrons in the conduc-
tion band of TiO2 with I3

− in the electrolyte at the vicinity of the TiO2
electrode and to the relative shift of the conduction band edge resulted
by cation adsorption [13].

As shown in Table 3, the Jsc values of solar cells without additives
increase with the cation size except for the one containing CsI. In gen-
eral, the cation dependence of Jsc in a DSSC can be attributed to the
variation of the iodide/triiodide conductivity and to the variation of
charge injection rate from the dye to the TiO2 influenced by the ad-
sorbed cations [32].

Fig. 7. Current density verses cell potential for the series of DSSCs containing the
(AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series without additives.

Table 3
solar cell parameter of the DSSC fabricated with alkaline iodides without additives.

Sample t- Voc/V Jsc/mA cm−2 ff/% Efficiency/%

LiI 0.97 0.506 4.87 40.42 1.00
NaI 0.90 0.560 5.39 49.20 1.54
KI 0.79 0.582 10.40 49.23 2.98
RbI 0.76 0.636 10.56 55.39 3.72
CsI 0.67 0.672 9.14 60.97 3.75

Though the conductivity in KI, RbI, CsI electrolytes are simi-
lar, the performances of the respective solar cells are different. This
trend can be understood since the conductivity of electrolyte is not
the only factor governing the solar cell performance and the short cir-
cuit photocurrent (Jsc) in these DSSCs is mainly governed by the io-
dide/tri-iodide ion conductivity. The iodide and triode ion conductiv-
ity has profound influence on photocurrent density in a DSSC, since
charge transport between photo-anode and Pt counter electrode is car-
ried by iodide/tri-iodide redox couple [31]. In addition to iodide/tri-io-
dide conductivity the charge transfer rate at the two interfaces, partic-
ularly at the TiO2/electrolyte also has a major influence on photo cur-
rent density as the electron transfer dynamics of photogenerated elec-
trons are governed by the shifted position of the TiO2 conduction band
edge due to cation adsorption by TiO2 [30–32] Further, recombination
kinetics also control the photocurrent.

As explained above, the Jsc variation cannot be due only to the
net ionic conductivity. The transference numbers of the ions in the
electrolytes are estimated using transient current measurement. For
this purpose, electrolytes were sandwiched between two iodine
(non-blocking) electrodes [33]. The estimated iodide ion transference
numbers (t-) of the electrolyte series are given in Table 3. Though net
ionic conductivities of gel polymer electrolytes containing KI, RbI,
CsI are similar their I‾ ion transference numbers are different. The
poor I‾ ion conductivity, resulted by low transference number, has led
to low photocurrent for CsI containing electrolyte compared to KI and
RbI electrolytes. Conversely, DSSCs containing CsI exhibits highest
efficiency due to superior Voc resulted by upward shift of the conduc-
tion band due to the presence of larger cations. The higher I‾ ion con-
ductivity in RbI electrolyte resulted by the larger transference number
compared to CsI based cell has led to the highest Jsc for the RbI based
DSSC. Jsc in the DSSC containing KI reached a value closer to that of
the RbI based cell due to higher I‾ ion transference number. However,
cell performances are relatively poor due to the drop of Voc caused by
the relatively small size of K+ compared to Rb+, and Cs+.

The fill factor and the efficiency also increase with the size of the
cation in the electrolyte as seen from Table 3. Therefore, it can be
concluded that within the studied system the highest solar cell per-
formances are offered by gel polymer electrolytes containing larger
cations for samples exclusive of enhancers.

Fig. 8 shows the current density versus cell potential for the series
of DSSCs containing the (AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series in-
clusive of additives Pr4NI, MPII and 4TBP. All the solar cells with ad-
ditives have shown enhancement of all the cell parameters namely Jsc,
Voc, ff, and efficiency compared to that of cells without additives. As
discussed above the ionic conductivity of in the electrolyte improves
with added Pr4NI and MPII. Therefore the Jsc enhancement with the
two added iodides is an expected behavior. In addition, ionic liquid
is known to give rise to micellar structures and different cation/an-
ion stacking arrangements by influencing interfacial charge transport
[34,35]. 4TBP is well known to improve the Voc in DSSCS [36]. 4TBP
could capture cations producing an increase of the dissociation of the
iodides thus contributing to improve iodide ion conductivity.

