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Abstract

A new solvent-free composite polymer electrolyte consisting of high-molecular mass polyethylene oxide (PEO) filled with titanium
oxide and containing Lil andxlwas developed. The introduction of the inorganic filler (TiDegussa P25) into the polymer matrix
produces dramatic morphological changes to the host polymer structure. Upon addition of the inorganic oxide, the surface roughness
increases, with respect to the original polymer and in parallel, the fractal dimension decreases. Both the thermograms and the atomic force
microscope (AFM) pictures confirm the amorphicity of the composite electrolyte. The polymer sub-units are held together in a parallel
orientation, forming straight long chains of about 500 nm in width, along which $ferical particles of about 20—25 nm in diameter are
distributed. The polymer chains separated by the titania particles are arranged in a three-dimensional, mechanically stable network, that
creates free space and voids into which the iodide/triodide anions can easily migrate. All solid-state dye-sensitized solar cells fabricated
using this composite electrolyte present high efficiencies (typical maximum incident photon to current efficiency (IPCE) as high as 40%
at 520 nm and overall conversion efficiengy 6f 0.96% (V oc = 0.67 V, Jsc = 2.050 mA/cnt, FF = 39%)) under direct solar irradiation.

Further improvement of the photovoltaic performance is expected by optimization of the electrolyte parameters and of the cell assembly.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction regeneration of the dye by direct interaction between the
dye oxidized state and the i3~ redox couple and leads
Owing to their high conversion efficiency and low pro- to impressively high solar-to-electrical conversion efficien-
duction cost, dye-sensitized solar cells have attracted greatcies (7—11%) [1,5,6]. However, the stability and long-term
scientific and technological interest as potential alternatives operation of the cell are affected by solvent evaporation or
to classical photovoltaic devices [1]. The development of leakage. Thus, the commercial exploitation of these devices
this low cost, new type photovoltaic solar cells is based on needs the replacement of the liquid electrolyte by a solid
the optimization of several factors including: (i) the prepara- charge-transport medium, which not only offers hermetic
tion of nanostructured, high surface area Ftin film elec- sealing and stability but also reduces design restrictions and
trodes [2,3]; (i) the synthesis of light capturing antennas, endows the cell with shape choice and flexibility. Several au-
(Ru'-bpy or -terpy complexes) presenting broad and strong thors made efforts to replace the liquid electrolyte with room
MLCT absorption bands and bearing functional anchoring temperature molten salts [7,8], inorganic p-type semiconduc-
groups [3,4]; and (iii) the use of the ll3~ redox couple tors [9-12], ionic conducting polymers [13—19] and organic
in an appropriate medium. The cell’s operation mechanism hole transport materials [20-22]. The above systems present
involves absorption of visible light by the chemisorbed dye, high technological interest but their practical use encounters
followed by electron injection from the excited sensitizer serious problems such as low conversion efficiencies or/and
into the semiconductor’s conduction band. The selection of poor electric contact between the photoelectrode and the
a liquid electrolyte, usually containing an organic solvent electrolyte.
such as acetonitrile or propylene carbonate, assures perfect On the other hand, recent researches on polymer elec-
trolytes of the type polyethylene oxide (PEO)/LiX proved
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electrode—electrolyte stability [23]. In fact, it has been dis- by immersing the TiQ thin film electrodes overnight in a
covered that the conductivity at room temperature could be 10~*M ethanolic solution of the complex. The TiGilms
enhanced+{10-° S/cm) and this fact led to the production of were heat-treated for 30 min at 120 before immersion,
efficient solid electrolytes for lithium batteries [24—28]. The in order to eliminate physisorbed water. Noteworthy that
increase in conductivity with respect to the corresponding a red coloration colour was developed imminently after
unfilled electrolytes was attributed to the enlargement of the immersion, implying that a chemical reaction takes place
amorphous phase in the polymer matrix [29]. Some research(chemisorption) and confirming the dye grafting on the
groups focused their investigation on the characterization semiconductor surface. After completion of the dye adsorp-
of these polymer electrolytes. Very recently, crystallography tion the modified materials were thoroughly washed with
has been used to study the structure of PEO/MX electrolytesethanol and dried under Ar. Thus, any dye in excess (phys-
(without the addition of any filler) [30—34]. Scrosati [35]and ically adsorbed) was eliminated and a monolayer coverage
Croce and Scrosati [36] found out that the structure of the of the titanium oxide surface was assured.
solid composite PEO/LiX filled with AlO3 is similar with
that of the liquid electrolytes consisting of low-molecular 2 3 preparation of the composite polymer
weight polyethylene glycol-lithium salt solutions. inorganic oxide electrolyte

