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ABSTRACT

Dye sensitized solar cells ( DSSCs) have emerged asomising device to meet the energy needs as an
environmentally friendly alternative for the deyaheent of sustainable power generation. In this wtdiferent
types of DSSCs were fabricated using mixed combimaetween four kinds of Titania (TiOsemiconductors ,and
three kinds of counter electrodes while the sersitidye was natural pomegranate seeds and theodjee was
I'/l3” for all assembled DSSCs.hi®emiconductors includes; bulk Ti@owder (>20um), 50nm Tipowder,
hydrothermally nanotubes (HT) Ti@owder ,and anodized Tihanotubes arrays (TNTs).The counter electrodes
include; carbon, electrodeposited platinum (Pt)daslectro polymerized polyanilne. The |-V plots aidcell
parameters were established using two electroddsngiostat, the results showed that the activityaobde
materials follow the order;

TNTs on Ti foil > 50nm Ti¥ITO glass> HT TiQITO glass > Bulk TiQITO glass

While the effectiveness of the counter electrottey the order;

Pt > PANI > Carbon

The best Efficiency (3.27%) achieved using TNTsTiofoil as active anode and Pt on ITO glass as teun
electrode.

Keywords: DSSc, TiQ, Titania nanotubes, polyaniline, hydrothermal

INTRODUCTION

After the invention of the dye sensitized soldl @SSC) in 1991 by O’Regan and Gratzel.[1],it lesome a hot
topic in the area of solar cell research becausastmany advantages such as low cost, a simplefataaring
process, and low environmental loads , but withtéoh efficiency in converting solar energy intoateity [2]. A
typical composition of DSSC is shown in Fig. lassembled placing in succession a transparent plyetbanode,
an electrolyte solution containing a redox mediaimtem and a catalized counter-electrode [3,4]rglactions take
place to generate the electricity is explainedmfollowing equations;

Photoanode/S-dye +hv —» Photoanode/S-dye* Q)
Photoanode/S-dye* —» Photoanode/S*dye (conducting band) 2) (
Photoanode/S-dye-3/2 I (redox electrolyt e)—»  Photoanode/S-dye + 1/2 | 3)
1/2 P (redox electrolyte) + e (conducting band)—» /2 B(redox electrolyte) 4)
a recombination reactions may occurs also ;
Photoanode/S-dye+ e (conducting band)}—» Photoanode/S-dye (5)
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Figure 2. Representation of a dye-sensitized TiO2kr cell (S represents the dye-sensitizerand ¥l *is the charge mediator)

Four types of numerous studies to improve theiefficy of DSSCs have been recorded; a- the seritiges[5] ,b-
the active semiconductor anodes[6], for easy chamyesfer through the conduction band ,c-the edgdtrs with
efficient redox couples[7] ,and d-the catalyzednteuelectrode systems for maximized electron trari48] .

In this paper, mixed combination of different namostured TiQ asanode and three types of catalyzed counter
electrode materials were selected to investigate tffect on the performance of the DSSC ,while d¢hectrolyte
and the dye are same for all the prepared cells.

MATERIALS AND METHODS

2. Experimental
The flow diagram of all experimental proceduresejsresented in figure 2;

2.1. Preparation of TiG,/ITO electrode from bulk TiO »(B) and nanosized TiQ(NS) powders;

The TiO2 paste was prepared by grinding 2g of, TiWO,(B) ,Sigma Aldrich or TIQNS) <50nm ,MTI) with 10ml
of deionized water and adding few drops of dilutduion of acetic acid for 10 min. The depositioh the
TiO,-layer was done by doctor blade technique and dpoeawell cleaned and dry indium —tin oxide conduect
(ITO) glass, the washed glass is masked on its $aes by a scotch tape of thicknessuB0to unify the layer
thickness in all samples to give active area of 2.5cnf then left to dry naturally for 30 min and sinteried
atmospheric muffle furnace for 60 min at 450°C tHeft to cool down, and rinsed with water and etllan
afterwards.

