
N

R
a

b

a

A
R
R
A
A

K
B
E
I
S
D

1

w
w
i
K
N
f
s
(
w
&
1
o
e
b
(
e
T
a
8
c
1

p

0
h

Carbohydrate Polymers 91 (2013) 682– 685

Contents lists available at SciVerse ScienceDirect

Carbohydrate  Polymers

jou rn al hom epa ge: www.elsev ier .com/ locate /carbpol

ovel  biopolymer  gel  electrolyte  for  dye-sensitized  solar  cell  application

ahul  Singha, Nitin  A.  Jadhava, S.  Majumderb, B.  Bhattacharyaa,∗, Pramod  K.  Singha,∗

Material Research Laboratory, School of Engineering and Technology, Sharda University, Greater Noida 201 310, India
Department of Biotechnology, School of Engineering and Technology, Sharda University, Greater Noida 201 310, India

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 June 2012
eceived in revised form 29 July 2012
ccepted 17 August 2012
vailable online 28 August 2012

a  b  s  t  r  a  c  t

We  report  a  new  biopolymer  electrolyte  for dye  sensitized  solar  cell  application.  To  develop  polymer  elec-
trolyte, potassium  iodide  have  been  added  in  agarose  biopolymer  matrix  and  characterized  using  various
techniques  like  complex  impedance  spectroscopy,  Infrared  spectroscopy  (IR),  X-ray  diffraction  (XRD),
scanning electron  microscopy  (SEM).  Complex  impedance  spectroscopy  shows  many  folds  enhancement
in ionic  conductivity  (�)  by  salt  doping  and  conductivity  maxima  was  obtained  near  60:40  composition.
eywords:
iodegradable
lectrolyte
R
EM
ye sensitized solar cell

Infrared  spectroscopy  confirms  the  formation  of  composite  nature.  XRD  revels  the  reduction  of  crys-
tallinity  by  salt  doping  as  well  affirms  the  composite  nature.  Scanning  electron  microscopy  (SEM)  shows
reduction  in  crystallinity  of  gel  matrix  by salt  doping  which  is  a known  favorable  condition  for  ionic
conductivity  enhancement.  To  further  affirm  the  conductivity  enhancement  in  the gel  electrolyte  system
a theoretical  hopping  model  is  also  described  in  details.  A DSSC  has  been  developed  using  maximum
electrical  conductivity  film  which  shows  0.54%  efficiency  at 1 sun  condition.
. Introduction

Gel polymer electrolytes (GPE) are solid ion conductors formed
ith dissolving salts in polymers having, fitting high molecular
eight. They can be prepared in semisolid or solid form, which

s a cheap and reliable process when they are manufactured (Choi,
im, & Ha, 2008; Lenz, 1993; Kumar, Tiwari, & Srivastava, 2012;
ing, Xingxiang, Haihui, & Jianping, 2009). Potential applications

or GPE are numerous in devices such as fuel cells, supercapacitors,
ensors, electrochromic displays and dye sensitized solar cells
DSSCs). GPEs acquire liquid like conductivity (10−2 to 10−3 S/cm)
hich is necessary for electrochemical devices (Alloin, Sanchez,

 Armand, 1995; Cheradame, Gandini, Killis, & Nest, 1983; Sato,
990; Weijia, Xueyi, & Ying, 2011). Our work is focused on devel-
ping a dye sensitized solar cell using the biopolymer (agarose)
lectrolyte. Biopolymer materials, such as chitosan, agarose have
een used extensively as electrolytes in electrochemical devices
Kubo, Kitamura, Hanabusa, Wada, & Yanagida, 2002; Nazeeruddin
t al., 1993; Wang, Zakeeruddin, Comte, Exnar, & Grätzel, 2003).
hey are marine algae biopolymers extracted from red seaweed
nd are hydrophilic in nature. Agarose melts at approximately

5–91 ◦C, is a polysaccharide (where saccharides are synonimus to
arbohydrates) consisting of 1,3-linked �-d-galactopyranose and
,4-linked 3,6-anhydro-�-l-galactopyranose. This basic agarobiose

