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Abstract
Quasi-solid-state dye-sensitized solar cells haaevi the attention of scientists and technologista potential
candidate to supplement future energy needs. Tieluotion of iodide ions in quasi-solid-state polyme
electrolytes and the performance of dye sensitgeldr cells (DSSCs) containing such electrolytes be
enhanced by incorporating iodides having appropriations. Gel-type electrolytes, were prepareddiytion
cast technique, based on PVP-co-VAc + PMMA hosymels and mixture of salts Potassium iodide (Kij an
tetrapropyl ammonium iodide (TPAI) salts have based to provide the conducting ions. The salt casition
in the binary mixture was varied in order to opfimithe performance of solar cells. The electrocbaimi
impedance spectroscopy (EIS) measurements showeththelectrolyte (C6) which contain (K1%25: 5%TIPA

have highest conductivitdx 1072 S/cm at 298 K. The DSSCs with TPAI or Kl as theydokide salt showed
the efficiencies 4.136%and 2.532 %, respectivaitgen AM 1.5(1000 Wrf) illumination while the DSSC with
mixed cations with (TPAI25%:KI5%) molar ratio shote efficiency of 3.179%.

Keywords. Binary lodide, Gel Polymer Electrolyte, Dye-Serrtl Solar Cells, Electrochemical Impedance
Spectroscopy.

Introduction

The conversion of sunlight to electricity using ebgnsitized solar cells (DSSCs) has been reseaahede of
the most promising methods for future low cost popmduction from renewable energy sources. In DE®C
light absorption function is fulfilled by the dyend the electron and hole transporting are fulfilleg the
nanocrystalline metal oxide and electrolyte. Thaemrefthe absorption properties of the dye dictate light-
harvesting capacity of the cell [1,2] . Dye-seasiti nanostructured Titanium dioxiddO, semiconductor
materials are of considerable interest and intehgiinvestigated nowadays due to their demonstraigt
conversion efficiency , low cost and potential aggdion in photovoltaic devices. It is well knowmat the basic
mechanism in a dye-sensitized solar cell involhesttansfer of photoexcited electrons from the texicstates of
dye molecules to the conduction band of J[3,4] . Polymer electrolytes are of technological inteichge to
their possible application as solid electrolytesanious electrochemical devices such as energyersion units
(batteries/fuel cells), electrochromic display @ew, photochemical solar cells, supercapacitors sm$ors
.Studies on polymer electrolytes have attractedatgedtention in the efforts to clarify the mechamif
conductivity enhancement in such systems Eledtslin DSSC are mainly concerned with the iodidedide
(I'13) redox couple for the regeneration of dye and detigm of the external electrical circuit [5]. Theoblems
caused by liquid electrolytes have the effect ofiting the long-term performance and practical ak¢hese
traditional DSSCs, even with hermetic sealing. Carimg among various charge transport materials eyepl
for DSSCs, gel polymer electrolytes (GPE) appeahdwe superior properties in terms of thermal &tapi
contacting and filling properties to the nanostetl TiQ electrode[6]. More importantly, the GPE have ionic
conductivities as high as that of liquid electreltand can be cast easily onto fiis without the hassles of
leaking and the volatilizing of solvent , thereforeany research studies have been focused on mpltde
liquid electrolyte in these DSSCs by a gel polymiectrolyte (or quasi-solid electrolyte) to minimithe above
drawbacks [7] .The complexation, nature and comadaoh of the various ionic species are importamt t
understand the overall mechanism of conductivi8}. .[In the present work, a new gel polymer eldgteo
composed of Poly(1-vinylpyrrolidone-co-vinyl acethtPVP-co-VAc) as the host polymewith poly(methyl
meth acryl atePMMA blendcontaining TPAI and Kl iodide salts in additionitaline has been synthesized and
characterizedletrapropyl ammonium iodide (TPAI orf8;) ;NI) and potassium iodide (KI) salts have been
used to supply the necessary ions. Some elecpioglerties of the GPE and ruthenium 535 (N3) dyesisieged
solar cells have been studiethe effect of salts concentration on ionic conlity have been studied, in
addition to the variation of ionic conductivity gél polymer electrolytes with temperature.
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2.Experimental Part

2.1 Materials

PVP-co-VAc with an average molecular weight of ®00 PMMA with an average molecular weight of
996,000, The solvent used was Dimethyl sulfoxide DMS@th molecular weight of 78.13TPAIl with
molecular weight 0813.26, and Kivith molecular weight of 16@ll above purchased from Sigma Aldrich and
used as received. lodimgth molecular weight of 1:126.%as purchased from Amco chemie — Hamburg —
Germany.

