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ABSTRACT

The present paper reports that preparation of entacopone intermediate
molecule (catacol sensitizer) and characterized by Mass spectra, IR spectra
and melting point which exactly matches with the reported molecule. For
improving the photovoltaic cell the ZnS was thermally evaporated onto
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conducting fiuorine-doped tin oxide glass, then aparticul ate ZnO layer was
pasted and sintered to form a ZnS/ZnO composite layer. A visible light
source was utilized to excite the Catacol sensitizer, which was adsorbed
onto the surface of the ZnO and composite films. The ZnSlayer isbelieved
to provide an alternative pathway for el ectronsto move acrossZnO barriers.
Thisalternative pathway with the compositelayer structure provides higher

power efficiency than doesasingle layer of ZnO films.
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INTRODUCTION

Thedesign of molecular chromophoresiscriticaly
important for the devel opment of dye sensitized solar
cells(DSSCs)i*2 for photoel ectricity and photocatal y-
si9%8, Sincetheir breakthroughin 1991 asreported by
Gratzd et.d, Ru-dyesenstizedtitaniumdioxide(TiO,)
offersarespectably high power efficiency of around
10%!Y, which raised the hope of fabricating astable,
highly efficient and €l ectrochemica photovoltaic cell.
Other metal oxidessuch asSnO,, CdO, Nb,O,, Fe,O,,
Zn0O, and MgO have a so been tested. Among them,
ZnO hasdrawn much attention owingtoitsequal en-
ergy bandlevel (3.0-3.2 V) compared to that of TiO,

andasoin contrast totheabovemetd oxides™. Hagfdldt
et d . reported apromising efficiency of 5% usingZnO
nanoparticles, which exhibited thefeas bility of being
anaternativeoptionfor TiO,. Ontheother hand, other
semiconductorsshowing lower efficiency than TiO, have
exhibited comparabl e valueswhen used ascomposite
films, such as SnO,/MgO®, CdS/MgO!, ZnO/
SO, and (Cd, Zn)S/(Cd, Zn)O*. In addition, due
to theintrinsic instability in acid ambient, the ZnO
nanoparticleswerevulnerableto the ruthenium based
dyes. Moreover, the dyes containing complexing agents
can aso detach the Zn?* fromthe host | attice to gener-
ateZn**-dye agglomerationsat theinterface, resulting
inlow injection efficiency and high recombination rate>
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1 Themodification of another protecting layer (like
S0,,ALQO,, TiO, and ZnS) could indeed enhancethe
stability of ZnO surface and suppressthe recombina-
tion*>-19, However, it would inevitably bring forth in-
jection problem and extrafabrication cost’?”. There-
fore, therearedtill many chalengesto promotethe PCE
of ZnO based DSSCs.

Oneof our ideaisto reducetherecombinationrate
isto create coreshell heterostructures. Theenergy bar-
rier formed between the core and shell materialscan
hinder the recombination process*®. The oscillator
strength for such atransition would be small for two
semi bulk dabs, but in nanometer-scaled structures, the
gpatia proximity of the band-edge wavefunctionsto
interface would lead to an increase in the oscillator
grength. Thus; itiscriticaly important to know how the
energy band gap can be in these structures and how
large the absorption can be obtained these composite
films. Inthisway wewereencouraged by thevariety of
efficient experimental methodsfor the partial conver-
son of ZnO nanofilmsinto ZnO/ZnS nano composite
filmg?-2, Theoptica propertiesof theZnSlayer show
remarkableinfiuenceonthefina performanceof the
DSSCs, whichindicatesthat the conversion efficiency
can be further improved by careful design of the
photoanode materialsi.e. theconversion efficiency of
ZnO-based DSSCsisthe recombination of the elec-
tronsinjected into the ZnO with either thedye or the
redox e ectrolyte, thereby reducing thecell efficiency!®.
Thus, aZnS/ZnO compositethinfilmwasfabricated in
order to improvethe performance of acell based on
theweakly dye-adsorbing ZnS. To fabricate ZnSthin
filmsmany methodshave been used such asscreen print-
ing and sintering®”, electrochemical deposition*31,
chemical bath deposition®?, thermal evaporation®,
MOCV D3 and sputtering. Inthiswork we have dem-
onstrated therma evaporation processeswereused to
deposittheZnSonITOfilms.