∗ Corresponding authors. Tel.: +91 120 2329717; fax: +91 120 2323713.
E-mail addresses: b.bhattacharya@sharda.ac.in (B. Bhattacharya),
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repeat unit forms long chains with an average molecular mass of
120,000 Da, representing about 400 agarobiose units (Rochas &
Lahaye, 1989). These polysaccharides serve as the primary struc-
tural support for the algae’s cell walls. It is environmental friendly
and low-cost material that does not require elaborate apparatus to
manufacture (Finkenstadt, 2005).

Agar and chitin based GPE electrolytes are well suited for DSSC
as electrolyte because in one side they show liquid like conductiv-
ity while in other side it assist in wetting the electrolytes (Kaneko,
Hoshi, Kaburagi, & Ueno, 2004; Nemoto, Sakata, Hoshi, Ueno, &
Kaneko, 2007; Suzuki, Yamaguchi, Kumagai, Tanabe, & Yanagida,
2006).

DSSC (invented by O’Regan and Grätzel in 1991) are now known
as third generation photovoltaics since they are very different from
the previous semiconductor devices as they do not rely on a tra-
ditional p–n heterojunction to separate photogenerated charge
carriers. Because of the low-cost materials and easy fabrication,
this technology is expected to take a significant share in the
fast growing photovoltaic areas. Gel electrolytes are proposed as
novel alternative to liquid electrolytes in dye sensitized solar cell
(DSSC) application (Bhattacharya, Lee, Geng, Jung, & Park, 2009;
Bhattacharya, Tomar, & Park, 2007; Yang et al., 2008). Till to date
the maximum stable DSSC reported by Prof. Grätzel group contains
liquid electrolyte which has many disadvantages like corrosion,
evaporation, volatility, etc. GPE has already proved its suitability

in DSSC by providing high electrolytic matrix as well as wet-
ting of working electrode (Singh, Kim, Kim, Park, & Rhee, 2008).
In this paper we have developed a new GPE system containing
agarose biopolymer doped with potassium iodide. A DSSC has been

dx.doi.org/10.1016/j.carbpol.2012.08.055
http://www.sciencedirect.com/science/journal/01448617
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Table 1
Calculated values of room temperature ionic conductivity in agarose:KI gel elec-
trolyte system.

Composition (agarose:KI in wt%) Conductivity (S/cm)

95:5 5.41 × 10−4

90:10 9.88 × 10−4

85:15 1.64 × 10−3

80:20 3.33 × 10−3

75:25 6.43 × 10−3

70:30 8.11 × 10−3

60:40 9.02 × 10−3

50:50 5.10 × 10−3
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from the figure that almost all the peaks related to host materials
(agarose and KI) are present in agarose doped KI sample. Disappear-
ance of any new peaks other than host materials clearly affirms the
composite nature of the samples.
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Pure Agarose 

Agarose + KI (60:40) 

(a) 

(b) 
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eveloped using maximum conducting electrolyte and describe in
etails.

. Experimental details

Most of the chemicals used in present study were purified
efore use in laboratory. Agarose with average molecular weight
Mw = 5000 g/mol) was purchased from HI-MEDIA, Fisher scientific,

umbai, India while other chemicals like potassium iodide (KI),
odine (I2) were obtained from Aldrich, USA. Double distilled water
D2) was used as solvent.

In a common preparation method of gel polymer electrolyte
GPE), fixed amount of agarose powder (0.175 g) was dissolved in
2 water (20 ml)  in a beaker and continuous stirring at constant
eating of 60 ◦C. This ratio was used as stock solution for overall
xperiment (written here as B1). Stoichiometric ratio’s of potas-
ium iodide (KI) was then dissolved in D2 water (∼5 ml.) in another
eaker (written here as B2). Adding B2 (drop by drop) in B1 formed
lear transparent GPE. These GPE’s films were characterized using
arious techniques. Infrared spectroscopy (Perkin Elmer 883) was
arried out to study the composite nature and functional groups
resent in composite electrolyte. For further confirmation, X-ray
iffraction was obtained using Rigaku D/max-2500 in the range of
� = 25–55◦. For room temperature electrical measurements, GPE’s
lms were placed under the sample holder and connected with CH

nstrument workstation (model 604D, USA and frequency range
00 Hz to 1 MHz).