2.2 Preparation of electrolytes

GPE assigned as Cs were prepared by solution eelshiquewith two types of salts with different weight
ratio as follows. First we dissolve the salts (TPAI &i§lone by one in 2 ml of DMSO solvent in a glasstle
by using stirrer and heat to 70°C and then the padymers PVP-co-VAc and PMMA were added one by one
with weight ratio 2:1the mixture was stirred for limtil became gelThe mixture was then allowed to cool
down to room temperature , then iodinechips were added. Finally , the mixture was againtinuously
magnetically stirred (24 h) to obtain a homogesegel electrolyteThe gel electrolytes were prepared and
studied under controlled temperature and humidityd@tions (25°C and RH~50%). The polymer electiesyt
were then transferred into a desiccator for furtiiging. This procedure was repeated for all thenpositions
shown in Table 1. ,l

Table 1: Polymer electrolyte C with different salit$, weight ratio.

Kl TPAI Kl TPAI Kl TPAI Total P I,
Cs % % (9) (9) (mole)  (mole) mole mole (9)
C1 0 30 0 0.642 0.1807 0.0000 0.1807 0.01807 4.5869

c2 5 25 0.107 0.535 0.1506 0.0003 0.1509 0.01509 3.831
C3 10 20 0.214 0.428 0.1205 0.0007 0.1212 0.01212 53.07
C4 15 15 0.321 0.321 0.0904 0.0010 0.0914 0.00914 93.31
C5 20 10 0.428 0.214 0.0602 0.0014 0.0616 0.00616 31.56
cé 25 5 0.535 0.107 0.0301 0.0017 0.0318 0.00318 @8.807
Cc7 30 0 0.642 0.000 0.0000 0.0020 0.0020 0.00020 0.052

2.3 Photoelectrochemical cell fabrication and Char acterization

Fluorine-doped tin oxide FTO glass has been coattdtwo layers of nanoporous Titanium dioxi@&, , the
first layer, compact layer made by spin coatinchtégue ,and second layer made by doctor blade. @y Ti
nanoporous layer was coated on FTO glass using€3ad®90 for spin coating and P25 for doctor blaxedpr.
For this layer preparation, 0.5 g of Degussa powid® was grounded well for about 30 minutes with ~2oinl
HNO; (pH=1) in an agate mortar. The above obtained, Tiste solution was spin-coated on an FTO glass
substrate at 1000 rpm for 4 s and 2350 rpm for &0ferm compact layer. The formed thin layer wasealed

at 450 °C for 30 min. To made Ti@anoporous layer by doctor blade about 0.1 g dfa@ax and few drops of
Triton X 100 (surfactant) were added and mixed welthe above obtained Ti(aste solution. This colloidal
suspension was casted using a doctor blade metinazbfaining porous c layers of about 5-10 mm théds
after sintering at ~450 °C for 30 min. Ti@oated electrodes were immersed in an ethanolitiso of dye
sensitizer ruthenium 535 also known as N3 (Solar@A) while both were hot (~60 °C). After 24 h eth
electrode was withdrawn from the dye solution ardived with acetone to remove unabsorbed dye asdljoo
bound TiQ particles in the dye-coated electrode. Countectelde was prepared by thermal method, an
alcoholic solution of platinum salt (e.g. PtQir H,PtCk) is spread on the substrate and after the solvent
evaporation, the substrate is fired in an oven88°3C for ~15 minutes. When Pt is sputtered prouua
mirrorlike effect, the photocurrent is slightly neased due to the light-reflection effect. The izdted DSSC
has configuration FTO/TION3/GPE/PY/FTO. Ti@ serves as photoanode and Pt as counter elecirbdeGel
Polymer Electrolyte is sandwiched between the tlexteodes. Thel-V characteristics of the DSSC were
measured with a Keithley 2400 source meter und@® 18 ni? illumination.
2.4 1onic conductivity measurements
Impedance spectroscopy measurements were carri¢d determine the conductivity of the GPE samplds
electrochemical impedance spectroscopy (EIS) measemts were done by using a computer interfacedkKHIO
3532-50 LCR Hi TESTER BU CHZ1 Glass Oven B-58be frequency range between 50 Hz and 1MH®=
sample was placed in a poly(tetrafluoroethylenacspring compressed between two stainless stesiadles
and sealed in a testing cell. The EIS measuredattemperatures range 273-373 K. Fig. 1 show tyubét
plot for gel polymer electrolyte, From the Cole—€oplot, the bulk resistance {Hor each sample was