Thus, in order to overcome the problems encountered with
polymer electrolytes, in this paper we report on the assem-
bling and performance of a solid-state dye-sensitized solar
cell using a composite electrolyte consisting of PEO with 5 {he percentage (5-15%) of the filler added in the elec-

an inorganic oxide (commercial T&Degussa P25) as the  q\yte. For the composite electrolyte preparation, 0.0383 g
filler, in the presence of thells™ redox couple. Such a ot Tio, Degussa P25, dried for about 24 h at 260 were
composite material is particularly attractive because it per- st dispersed in acetonitrile (GEN). To this dispersion,

mits excellent ionic mobility of the iodide/triodide anions in 4 /13~ redox couple was incorporated. Then, the (PEO
its solid-state matrix. The obtained efficiencies of the corre- .\, iecular weight= 2,000,000) was added undér continu—’

sponding dye-sensitized ceI_Is are very encouraging for this ;o stirring. To improve homogeneity, the mixture was son-
type of solvent-free composite polymer electrolyte. icated for about half an hour and then stirred for another
24 h. The final product was placed in an oven atCQo
evaporate the solvent.

Special care was taken to prevent the re-crystallization
and avoid phase discontinuities [38]. Of great importance

2. Experimental

2.1. Preparation of the Ti@films 2.4. Cell assembly

Opaque, thin nanostructured Ti@iims (5um in thick- The counter-electrode is a TEC 8 transparent conductive

ness) were prepared using the doctor-blade technique [5’37]glass (purchased from Hartford Glass Co. Inc.) on which
on TEC 15 conductive glass substrates (purchased fromVvery small platinum layer is deposited to give a catalytic
Hartford Glass Co. Inc.), ultrasonically cleaned in ethanol €ffect on the electron donor reduction. The electrolyte was
prior to use. A viscous paste was first prepared by grinding sandwiched between the photoelectrode and the platinized
0.5 g TiO, powder (Degussa P25) with 1 ml of water contain- SNQ counter-electrode by firmly press. An adhesive tape
ing 0.1 ml acetylacetone. The paste was then diluted by very (@pproximately 5¢um, 3M Scotch) was placed between the
slow addition of 1.7 ml of water where finally, one drop of Photoelectrode and the counter-electrode to avoid short-
Triton X-100 was added. The resulting dispersion is smearedcircuiting.

onto the TEC 15 substrate by a glass rod. An adhesive tape

strip on the conductive glass determines the film thickness 2.5. Physical measurements, characterization

(typically 5pum and uniform all over the film’s extension as

determined by surface profilometry). The layer is dried inair ~ Fourier transform IR measurements were carried out us-
at room temperature for 15min, followed by treatment at a ing a Perkin-Elmer 1600 spectrometer, the sample being in
temperature of 150C for 15 min. Than the film is heated at  the form of KBr pellets. The thermal properties of the com-

450°C at a rate of 20C/min and left at 450C for 30 min. posite polymer electrolyte were investigated on samples of

Finally, thin film electrodes typically 0.2 cfrin geometric  about 10 mg, using a TA Instruments 2920 DSC. Before the

area were determined by using a diamond cutter. measurements, the materials were placed in a desiccator for
two days. Then, they were heated freq20 to 100°C with

2.2. Dye attachment—surface modification a rate of C/min under nitrogen atmosphere. The morphol-

ogy of both the TiQ electrodes and composite electrolyte

The dye, Ru(dcbpyg]NCS), (where dcbpy is 4/4dicar- was examined with an atomic force microscope (AFM,
boxylic acid-2,2-bipyridine) was purchased from Solaronix. Nanoscope lll, Digital Instruments, operated in the tapping
Surface derivatization of the titanium oxide was achieved mode). Film thickness, determined by surface profilometry
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(Sloan Dektak Il Stylus Profilometer), was typicallyu® electrolytes [5]. It is worth mentioning that the dye was ex-
and was uniform all over the film’s extension. cited through the conducting glass sheet serving as support
Photoelectrochemical experiments were performed us-for the opaque Ti@film and that the given value is not cor-
ing a Vinci Technologies P/G STAT iZpotensiostat. II- rected for reflection and absorption losses of the conducting