DSSC of area 0.25 cm2 has been developed in our laboratory and
etails are published elsewhere (Singh, Nagarale, Pandey, Rhee, &
hattacharya, 2011). The performance of DSSC is evaluated by the
urrent–voltage curve measurements (I–V measurement). The fill
actor (FF) is the ratio of the maximum power output (Pmax) to the
roduct of short circuit photocurrent (Isc) and open circuit voltage
Voc).

F = Pmax

Isc · Voc
= Impp · Vmpp

Isc · Voc

here Impp and Vmpp represent the photocurrent and photovolt-
ge corresponding to the maximal power point, respectively in I–V
urve while the energy conversion efficiency (�) is the ratio of Pmax

o the incident radiation power (Pin) on the solar cell surface.

 = Pmax

Pin
= Isc · Voc · FF

Pin

. Results and discussion

.1. Conductivity measurement

The ionic conductivity of the agarose-based polymer electrolyte
lm was carried out using CH instrument workstation (model 604D,
SA) over frequency range 100 Hz to 1 MHz. To measure ionic con-
uctivity (�), we have used platinum electrodes and evaluated ionic
onductivity using formula

 = Rb

(
l

A

)

here � is ionic conductivity, Rb is the bulk resistance where the
yquist plot intercepts with the real axis, l is thickness of sample
nd A is the area of given sample.

The calculated values of ionic conductivity are listed in Table 1
nd plotted in Fig. 1. From this table and figure, it was  clear that

ddition of KI in Agar matrix enhances the ionic conductivity and
onductivity maxima were obtained at 60:40 compositions. Adding
ore KI salt the ionic conductivity value goes down. Such an

nhancement in ionic conductivity is attributed to the fact that
Fig. 1. Conductivity vs. composition (wt% of KI) plot of agarose doped with KI sys-
tem.

adding KI provided more mobile charge species (K+ ion and I−

anion) in GPE matrix which enhanced overall ionic conductivity
while decrease in ionic conductivity could be explained on the basis
of charge pair model (Hashmi, Kumar, Maurya, & Chandra, 1990;
Kumar et al., 2012).

3.2. Infrared spectroscopy

The composite nature of GPE was studied by Infrared spec-
troscopy (Perkin Elmer 883). Fig. 2 shows the recorded IR spectrum
of pure gel (agarose) along with the spectrum of gel doped with
potassium iodide (KI, maximum � composition). The correspond-
ing bands and functional groups are listed in Table 2. It was clear
4000 45 03500 1500200025003000 100 0

Wavenumber  (cm  )-1 

Fig. 2. Infrared spectra of pure agarose and agarose doped with KI sample (60:40)
showing maximum conductivity.
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Table  2
Infrared spectroscopy bands of a pure agarose and agarose:KI (60:40).

Pure agarose wavelength in cm−1 Agarose:KI wavelength in cm−1 Freq. ranges Groups (bonds) Functional groups

3445.86 3434.15 3500–3200 (s, b) O H stretch, H bonded Alcohols, phenols
2124.66  2105.69 2260–2100 (w) CC stretch Alkynes
1636.32  1637.57 1650–1580 (m)  N H bend Amines
1400.34  1400.22 1500–1400 (m)  C C stretch Aromatics
1121.00  1109.07 1250–1020 (m)  C N stretch Aliphatic amines

687.28  666.72 700–610 (b, s)
690–515 (m)

CC H: C H bend
C Br stretch

Alkynes
Alkyl halides

666.77  545.30 690–515 (m)  C Br stretch Alkyl halides

m,  medium; w, weak; s, strong; n, narrow; b, broad; sh, sharp.
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ig. 3. X-ray diffraction pattern of (a) host gel (agarose), (b) gel with KI (60:40) and
c)  pure KI gel polymer electrolyte samples.