52



Advances in Physics Theories and Applications www.iiste.org
ISSN 2224-719X (Paper) ISSN 2225-0638 (Online) lL,i,!
Vol.34, 2014 IIS E

determined and thus the conductivity) of the sample could be calculated by using thieviong equation
(D)6l
t
og=_L_ (1)
AR,
Where t is thickness for the sample , A is the aifdhe electrode andyRs the bulk resistance of the gel
electrolyte measured by impedance analyzer at 0Z.Mifter calculate the conductivity( ) of the two
electrolytes, and plotting (Log) vs T/10000 vs TPAI, ands vs Kl , weight ratio. The dielectric constant
(g)values were calculated using the following equafi) :

Z

£= i 2
oC,|2% + 7] @

wherew is the angular frequency=2xf) being the frequency in Hertz (Hz), 6 vacuum capacitance and Z
and Z are real and imaginary parts of impedance .
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Figure 1: a Cole—cole impedance plot of gel polygiectrolyte PVP-co-VAc+PMMA with 30%KI/0%TPAI, at
room temperature.

3. Result and Discussion

3.1 lonic conductivity measur ementsfor gel polymer electrolytes

The conductivity value at room temperature forgal polymer electrolytes with different weight mtf the
binary salts (TPAI& KI) is shown in Table 2, the nzhuctivity of electrolytes( Cs ) was investigatedeio
temperatures range 298-373 K, from Figure(2itagan be seen that electrolyte (C6) which conti?625:
5%TPAIl) is highly conductive §$x 102 - 8.6 x 10 % S.cmi'} in the temperature rang@98-373 K. The
conductivity for each GPE has increased with insirgatemperature range from 298 K to 373 K. This loa to
attributed to the increase in ion mobililyhe increase in conductivity with temperature isnyadue to increase
in free volume for the motion of ions through theymer backbone. This can be understood with thphersis
that as temperature increases, the vibrationalggnef segmental motion operates against the hyatiost
pressure imposed by its neighboring atoms. Conselguédt creates a small amount of space surroundtis
own volume in which vibrational motion can occuhefefore, free volume around the polymer chain &aus
augmentation in mobility of ions and hence enhanbesconductivity. This can also be linked to daseein
viscosity and, hence, increase in chain flexibi[®. As temperature increases, the hydrogen iongpjinto
neighboring vacant sites and, hence, ionic condtictincreases . Similar results have also beemnted for
different types of polymer electrolyteslt is widely accepted that for most polymer/sattems, both anions
and cations are mobile and both have a large effiedhe total conductivity. The concentration dejerce of
the conductivity is a very complex function. Higbncluctivity is achieved in polymer electrolytes éysuring
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that the salt concentration is optimized to givdfigent charge carriers, without unduly immobitigj the
polymer [10].