Theother objectiveof thiswork istoimprovelight
absorption efficiency of dye-sensitized solar cdlls. Es-
pecidly increasedinterest in organic dyesensitizersthat
have resulted in intensive study of their functionin
DSSCs. Conjugated organic dyesoffer severa advan-
tagesover metd containing dyesasphotosengtizer, such
as (1) potential for low cost production (no precious
metals needed), (2) large absorption coefficientinthe

Enhanced photovoltaic cell incorporating a dye-sensitized ZnS/ZnO composite thin films

ESAIJ, 9(8) 2014

visiblespectra regiondueto strongn to ©* transitions
and molecular design may be used to search for better
absorption efficienciesand redox potentidss. Efficiency
of DSSCsusing organic sendtizersarestill clearly be-
low when comparied to that of using ruthenium sensi-
tizers, which have shown record conversion efficiency
of 11%. Themagjor drawback of organic photosensitiz-
ersis, ther rdaively low spectral bandwidthinthevis-
ibleor near-infrared regions, aswell astheir relatively
low resistance toward photodegradation. In the past
years, organic dyes have got particul ar attention and
have beentested asphotosensitizers, such aseosin Y,
ribofiavint®!, cyanine®1, cresyl violet(®,
merocyaning®¥. coumarini*? and xanthenes*Y. The
chosen dyes possess ng carboxylate or hydroxyl func-
tiona groupsthat enablethedirect interactionwith the
surfaceof TiO, particles, thereby providing apath for
el ectron transfer from the excited dye adsorbateto the
semiconductorld,

Inthe present work, we have select the novel mol-
eculeto adopt solar cdll i.e. catacol sengtizer whichis
theintermediate compound of entacopone molecule
(used for Parkinson disease). It isanew strategic mo-
lecular designsof organic dyeintermsof engineering
whichisinterface between theorganic dyeand theZnO
or ZnO/ZnS surfacethat required toimprovethe pho-
tovoltaic performanceof organic DSSCs. Thecd| was
fabricated with ZnSfilm by vapor deposition technique
after introducing theZnO onto the ZnSfilmsby doctor
blade techniqueto overcometherecombination rate.

EXPERIMENTAL SECTION

M aterialsand methods

Zn(NO,),.6H,0, PEG-2000 surfactant, 3,4-
dihydroxy-5-nitrobenzal dehyde,2-cyanoacetic acid,
piperidine, ZnSpellets, these organic and inorganic re-
agentswere purchased from Himediachemica |abora
tory of anaytical grade, and needed no further purifica:
tion. Thecounter platinum electrodewascoated onI TO
glass sheet by vacuum coating technique.

Spectral measurements

Mass spectra were recorded on LCMS-2010A
SHIMADZU, UV-Visible spectrophotometer (UV-
1650 PL Shimadzu, model) used to measurethe opti-
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cal properties|R spectra(nominal 4-cm® resol ution)
were measured using aDigilab FTS-40 spectrometer
inwhichthedye powderswereheld in KBr pelletsin
the case of Entacopone intermediate (E,) sensitizer
ligand. Thechemisorbed sensitizer onZnOfilmswere
measured using an attenuated total reflectance (ATR)
Spectroscopy.

Synthesis of (2E)-2-Cyano-3-(3,4-dihydroxy-5-
nirtrophenyl)prop-2-enoicacid [E.]

A round bottom flask containing 3,4-dihydroxy-5-
nitrobenzal dehyde (1 g, 5.4 mmol), 2-cyanoacetic acid
(0.699,8.2mmal), piperidine(0.86 g, 1.0mmal), acetic
acid (0.42 g, 7 mmol), and ethanol (10 ml) were heated
to refiux for 4 h. The reaction mixture was concen-
trated under reduced pressure and then diluted with
ethyl acetate (10 ml) and water (10 ml). Theresulting
solution was basified with 10 % w/v aqueous sodium
hydroxidesolution (2ml). Theagueouslayer was sepa
rated and acidified with concentrated HCI (2 ml). The
obtained precipitatewasstirredfor 1hat 5°C, filtered,
and dried to the product (2E)-2-cyano-3-(3,4-
dihydroxy-5-nirtrophenyl)prop-2-enoic acid with an
yield of 0.8 g, 58 % and M.p. was observed as 124
126° C*2,

o 0
OH
0 o1
HO N
1) piperidine, CH;COOH , ethanol .SOOC
Scheme 1

Preparation of ZnSfilms

ZnS nanoparticleswere heated at 3x10° Torr and
condensed from the vapor phase onto the ITO glass
substrate. Thefilm thicknesswasmaintained at around
50 nm which were deposited by thermal evaporation
technique by Molybdenum (M O) boat. Theglasssub-
strateswere cleaned by ethanol beforedeposition. The
substrateswere placed in asample holder and kept at
adistance of 18 cm from the vaporation source. The
substrate holder was connected to an el ectric motor to
rotate the substrate during the deposition to achieve
uniform film. for vaporation the el ectric current was
maintained at 150 4. Thenomina film thicknesswas
controlled by an optical thicknessmonitor.
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Preparation of ZnO and ZnO/ZnSfilms