To further affirm the composite nature as well as effect of
alt concentration, we have recorded the X-ray diffraction pat-
ern (Rigaku D/max-2500) in the range of 2� = 25–55◦ with scan
ate of 1◦ min. The recorded X-ray diffraction patterns of host gel
agarose) as well as host gel doped with KI salt are shown in Fig. 3.
ure host gel (agarose) shows a small peak around 2� = 16◦ and
road hump at 2� = 18–29◦ (Fig. 3a) while potassium iodide XRD
pectrum shows well defined crystalline peaks (Fig. 3c). It is clear
hat a doped gel electrolyte XRD spectrum (Fig. 3b) is free from
he peaks related to KI which suggests completely dissolution of
I salt. It is noted that XRD pattern of KI doped gel sample do not
ontain any additional peaks which clearly affirm the “composite
ature” of gel electrolyte system additionally the intensity of the
ump decreases by doping KI salt concentration and hump seems

lmost flat (Fig. 3b). All these information’s clearly affirm that
oping salt enhances the amorphous region (suppression of crys-
allinity) which is well known favorable condition for conductivity
nhancement.

Fig. 4. SEM images of (a) pure agarose and
Fig. 5. Chemical structure of agarose (a) and hopping mechanism (b) in agarose:KI
gel system.

3.3. Scanning electron microscopy

Scanning electron microscopy (SEM) has been used to further
clarify the role of doping of KI salt in GPE matrix. We  have recorded
SEM micrographs using SEM instrument (SEM, Hitachi S-570) and
micrographs are shown in Fig. 4. It is clear that pure gel (agarose)
shows well known rough matrix with interconnected gel grains
(Fig. 4a). Doping of salt (KI) enhances amorphous matrix and large

size pores are clearly viewed in SEM micrograph (Fig. 4b) which is
already observed in our XRD data. The conduction mechanism in
present gel system is shown in Fig. 5. In present system, potassium

 (b) agarose with KI (60:40) samples.
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ondition.

on (K+) and iodide anion (I−) from KI salt are coordinated with
ther oxygen of agarose. Within the matrix the K+ ion are bounded
ore rigidly and the I− are weakly. The weakly bound I− can easily

e dissociated under the influence of a small DC electric field. These
− ions can hop via each coordinating site as shown in Fig. 5. Simi-
ar mechanism could be possible in case of polyiodides generating
n dye sensitized solar cell (DSSC) case in polymer electrolyte sys-
em containing iodide based redox couple (Koh, Ahmad, & Azmin,
012).

.4. DSSC performance

Photovoltaic performance (I–V curve) of the DSSC was  measured
ith Keithley 2400 source meter under 1 sun light intensity. The

ight intensity was adjusted with a crystalline Si solar cell with KG5
lter for approximating 1 sun light intensity. The current–voltage
urves for the DSSC employed the Biopolymer electrolyte (maxi-
um  conducting) is shown in Fig. 6. The DSSC shows efficiency of

.54% with short-circuit current density (Jsc) of 3.27 mA/cm2, open
ircuit voltage (Voc) of 0.670 V and fill factor (FF) of 0.24.

. Conclusions

Agarose based gel electrolyte doped with KI has been developed
nd characterized using various techniques. Complex impedance
pectroscopic analysis shows that doping of KI provided the
dditional charge carries (cations/anions) which enhances over-
ll conductivity while decrease in conductivity is due to charge
air formation phenomena. IR as well as XRD confirms com-
osite nature of gel electrolyte. SEM reveals the enhancement
n amorphous region of gel electrolyte by KI doping which is
urther assisted by our XRD data. DSSC using maximum ionic con-
ucting electrolyte shows efficiency of 0.54 at 100 mW/cm2 light

ntensity.
ymers 91 (2013) 682– 685 685
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