Figure( 2-b) showshe ionic conductivity behaviorfor the electrolytes CVP-co-VAc+ PMMA with iodide
salts (TPAI and KI) at different weight ratio inaim temperature=rom the observation, the ionic conductivity
increase with increasing the Kl weight and reaclimam value at 25% of Kl and 5% of TPAI mixture &b
the highest conductivity in all the system . Thaenegist effect of binary salts plays an importaolerto
softening of polymer host. The proper formulatidriT®AI/KI ratio may help to optimize the synergeftects to
the host polymer. Thus, pre-determining the rafid BAI/KI mixture is important to enhance the flbitity and
performance of polymer electrolytélhe mixed of the two salts is helpful in improvirte electrical
conductivity , Also from Figure(2-b), it can be seen that the dozonductivity for the GPE with only Kl as the
iodide salt sample C7, originates from two typesoas, namely Kions and iodide {ll 5) ions and all these ions
contribute to the conductivity of this sample whishhigher compared to the GPE containing only TBAIL.
Wang, et al. [11] attributed this to the strongerattion between the larger &) ;N cations with the
coordinating atoms in the polymer. It may also bguad that due to the larger cation in TPAIgHEN" may
be immobile or its movement is sluggish. As théoraC;H-) JN* in this electrolyte sample is bulky, the iodide
ions (I) are expected to make the dominant contributionth® ionic conductivity of this sample. lonic
dissociation also should be high forskG) 4JNI rich samples. Hence, the number of mobile ionthe PVP-co-
VAc+PMMA+TPAI (C1) complex is lesser than in the Po-VAc +PMMA+KI (C7) complex. Since the total
conductivity is the sum of the conductivity of amgoand cations, the conductivity of C1 complexoisdr than
the conductivity of C7 complex. This explanatioraiso shared by Dissanayake et al. [112 still unclear what
actual species are involved in carrying the eleathiarge; it has even proved difficult to establislably the
fractions of current carried by cationic and antooonstituents. The decrease of conductivity in esahthe
lower and higher concentrations of Kl saltsPWP-co-VAc +PMMA may be due to the formation of different
types of reaction mechanisms in addition to thesgmee of ion-pair.[10]

Activation energy, Ea is the required energy ofaanto detach from its initial site to become fiee. In order

to determine Eof each electrolyte the influence of temperatureonductivity was studied. From Fig.(2-a), the
conductivity is observed to increase with incregsamperature. The electrolytes are easily expand a
temperature increases hence creating more freeneo]i3]. This phenomenon enhances ionic mobility an
polymer segmental motion thus increasing the catidtyc. Since the regression values in Fig. (2269 close to
unity, the conductivity— temperature plots can bestlfitted by Arrhenius equation[14]:

E
2} 3)

KT
Here,o- is pre-exponential factor, k is the Boltzmannstant (8.6x10 eV K™) and T is absolute temperature.
Whereas, { - £/ kT}is represented by the graph slope, m. Vatresf and E can be calculated from y-axis and
plot intercept between logversus 1000/T. The calculated\E&lues are listed in Table 2, &ecrease with
increasing conductivity indicates that the ionsiigher conducting electrolyte require lesser enéogyigrate,
from observation activation energy decreases amthde salts concentrations increases . The vaniat
activation energy strongly supports the changéenelectrical conductivity. It is observed that thimimum

activation energy is the characteristics featurdhefoptimum conductivity value[15].
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Figure 2: The ionic conductivities of PVP-co-VA®PMMA prepared using various weight ratio of TRAI
KI. (a) Temperature dependence of the ionic conditictof the gel polymer electrolytes.(b) Dependerof
ionic conductivity on TPAI & Kl weight ratio in thgel polymer electrolytes.

Table 2: Conductivity value at room temperaturediectrolyte C.

Electrolytes Cs Activation
energy
Orr (S/cm) E, (V)