2.2. Preparation of hydrothermal TiO,(HT) / ITO electrode ;

2gm of TiQ, (NS) powder was mixed with 10M NaOH for 15 minrabm temperature then put into homemade
Teflon-lined stainless steel autoclave at 180°C4®rhr, After the autoclave was gradually cooledviddo room
temperature ,the obtained product was washed witll Giydrochloric acid solution and deionized watetil pH
reaches 7.5 followed by drying at 100°C using dyyawven for 2 hours then left to cool down to ro@mperature.
The same procedure mentioned in the previous pephgras used to apply the B{ET) on ITO glass.

2.3. Synthesis of anodized Ti©@nanotubes (ATNTSs) electrode;

Highly ordered TiQ nanotube arrays were grown on titanium foil (¢éove as active anode for dye-sensitized solar
cell (DSSC)) ,by an anodization process in a tvastebde electrochemical Plexiglas cell, Ti foil (8% purity, 0.25
mm thick, Alfa Aesar) with rectangular dimensiorigh8*2.5 cm ) was used as a working electrodatilim foil
was used as the counter-electrode. The voltageapplied by a DC power supply (GW Instek, PSP-6@3phin
TiO, nanotube array layer was produced by anodizingTtheil in a solution of ethylene glycol (99.8%,DB1)
containing 0.5% ammonium fluoride (YFH 98%, Aldrich) and 4% DI water at 60 V for 60 mikfter the end of
anodizing period ,the anodized foil was rinsed @odized water then with ethanol , dried with fl@fvnitrogen
gas ,and annealed at 450°C for 120 min in air.
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Figure 2. The flow diagram of all experimental proedures

2.4. Dye sensitizing of TiQ(B) /ITO , TiO o(NS) /ITO, TiO,(HT) / ITO ,and TiO ,(ATNTS)/Ti electrodes;
All types of TiO, electrodes mentioned above were immediately seeditby immersing in fresh prepared
pomegranate seed syrup for about 24 hours (ovejnigh

2.5. Preparation of polyaniline (PANI)/ITO electrode

Polyaniline (PANI) films were synthesized on a coctihg ITO glass bycyclic potentiostatic technigtesonstruct
counter electrode for dye-sensitized solar cell §0%the electrolyte composed of 0.1M aniline monoperity
99.4%,BDH) and 0.3M sulfuric acid(99.8%,BDH), theltage scan range was -200 to 1500 mV with scan aht
40mV/sec and cycle repetitions of 6.

2.6. Preparation of platinum (Pt) / ITO electrode

The fabrication of Pt counter electrode was coretlidty cyclic electro deposition method using thetsetrodes
potentiostat, the three electrodes(ITO, Pt, andAg@l) were immersed into a 500 ml solution of (5mM
NaNG; ,H,PtCls 5mM all purchased from Sigma Aldrich) the voltagmn range was -1000 to 200 mV with scan
rate of 30 mV/sec and cycle repetitions of 6.

2.7. Preparation of carbon (C) /ITO electrode;
The Carbon black electrode was fabricated by ap way with moving the conductive side of ITO glatmove the
flame of candle till it get black, then let the IT®cool for 5 mints and few drops of ethanol vadded to diffuse
across the carbon film and dried by heat gun.

2.8. Fabrication of dye sensitized solar cells;

12 DSSCs were assembled using the prepared photesramd counter-electrodes by putting any couplds/@
electrodes together into a sandwich cell type strecand sealed with hot-melt gasket. The celtsrimal space was
filled with electrolyte prepared by dissolving (Mbof Kl and (0.05M) of } in Ethylene glycol to obtain an (I"5/1)
ions which served as acceptor and donor for elesttbrough an oxidation redaction reaction with denand
counter electrode, then the cell was placed incuwa chamber to remove the air from inside the sjdice and
allow the electrolyte to enter.
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2.9 Characterization

The surface morphology of thmost prepared electrodes were determiusing scanning electron microsco
(SEM, Hitachi FE-SEM model 8160, Japg) ,and atomic force microscope (AFMA3000 of Angstrom Advanced
Inc.USA), and xray diffraction used to identify the phase struetaf ATNTs and electropolymerized polyanilii
The photocurrent densityeltage 1-V) curves were measured usitwio electrodes potentiostat by applying bi
potentials from200 mV and 1200 m under a 250 W xenon lampet illumination intensity 90 mW/ cni) was
calibrated by a standard Si cell.