The ZnO coating was obtained by pasting ZnO
nanoparticlessuspended inapropylene carbonate (PC)
solution with atrace amount of surfactant (Triton X-
100, Sigma) and sintering them at 450°C for 30minto
remove the organic impurities between ZnO
nanoparticles.Inthefollowing discussion, asmplified
symbol isusedto identify each sample. Adash “/” de-
notestheinterface of each layer, and thedyeisusualy
denoted by thelayer next to ZnO. Thethermally evapo-
rated ZnSissimply denoted as ““ZnS.” A pure ZnO
layer was obtai ned by pasting and sintering ZnO par-
ticleswhichisdenoted as “ZnO”. The composite film
prepared in thisstudy wasobtained layer by layer, which
differsfrom those of mixed layersasreported inthe
literature?. The purpose of thelayered structurewas
toincreasethe adsorptive surface areaoffered by the
Zn0. A ZnO seed layer was deposited onto ZnS coated
fiuorine-doped tin oxide (ITO) glass substrate using
doctor bladetechnique. Then the synthesi zing Catacol
sengitizer was chemisorbed onto ZnO nanocrystaline
or ZnO/ZnSnanocryddlinefilmsby immerangthisfilms
intoaE, ligand containing ethanol solution.

RESULT AND DISCUSSION

M ass spectra of (2E)-2-Cyano-3-(3,4-dihydr oxy-
5-nirtrophenyl)prop-2-enoicacid

Theassynthesized high yield of (2E)-2-Cyano-3-
(3,4-dihydroxy-5-nirtrophenyl)prop-2-enoic acid, its
mass spectram/z values of 249 (M-H) which exactly
matcheswiththereported literature G Srikanth. et.al*?.

XRD studies

Thestructural properties have been studiesby X-
ray diffraction technique using CuK o radiation source
(A=1.540561).The X -ray diffraction pattern showsthat
the composite film deposited onto ITO substrate as
showninFigure2. The maximum peak were observed
and matched with the JCPDSdata. The structura pa-
rameterswereca culated fromthe XRD patterninwhich
thefilm natureiswurtziteand hexagond structurewhose
grain sizeweredetermined by using Debye-Scherer’s
formulaisD = 0.90/p Cos6, Where D is the grain size,
B is the FWHM of the diffraction peak, 0 is the Bragg
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Figurel: M assspectraof (2E)-2-Cyano-3-(3,4-dihydr oxy-5-nirtr ophenyl)prop-2-enoicacid

diffracting angleand A is the wavelength of X-ray. From
these datawe have confirmed that theformation of ZnO
onthel TO/ZnNS substrates along with the crystallinity
of ZnS coating. Huge difference were observed be-
tween the XRD patterns corresponding to the ITO-
coated glass and as-deposited ZnSfilm onthe ITO-
coated glass substrate which was compared in JCPDS
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card no.89-4599 indicatesthat avery high degree of
crystdlinity implyingthesizeof theZnSparticleswere
large. The diffraction peak at 2 6 are
32.7,35.74,37.1,which correspondsto ZnO and arein
good agreement with [JCPDS card no.65-3411] Fur-
ther theZnSsharp crystdline pesk at 20 valueof 25.94
(100) which exactly matcheswith [JCPDS card no.36-
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Figure2: XRD spectral studiesof ZnO and ZnS/ZnO compositefilms
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1450] asshowninFigure 2.
Photo-physical properties

The absorption spectraof ZnSand ZnS/ZnO com-
positenano crystd linefilmsweremeasured without dye
loading. It was observed that ZnO/ZnS composite
nanostructures had higher absorption intensitiesover
theentirewavelength rangethan theZnS nanocrystdline
filmswithout aZnO materid asshowninFigure3. This
isbecausethe optical absorption theory providesthe
relationshi p between the absorption coefficient and the
photon energy, dlowing thedirect trangtionsas (hv Eg)
1»/v, which is used for band gap calculation. In Figure
4. showsaplot of (hv)?vshv for ZnS and ZnS/ZnO
films. The obtained nanocrystalline compositefilmsat-
tributed to the wider band gap of ZnSin the region
3.64eV® and 3.1 eV of ZnO nanocrystallinefilms.