C1 0.001932 0.0711

C2 0.001813 0.0728

C3 0.00244 0.0688

C4 0.00257 0.0676

C5 0.00288 0.0665

C6 0.003089 0.0655

C7 0.00269 0.0676

Figure 3, shows the variation of the real part iefetttric constang) with log frequency at room temperature
for PVP-co-VAc+PMMA polymer electrolyte Cs systeh.is evident from the figure (3-a) that decreases
with frequency, which shows the tendency of dipatesmacromolecules to orient themselves in thectiva of
applied field [16]. In all the cases, a strong freacy dispersion of permittivity is observed in tbe frequency
region followed by a nearly frequency independeebavior above 4. The decrease spfwith increasing
frequency this could attributed to the electricdhxkation processes, but at the same time the islagdectrode
polarization cannot be ignored, as the samplesunirvestigation are ionic conductors. The mateglattrode
interface polarization superimposed with other xel®mn processes at low frequencies[17]. As frequen
increases ,the dipoles which were oscillating witd applied field frequency are now lagging to tieéd and
hence decrease in valuegpfwith increase in frequency is observed [18]. Higlue ofe, at low frequency side
is mainly due to polarization at electrode— eldgteo interface [19]. It is evident from the Fig.-i3 that
dielectric constant values increases with incrgpsemperature.  Enhancement in dielectric constatit
temperature is mainly due to the decrease in vigco§the polymeric material. This leads to anrement in
the degree of dipole orientation of polar dielectmaterial and hence dielectric constant incre§@@s The
maximum dielectric constant value is obtained folymer electrolyte C5 having one order incrementhiair
magnitudes at room temperature. In fact, the aatditf iodide salts to the polymer matrix create®ihicity in
the polymeric material and as a result increase; iis observed [21]. Figure 3 also reveals that amhéx
addition of salts weight ratio, there is decrenwdrd, due to reduction in chain segmental mobility.
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Figure 3: (a) Dielectric constant vs. Log frequeatroom temperature for electrolyte Cs with difet salts
concentration.(b) Dielectric constant vs. Tempemafar electrolyte Cs with different salts weightio.

3.2 Performance of dye-sensitized solar cell

The photocurrent density-photovoltage characteristirves J-V) for cells fabricated using PVP-co-
VAc+PMMA based quasi-solid electrolytes containdifferent TPAI and Kl weight ratio are shown in Big 3

at room temperature. Seven different cells wereridaled employing seven different electrolyte
compositions. Dye Sensitized Solar Cell parametersh as short-circuit current densitl,, open-circuit
voltage,V,. were measured under the irradiation of 1000 Waheach of the cells are shown in Table 3. The
fill factor FF, was calculated using

FF - ‘Jopt x Vopt
J sC X VOC
FF = Pmax (4)
J sC X VOC
where J,, andV,,, are the current density and voltage at maximum powtput. The fill factor and the
energy conversion efficienay are shown in Table 3 for all cellBhey is calculated using [5]:
Je XV, xFF
p=E (5)
P, x100

in
All cells exhibited energy conversion efficiencigfsmore than 1.3%.
The highest energy conversion efficiency 4.136%hiswn by the cell that contains electrolyte sanile this
result is approached to data reported by Lu eR2L.[We ascribe the increase in efficiency of thBST in
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presence of TPAto the strong interaction between polymer blendugs and the positive charges on the
nitrogen of TPA. This indicates that the larger TPAations are more likely to be bound to the polyreet
blend, providing a better conduction of the iodidas. While the cell with electrolyte sample C2 ghihave
conversion efficiency 3.179% is the highest amdrgdells with electrolyte consists of binary saltscan be
observe that the conversion efficiency values dgemdor other electrolytes with binary salts. Thetause the
use of electrolytes with various cations have shdiat short circuit current density increases witie
increasing charge density of the cation in thetedége while the fill factor, open circuit voltagand efficiency
decreases [9,23]. While bulky cations such agH¢C;,N* and HexN" are expected to minimize the cationic
conductivity and enhance the iodide ion condugtiiritthe electrolyte, cations with high charge dgmsuch as
K", Li*, or Nd and also Mg’ get adsorbed into the Ti@lectrode and contribute toward better photogéioera
of electrons at the dye and faster diffusion dymanait the dye-semiconductor interface. Therefdrepuld be
natural to explore the combined effect of usingreaty mixture of two iodide salts consisting of alky cation
and a small cation with high charge density indletrolyte to benefit from both above mentionedinamisms.
The use of quarternary ammonium iodide salt in gbk polymer electrolyte is to minimize the mobilibf
cations and maximize the conductivity of iodide somhich agree well with the data reported by Baadetr
al.[5]. This can be understood from the higher cedficy exhibited by the DSSC using [(PVP-co-VAc
+PMMA)+(C3H-) 4NI], GPE compared to the DSSC with [(PVP-co-VAc+ FK)+KI] electrolyte. The higher
iodide ion transference number in the C1, GPE tesulthe increase in the difference between thenFlevel

of TiO, and the redox potential. This leads to a highgrfof DSSC employing the C1, GPE. The increase in
iodide ion transference number also resulted initleeease in . Since B is the same for both DSSC,
according to equation (3) the efficiency of the @S%ing C1, GPE should be higher. The redox readtidhe
gel polymer electrolyte based DSSC is describddlbmvs:

b+1 0 I3 (6)
2D (oxidized dye ) + 30 2D (dye) + 1; photoelectrode (7)