RESULTS AND DISCUSSION

3.1 Electropolymerization of aniline on ITO glass ounter electrode

Figures 3shows the cyclic voltammograms of PANI films recsaicht 0.3 M distilled aniline and 1 M sulfuric g,
the polymerization takes place by oxidation at -1300 ) mV while potential is increasing followed I3y
de-protonation at (30@®) mV in the reversdirection of potential . It is observed that thereat density in 1st cycl
was four times of the current in 6th cycle, theatsfion yielded a green film of polyanilir
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Figure 3. cyclic voltagram of PANI fabricated in 01 M aniline and 0.3 M F,SO,scan rate 30 mV/swith 6 rep. at room temperature

Figures 4 and 5 show the SEM and AFM image PANI ,they revealed a film afanofibers structure with diame
around 70 nm.

Figure 4. SEM image of electropolymerized PANI filng obtained in 0.1Maniline and 0.3 M H,SO; electrolyte
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Figure 5. AFM image show the section line analysef electropolymerized PANI films obtained in 0.1M ailine and 0.3 M H,SO,
electrolyte

The Fourier Transformation Infrared spectra (FT-tR)electropolymerized PANI was investigated ,aevah in
figure 6 the spectra show a typical Infrared sgeofrthe PANI, The main absorption peaks shows 3464l it is
possible assign asymmetric stretching vibratioNdg. The N-H stretching in benzoid-NH-benzoid ( B-NH-Be
broad band at 3310 cm-1 to hydrogen bonded NH 4@ 8m'" to terminal quinoid =NH (Q=NH). The 2943 &m
represented C-H stretching region. The absorpt@akmbserved at 1647.21 ¢were attributed to C=C stretching
in aromatic nuclei Absorption bands at 1477.4'@widenced to C=N stretching in aromatic compouatsorption
bands at 1300-1200 ¢hwhich confirms the C-N stretching of primary ardimamines . The 1141 chband is
vibrational mode of (B-NH=Q) and (B=NH-Q) which fiermed in doping reaction . this band is very istm@and
broad which may be attributed to an existence sftiwe charges [9].The absorption peaks at 1546rd1assigned
to the quinoid structure does not revealed anyifsegnt changes for all polymer samples, that codek that the
polymers were prepared using di and tri basic adtdsas been reported that$0, may interact with PANI by

donating either hydrogen sulfate, (HSP or sulfate, (SG).. anions as dopant anions. Many authors agreed that
(HSQ,)" dopant anions are present in PANIAD, [10].
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Figure 6. Infrared spectra of electropolymerized PAI in (0.1 M aniline +0.3M H,SO;) at scan rate 30 mV/s with 6 repetition

The XRD patterns of prepared PANI is shown in fegar revealed orientation a6 2 of (43,50, and 74) this
information have no standard card for matchingde.
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Figure 7. XRD spectra of electropolymerized PANI 0.1 M aniline + 0.3M HSQO,) at scanrate 30 mV/s with 6 repetitior

3.2 platinum electrodeposition on ITO glass couteglectrode

Figure 8 show the topographic views of the Pt ldgemed by cyclic deposition (CD) from chloroplatiracid
solution using scan ranggarted a-1000 mV and ended at 200 mV with repetition cyadé&sour .The particls
size of the deposited Ptwere measured using AFM scans they between 20 and 50 nr and the average
particle size is aroun87 nm, as showin figure 9 .