lumination was provided by a 300W Xe arc light source glass (3 mm thick), which are estimated to be at least 15%
(Oriel) coupled to a 1/8 holographic grating monochroma- in the visible region of the spectrum.
tor (Oriel). A cut-off filter was used to exclude wavelengths  Fig. 1 exhibits the current—voltage characteristics of
A < 400 nm preventing the generation of electron—hole pairs such a typical dye-sensitized solar cell employing the
through direct TiQ band gap excitatior-V measurements  PEO/TIQ/I~ /I3~ composite polymer electrolyte, measured
were performed by connecting the cell to a variable resistor at a direct sunlight irradiance of 55.8 mW/€rtwhich is
together with a microampere meter in series and a voltmeterapproximately 50% of the standard AM1.5 irradiance). The
in parallel. The lamp radiant flux was measured using an optimum performance was obtained under normal illumi-
28-0925 Ealing research radiometer—photometer operatingnation, yielding a fill factor (FF) of 39%, a short circuit
in conjunction with a 28-0982 silicon detector and a 28-0727 current density Jso) of 2.05 mA/cnt, an open-circuit volt-
flat response filter. In the case of sun illumination, a 10:1 age ¥oc) of 0.67 V and an overall efficiency) of 0.96%.
(DO = 1) neutral density filter was interposed in order to For an all-solid-state device, such overall conversion effi-
avoid saturation and measure its directirradiance (m)cm  ciency value is considered to be sufficiently high [17,39],
especially if one takes into consideration that for both the
composite polymer electrolyte preparation and the cell
assembly no special precaution was taken.
) - In order to better understand the above behavior and
All solid-state dye-sensitized solar cells of the type: explain the obtained high conversion efficiency, the cell com-
TEC15TiO, — dye//electrolyte /Py TECS ponents (esp_eci_ally the composite e_Iectronte and the semi-
conductor thin film) were characterized. The nature of the
were fabricated using the PEO/TM /I3~ composite elec-  electrolyte was first controlled by FT-IR spectroscopy. The
trolyte. The photoelectrochemical properties of these cells sample did not show any presence GER vibrations and
were investigated under short circuit conditions. By using confirmed that it is exempt of acetonitrile, Fig. 2. However,
the 300 W Xe lamp, typical maximum incident photon to the electrolyte prepared present perfect uniformity and main-
current efficiencies (IPCE) as high as 40% were obtained attains an excellent elasticity and plasticity probably due to
520 nm, only two times lower than that obtained with liquid its amorphous character. The above properties assure a good

3. Results and discussion

| (mA/cm?)
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Fig. 1. Photocurrent-voltagé—{) curve characteristics of the TggDegussa P25)/Ru535 dye sensitized solar cell using the PEGITIR~ composite
polymer electrolyte. Temperature: 20, area: 0.2 ¢ solar irradiance: 55.8 mW/ciV o = 0.67V, I'sc = 0.406 mA (Jsc = 2.050 mA/cnt), FF = 39%,
n = 0.96%.
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Fig. 2. FT-IR spectrum of the PEO/T{D~ /I3~ composite electrolyte.

wetting of the photoelectrode pores and result in a good
electric contact between the cell components.

The thermal properties of the polymer inorganic matrix Table 1
were also ,Ir_weStlgated' From the DSC_ thermograms the Glass transition temperatur@g), melting temperatureTt,), melting en-
glass transition temperaturdg), the melting temperature  thajpy (AHy,) and crystallinity K. (%)) for PEO and PEO/Tig /I3~
(Tm) and the melting enthalpyAHn,) were determinedl, composite electrolyte
was taken_ as th_e peak of the_ melting endotherm Byds Ty CC)  Tm (C)  AHm (JG)  Xe (%)
the inflection point. The obtained results for the pure PEO
(figure not shown) and for the PEO/Ti /I3~ composite
electrolyte (Fig. 3) are summarized in Table 1. Before the

PEO —58.79 65.15 114.20 76.9
PEOITIQ/ /I3~ —52.52 31.27 10.61 8.6

0.1

0.0 4

o \

-0.2 4

Heat flow (W/g)

-0.3 T T
-120 -80 -40 0 40

Exo Up Temperature (°C)