Considering ionic conductivities given in Fig. 4 and Jsc values
given in Table 4 it can be concluded that Jsc was governed by the
ionic conductivity in the electrolyte as expected. According to data in
Table 4, the variation of the energy conversion efficiency is governed
by Jsc. Efficiency enhancement compared to that of additive free sam-
ples is given in Table 4 in order to estimate the effect for the effi-
ciency due to additives Pr4NI, MPII and 4TBP. When the size of the
cation increases the effect of additives become less significant. Very
significant efficiency enhancements were given for the DSSCs with
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Fig. 8. Current density versus cell potential for the series of DSSCs containing the
(AN)10(EC)25(PC)20(MI)1.2(I2)0.12 series with additives.

Table 4
Solar cell parameter of the DSSCs fabricated with alkaline iodides with additives,
Pr4NI, MPII and 4TBP and the efficiency enhancement due to additives.

Sample Voc/V Jsc/mA cm−2 ff/% Efficiency/%
Efficiency
Enhancement/%

LiI-ad 0.756 9.53 62.22 4.48 348.0
NaI- ad 0.718 10.77 63.11 4.88 216.9
KI- ad 0.724 11.35 63.99 5.26 76.5
RbI- ad 0.704 10.49 68.45 5.05 35.8
CsI- ad 0.702 10.33 63.30 4.59 22.4

electrolytes containing LiI and NaI. Additives have increased the effi-
ciency by 348 and 217% in DSSCs based on LiI and KI, respectively.

Open circuit voltage and fill factor also increased with incorpo-
rated additives. All the cells with additives have shown Voc and ff
higher than 0.7 V and 60%, respectively. The maximum Jsc and effi-
ciency are given by KI containing DSSCs, reaching 11.35 mA cm−2

and 5.26%, respectively. RbI containing cells also showed a 5.05%
energy conversion efficiency. The reported work is important to make
decisions on appropriate candidate salt to fabricate efficient DSSCs in-
clusive or exclusive of performance enhancers. A further analysis of
the performance of the device through the study of light modulated
EIS might face the possible variation of capacitance at the mesoporous
layer for the different electrolytes composition but in this study the
given explanation is based on the infrared and EIS analysis of the bulk
properties of the electrolytes [37].

4. Conclusions

A series of electrolytes are prepared for DSSCs using the mo-
lar composition, (AN)10(EC)25(PC)20(MI)1.2(I2)0.12. The conductivity
in the electrolyte series was improved by incorporating Pr4NI, MPII
and 4TBP as additives. For additive free samples the lowest conduc-
tivity is given by the LiI containing sample. The electrolytes contain-
ing K+, Rb+, and Cs+ showed almost the same conductivity values and
variation with temperature. The trend of conductivity variation with
the type of alkaline salt is changed completely due to the incorpo-
rated additives. An interpretation of the LiI containing sample behav-
ior has been explained through its influence in the gel components in-
teractions using FT-IR spectroscopy. The highest conductivity of elec

trolytes with additives is exhibited by KI containing sample and it
showed 3.96 mS cm−1 at 25 °C.

A clear trend of an open circuit voltage and efficiency enhance-
ment with increasing cation size is observed by DSSCs in absence of
performance enhancers. However, the enhancers increased the short
circuit current density (Jsc), open circuit voltage (Voc), fill factor (ff)
and energy conversion efficiency in the entire the series of DSSCs.
The performance enhancers or additives used in this work are respon-
sible for 348, 217, 76.5, 35.8 and 22.4% efficiency enhancement for
LiI, NaI, KI, RbI and CsI containing solar cells respectively. All the
cells with additives have shown Voc and ff values higher than 0.7 V
and 60%, respectively. The maximum Jsc, and efficiency values were
given by KI containing DSSCs reaching 11.35 mA cm−2 and 5.26%.
The reported work is important to choose appropriate iodide salt to
fabricate DSSCs with and without performance enhancers.
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