3.3 Prepanation of titanium oxide nanotubes by anodizin
TNT photoanode was prepared by anodizing processhwh an electrochemical process that convertoTTiO,
according the following chemical reacti

T+2H,0->T0 +4HF" +4e” 6)

0.26nm
\CSPMOOD.esm

CSPM Title

Topography

Pixels = (496,506)

Size = (840mn,866nm)

000 \Lﬂg

Figure 8. 2D and 3D AFM views of Pt layers depositeon ITO glass by (CED
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Figure 9. Particle size distribution plot of Pt layersdeposited on ITO glass by (CELC

83
Scholars Research Library



Abdulkareem M Ali Alsammarraie and Noor Abdullah Al-Attar Arch. Appl. Sci. Res., 2014, 6 (3):78-88

This compact oxide layer ahe titanium surface leads to a rapid reductiothis current density, due to its pc
electrical conductivity. The current density themches a qué-steady state due to the chemical dissolution o
oxide layer forming soluble fluoride complexesording to the following reaction:

TiQ, +6F~ — TiFF

(@)

As a result fine pits or pores are formed at thdase. Under sufficient applied voltage magnitufield-assisted
oxidation occurs at the Ty interface, where the oxygen ions’) are transported from the solution to the o)
layer. At the same time, titanium ions **) are transported from the titanium to the oxidesSon interface an
dissolve into the solution, leading to a contins increase in the depth of the porous structure thnd the
formation of ordered nanotubes oriented verticadiythe substra [10]. It was reported that several parame
effect the architectures including pore diametel] ¥hickness, tube length, d surface roughness of prepared T

such asanodizationvoltage, time and electrolytepmsitior [12] , figure 10 illustrate thcurrent-time transit plot of
the anodizing process .

. 30
~
£ 15 -
g 10
s 5 = m=
S om . = S
0 20 40 60 80
anodizing time / min

Figure 10 current/time plot of grown TiO, nanotubes via anodizing process in in (0.4% NHF, 3% H,O and 87.8 % by wt ethylene glycol)
with anodizing potential of 60 V for 1 hr

The I4{ime behavior show that at first the current starincreases suddenly and reaches a maximum @bthe
first (1-4 min),then a fast decay of the current started untieady reading was recorded which remained n
constant for the rest time of the proc

This behavior is expected to occurs according tm'show (I=V/R) , this stage of anodizing processdsponsibl
for making full coverage of TiO2 on the Ti surfad@ablel show the maximum and steady stat currents and !
reaching them.

Table 1. Time of reaching maximum and steady currents of the amlizing of Ti foils in electrolyte consist of 0.4%NH4F, 3% H20 and
87.8 % by wt ethylene glycol at 60 V for 1hr

. Max, . Steady Current .
Anodizing Current density Time density Time
Potentially/volt mA/om? minutes mA/em? minutes

60 23 15 2 10

The prepared TNT's was subjected to SEM and AFMremation as shown in figures 11 and (12,13) respelgt
the measurements of the tube parameters (lengtmetier, wall thickness) were conducted on Simages using
(Imager J) software they revealed the length gerhicrons ,the tube diameter around 65 nm wihigewall
thickness about 30 nm.

Somehow similar results achieved using AFM imagesl highly accurate cell dimensions measured awrshin
figure 12 for 2D and 3D views, and figure 13 fougbness repol
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Figure 11. A-top view, B-side view, of TNTs prepar by anodizing in (0.4% NH,F , 3% H,0 and 87.8 % by wt ethylene glycol), with
anodizing potential of 60 V for 1 hr
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Figure 12. 2D & 3D AFM images of TNT’s prepared viaanodizing in (0.4% NH;F , 3% H,O and 87.8 % by  wt ethylene glycol), with
anodizing potential of 60 V for 1 hr

6.270m CSPM Imager Surface Roughness Analysis

Image size. 2014 00nm ¥ 2014 D0rm
§.27Tom

Ampliture parameters

Sa(Roughness Average) 0711 [nm]
427m Sq(RootMean Square)  0.912 jom]