L +2€e (Pt) O 3I counter electrode (8)

tri-iodide I5" is produced in the electrolyte and diffuses todbenter electrode. Similarly, iodidegroduced by
reduction of § at the counter electrode diffuses in the oppaditection towards the photoanode. Due to the
smaller size of Kcompared to TPA the K ion has a higher charge density. It is also easlsorbed to the dye
surface and is able to enhance the electron photogton from the dye to the Ti@emiconductor [12]. For a
ruthenium dye adsorbed on the Ji@anoparticles, the electron injection is very fastthe femtosecond time
scale [23-24]. The efficiency for DSSC using GPE with only Kl tsé this work is higher compared to
efficiency of 0.6% from DSSC containing PEO andasl reported by lleperuma, et f1] at 600 Wrif light
intensity. The use of double salt in the electmlyas also increased,R(the maximum power output delivered
by the DSSC). The increase in these parameterbeattributed to the better iodide transfer nundmenpared
to the DSSC utilizing the GPE with only the Kl saitd to the higher conductivity of the electrolgtanpared to
that of the GPE containing only the TPAI sdlhe interfacial contact between the dye adsorbedcemductor
nanoparticles and the electrolyte is dependenthenpenetration of the electrolyte into the nanopatthe
semiconductor layer. The lower energy conversidiciency was due to the limited penetration of meiscous
and high molecular weiglfPVVP-co-VAc + PMMA)electrolyte into the nanopores of the semicondueiger.
Lower efficiencies of polymer electrolyte based @SSould be attributed to incomplete wetting of @,
particles by the electrolytic medium and the lovegic mobility of the redox species[10].
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Figure 4:Photocurrent versus cell potential foresedifferent DSSCs fabricated using (PVP-co-VAc+PMM
electrolyte containing total of 30 wt% salts wittspect to weight of polymers under irradiation 080 W nf
xenon lamp. The DSSCs are hamed using the eletenoime given in Table 1.

Table 3: The performance of DSSCs prepared usexjrelytes containing different TPAI and KI compasis.

Electrolyte | Js. Voc Filling n %
(mA/cr?) | (Volt) | Factorff

C1 9.923 0.575 0.725 4.136
Cc2 7.98 0.58 0.687 3.179
C3 452 0.595 0.646 1.737
C4 4.54 0.56 0.718 1.694
C5 4.028 0.535 0.755 1.627
C6 3.75 0.54 0.654 1.325
C7 7.947 0.505 0.632 2.532

4. Conclusions

This paper reports the enhancement of efficiency N8 dye sensitized solar cell, due to the mixaibo effect

in a (PVP-co-VAc + PMMA) based gel polymer elecytel with a binary iodide system consisting of a kma
alkali cation (KI) and a bulky cation (J\tl). The electrolyte containing a (25% Kl1:5%TPABlismixture with
respect to (PVP-co-VAc + PMMA) weight showed thaximum conductivity out of the samples measured.
This electrolyte membrane showed a conducti{iyp03089-0.0086 (S.ch)} in the measured region of the
temperature298-373 K. The temperature dependence of ionic conductoligys the Arrhenius-type thermally
activated behavior. The electrolyte with the highesnductivity did not show the best energy coniegrs
efficiency revealing that the effect of the cation the efficiency of the DSSCs is equally importahie
presence of a cation with high charge density edtectrolyte contributes to the performance enbianent of
the DSSCs. The best cell result was an energy csioveefficiency of 3.911% and a short circuit eumtr
density of 7.98 mA cif It was shown that use of a mixed salt complesrwuations with low and high charge
densities can improve the efficiency of the DSS@wsgared to having an electrolyte containing a sirgition.
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