Fig. 3. DSC curve for the PEO/Ti~ /I3~ composite electrolyte.
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measurements, the materials were placed in a desiccator foimportant roughness resulting from surface features of im-
2 days. Then, they were heated fremi20 to 100°C with a portant height. The height histogram of surface character-
rate of 5°C/min under nitrogen atmosphere. The slight in- istics (not shown) has a Gaussian-like distribution with a
crease of the glass transition temperature observed for themaximum at 100 nm. The fractal analysis has shown that
composite polymer inorganic electrolyte is expected. In fact, the prepared films exhibit also self-affine scaling charac-
according to the literature [40], the addition of small inor- ter over a significant range of length scales as a conse-
ganic oxide particles stiffens the polymer chains causing in quence of a “chaotic” dynamic deposition process. It is
that way a slight increase in tfig. The decrease of the crys-  clearly evident that the effective surface area in this case
tallinity is expected due to the steric hindrance effect. After is several times greater than the one of a flat “Euclidean”
heating the polymer electrolyte over the melting tempera- non-fractal surface. As a result, the Ti@ms are endowed
ture, the large surface area of the titania particles preventswith a high real surface extension, which readily favors

the PEO chains to re-crystallize [25]. the photosensitization process. In fact, such a surface not
From the melting enthalpy values the crystallinity of the only permits the adsorption of a greater number of dye
samples were calculated according to the Eq. (1): molecules, but also creates a rough environment where mul-
AHp tiple light reflection can occur, thus considerable increasing

Xc= AHm CfPEO (1) the amount of the adsorbed photons. Furthermore, such a

rough photoelectrode surface permits a better “wetting” of
where AHy, is the melting enthalpy which is experimen- the film by the composite electrolyte and finally results in
tally measuredAHm ¢ (=196.4 J/g) is the melting enthalpy a perfect penetration of the ll3~ redox couple into the

of 100% crystalline PEO anfpgo is the weight fraction of film pores, which in turn favor the interaction between the
polyethylene oxide in the polymer electrolyte [41]. The ob- oxidized dye and regeneration of the sensitizer's ground

tained valuesX. = 76.9% for the pure PEO and; = state.

8.6% for the PEO/TiQ/I~/I3~ material, respectively, con- Fig. 5a shows the three-dimensional surface plot of
firm that the composite electrolyte can be considered as anthe original polymer film (PEO of molecular weight
almost amorphous material. 2 x 10°). The material presents a crystallized network

To investigate the morphological characteristics of both of regular spherulites developing spirals and branches of
TiO2 photoelectrodes and composite electrolyte, AFM in the well-distributed surface contours. The network is character-
tapping mode has been used. The titanium dioxide films con-ized by relatively low roughness and high complexity, as
sist of interconnected grain particles, with an average grain indicated by the corresponding values of Rms and fractal di-
diameter of about 20-25nm, fused together and forming mensionD; (a parameter which accounts for the geometric
high mountains and deep valleys, Fig. 4. The films present surface complexity) values, Table 2.

nm
800

Fig. 4. Three-dimensional AFM picture (surface plot) of the nanocrystalling Ti®.
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Fig. 5. Top-view AFM pictures of the PEO (a) and of the PEOAVIO/I3~ (b) composite polymer electrolyte. The arrows indicate the distribution of

titania particles.

Table 2
Roughness (Rms) and fractal dimensi@q )(values of the original poly-
mer and the composite polymer electrolyte

Rms (nm) D¢
PEO 4.9 2.31
PEO/TIOG/ /13~ 14.5 2.19

The introduction of the inorganic filler into the polymer
matrix produces dramatic morphological changes to the
host polymer structure. The AFM top-view image of the
composite electrolyte (Fig. 5b), reveals that in the presence
of the titania filler the crystallinity of the PEO considerably
decreases, in excellent agreement with the DSC results. The
image shows that the polymer sub-units are held together
in a parallel orientation, forming straight long chains of
about 500 nm in width, along which Tgpherical particles
(indicated by arrows) of about 20-25nm in diameter are
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distributed. The polymer chains separated by the titania par-parameters of the cell assembly and of the electrolyte (es-
ticles are arranged in a three-dimensional, mechanically sta-pecially the polymer molecular weight as well as the nature
ble network, that creates free space and voids into which theand particle size distribution of the titania filler) had not
iodide/triodide anions can easily migrate. It is worth men- been yet optimized.
tioning that upon addition of the inorganic oxide, the surface
roughness increases, with respect to the original polymer and
that in parallel, the fractal dimension decreases (Table 2). Acknowledgements
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