Ssk{Surface Skewness) 0123

Sku(Surface Kurtosig) 318
33%um SylPeak-Peak) 533 [nm|

Sa(Ten Paint Heignt) 525 [nm|

13%m Hyona Paramaters
Ssc(Mean Summt Curvature) 000321 | Linm|
Saq(Root Mean Square Slope)  0.0363(1mm|
12%m Sor(SUMTace Area Ratio]  0.0656

Functinnal Parameters

ShWSuIrace Beanng index) 0772

Sci(Care Fiuid Petention Index) 1.6

Svi[valiey Fluid Retertion Index) 0117

SpriReduced Summit Heigne)  0.996 jrm|

Sk{Care Roughness Depth) 211 [nm|

SwkiReduced Valey Dept) 101 Jon]

Sog 0-5{0-5% neignt intervals of Bearing Curve) 1168 jnmj

Sie 5-10(5-10% height intervals of Bearing Curve) 039 (nm|
Soc 10-50(10-50% height intervals of Beaning Curve] 115 [m]
Sric 50-95(50-05% height mtenvals of Beaning Cunie) 153 [nm]

Spalial Parameters
Sos(Density of Summits) 109 {1um2]

Fractsi Dimansion 2 §7

Figure 13. AFM roughness report of TNT prepared viaanodizing in (0.4% NH:F , 3% H,O and 87.8 % ethylene glycol), with anodizing
potential of 60 V for 1 hr
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Figure 14. pore size distribution ,of TNT preparedvia anodizing in (0.4% NHsF , 3% H,O and 87.8 % ethylene glycol), with anowzing
potential of 60 V for 1 hr

TiO, layer was studit by XRD spectroscopy to identify the crystallineapes. Figure 15 shows the XRD spe
of TiO, nanotubes formed before and after annealing. Tleegaled that the titania before annealing
poly-crystalline nature with a combination of phasesdiase and Brookite) but after annealing at tempeza
450°C for 1hr on Ti foil substrate, showed peaksspnt Rutile phase Because of the heat, disapp@éusest
(Anatase) due to its transformation completely ipbase (Rutile) and transformation parthe phases (Brookite)

also into (Rutile).Also, the intensity and sharme$ almost all the peaks increased consideraligr ahnealin
[13].

~(101)R
— (610)B (002)R

Int. (arh. Unity

Before
. anmealing

Figure 15. XRD pattern of TNT's prepared via anodizng in (0.4% NH4F , 3% H,O and 87.8 % ethylene glycol)with anodizing potential
of 60 V for 1 hr., before and after annealing at teperatures 45(°C for 3hr on Ti foil substrate

3.4.Preparation of titanium oxide nanotubes via hydrothermal procedure:

Starting from standard TiOnanoparticles (50 nm) ,a hydrothermal process odeduas described in tl
experimental part, to investigate the possibilibésonversion the nanoparticles to other nanogiras at 18°C for
48 hrs. Figure 18how the SEM image of the produced ,which revealed that complete conversion of the,
nanoparticles to tube like forms achieved at°C The diameters of the produced tubes are equattier simalle

than the starting nanoparticles(50nm) which carexmained that the process is sur modification mechanism
rather than dissociatioiormation one
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Figure 16. SEM image of complete conversion of Ti{hanoparticles to nano tubes at 18T for 48 hrs in hydrothermal bomb

3.5 Characterization of assembled DSSCs

All types of the assembled DSSCs from mixed comufiom of different counter electrodes and differemictive
anodes were subjected to |-V characterization kst fcan with two electrodes potentiostat, to evelull
parameters of each of them ;current short cir€l), voltage of open circuit (}),maximum cell power
(Pma=In*V m), Were estimated using two electrodes potentigstaieasurements ,then the full factor (FF),and
conversion efficiency(E%) were calculated usingftiilowing equations;

B Vocl oo FF
E% ‘Pi'nc (8)
FF — Ime
IscVoc

9)
All measurements are tabulated in table 2. The éffisiencies were achieved using Ti/TNTs as anade, ITO/Pt
and ITO/PANI they are 3.27 and 2.94 % respectiywehile the ITO/carbon with Ti/TNTs give very lowf&fiency
(0.31 % ) that may attributed to the absence ofrdngsparency of the two faces of the DSSC bodj; [14

Table 2. values of assembled DSSCs with; a-standaféD, NP’s, b-anodized TNT's at 60 v, and c-hydrothermdy prepared TiO, at 180C

DSSC Voc Isc Vmax I max f Pin Prax % E
Cathode Anode| mV | mA/cm? | mV | mA/cm? mW/cm? | mW/cm?
ITO/carbon| TiQ(B)/ITO 158 0.38 148 0.29 0.71 90 0.043 0.047
ITO/PANI TiO,(B)/ITO 160 0.77 159 0.70 0.90 90 0.111] 0.123
ITO/Pt TiO(B)/ITO 178 0.58 141 0.48 0.65 90 0.064 0.075
ITO/carbon| TIQ(NP)/ITO 448 3.81 408 2.75 0.6b 90 1.1272 1.246
ITO/PANI TiO,(NP)/ITO | 482 6.45 440 5.51 0.78 90 2.244 2.493
ITO/Pt TIO(NP)//ITO | 540 5.75 478 4.65 0.7]L 90 2.223 2.475
ITO/carbon | Ti/TNTs 280 1.52 255 1.11 0.66 90 0.283 0.31
ITO/PANI Ti/TNTs 450 9.81 339 7.81 0.5p 90 2.647 9p,
ITO/Pt Ti/TNTs 518 8.02 440 6.70 0.71 90 2.94 3.27
ITO/carbon| TiQ (HT)/ITO | 190 0.9 162 0.64 0.60 90 0.104 0.115
ITO/PANI TiO, (HT)/ITO | 202 1.31 194 1.00 0.78 90 0.194 0.215
ITO/Pt TiQ; (HT)/ITO | 251 1.62 200 1.21 0.59 90 0.242 0.268

The micron sized MP TiOreflected bad efficiencies in all types combinataf counter electrodes, this results can
be attributed to the low active surface area ofTtii@semiconductor which led to the deficiency of theniver of
injected electrons by the dye [15]. Using the ITRXP as counter electrode gave very competitive stute to the
ITO/Pt which is more expensive and difficult to tmh the number of layers of Pt which may led téeef the
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transparency of the ITO glass, in addition to ttiee PANI has very attractive colors which give (h8SC a
beautiful appearance.

The effectiveness of using nanostructure mateRalsil, TiO,NP, and mono layers of Pt in making the anodes or
the cathodes are very clear and always gives arbefficiencies [16] ,the low efficiencies of usikty TiO, may
attributed to a new factor related to the hydroptiblgdrophilic properties of the semiconductor whidirectly
affected the absorption of the dye on its surfd@e18].

CONCLUSION

The type of the anode materials play the major ilmaking the DSSC , a wide differences in theugalof the

cells efficiencies were noticed ,while the variatiof the catalyst of the counter electrode play li@sportant role.

The electropolymerized polyaniline applied easilyl®dO glass and the examinations revealed nano§brecture

with a diameter around 70 nm and presents anigfficubstitute for the platinum catalyzed courgierctrode.

TNTs grown successfully on Ti foil in electrolytersist of 0.4wt% NEF, 3wt % HO and 87.8 wt % ethylene
glycol at 60 V for 1hr., with length of about 8 moa and tube diameter around 60 nm ,the Ti/TNT e®@s good

anode materials in making DSSC . The hydrothermialersion of TiQ NP to tubes like form is proceeded at

180 ‘C, but the new form of Tigdidn’t show improvement for the efficiency of taessembled DSSC.
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