Absorbance(9%)

Waveleagiiem

Figure3: Full visbleabsor ption spectrumfor both ZnS/ZnO
compositesand thethermally evaporated ZnSfilm
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Entacoponeintermediate [E, ] typeligands have
been subjected for many studiesin the area of trace
metal analysisduetoitspotentia ability to chelatewith
the many transition metal ions. However, these mol-
ecules havereceived very little attention as potential
solar energy capturing pigmentsin dye sensitized pho-
tovoltaic cells. Intense absorption band centeredinthe
visiblerange of the spectrum at ca. 442 nm and strong
ability to bindwith nanocrystaline ZnO semiconductor
surface. The absorption spectrum of the E, in ethanol
solution showsn* < transition in 442 nm region, also
another band at 392 nm and 310 nm of shorter wave-
length regionwasobserved (asshowninFigure5). The
absorption spectraof both E -ZnO and E,-ZnO/ZnS
nanocrystallinefilms shows onsets of thelocal bands
cons derably red-shifted dueto the oxidation potential
of exited state of the adsorbed E; mol eculeand poten-
tial of the conduction band |level of the ZnO semicon-
ductor surface, energetic and geometric overlapping
integral between LUMO of E, moleculeand thedensity
state distribution of the conduction band semiconduc-
tor and a'so themol ecular orbital changeof theE; mol-
ecule onthe charge-transfer influencesthered-shiftin
the broad absorption structure because of the mol ecu-
lar resonance structures. Hence, the obtained film con-
Sderably showsalonger wavelengthwhenitisanchor-
ing or chemisorbed E, sensitizersisasshownin Figure
6. The optical characteristics of both E,-ZnO or E,-
ZnS/ZnO nanogtructuresreceivesmoreattentioninthis
study becausethe dye produces excited el ectrons by
absorbing visblelight, absorbsmorelight whenthean-
odeiscompaosed of ZnO/ZnS compositenanogtructures.
This absorption characteristic of ZnO/ZnS

0.00020

Zn0fZns film

0.00015 -

0.10000 ] =
28

T T T T T T T
30 32 34 16 3.8

E(ev)

40

Figure4: Bandgap deter mination of ZnS/ZnO compositesand thether mally evapor ated ZnSfilm fromthe UV spectrum
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nanostructureswill bebeneficia for improving the effi-
ciency of the DSSC célls.

ATR-FTIR spectroscopy

TheATR-IR spectra (1100-1800 cm region) of
E, -ligands adsorbed on ZnOfilmsand free E, ligand
arecomparedinFigure7. Mgor IR bandsof freeligands
(curveA) areasfollows: 1682.9cm?,1724.05 cm?, cor-
responding to C=0 stretching mode; 1612 cm™ for the
antisymmetric stretching of CO,; 1367.3cm for the
symmetric stretching of CO,; 1137 cm™for C-O-H
bending; 1245.2 cm* for singly bonded C-O stretch-
ing, 2238cm for CN stretching are presentinthefree
sampl e (not mentioned). Thefact that both -C=0 and
-CQ, stretching bands observed in our caseindicates
that both protonated and deprotonated carboxylic
groupsarepresent in thefreesample(curvea).

The IR spectrum of E, ligand adsorbed on ZnO
film showed alittlechangedinthe 1100-1700 cm™ re-
gion (curveb). Most prominent changeistheband at
1683 cm?, 1724 cmt v(C=0), whose intensity was
greatly reduced on ZnOfilmsand thereisan intense,
broad band at 1607.7cn?, which is assigned to the
antisymmetric stretching of -CO,, wherethe negative
chargeisdelocalized to givetwo equivaent (or nearly
so0) C-O bonds; intense band at 1382.2 cmr? corre-
sponding to symmetric stretching of -CO,,. Thisindi-
catesthat the surface complexes of ligandswere at-
tached through a bidentate coordination (BC) but not
monodentate coordination (MC). Theband at 1137.6
cm' (C-O-H) was a so absent upon adsorbing on ZnO
films, which reconfirmsthe bidentate surface complex

| E1-sensitizer ]

Absorbance(%)

0.0 T T T T T
300 400 500 600 700 800

Wavelength(nm)
Figure5: UV-Visibleabsorbanceof E -sensitizer
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Figure6: UV-Visbleabsorbanceof [a] E -ZnO filmand [b]
E,-ZnSZnO compositefilm

formation™4. Similarly, the E, ligand adsorbed on ZnY/
ZnO compositefilmswereatached through abidentate
coordination due to the absence of peak intensity at
1724 cm* of C=0 group and the other band at 1137.6
cmt of C-O-H group (curvec).

Efficiency

The configuration of thephotovoltaiccdl isshown
inFigure8withvariationinthedye-sensitized layer in
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Figure 7 : ATR spectral studies of [a] E, sensitizer, [b] E;
chemisorbed ZnO filmand [c] E, chemisorbed ZnSZnO com-
positefilms
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different cases, becausethe Ru-dye moleculesadsorb
strongly onto the metal oxide* andinthesimilar way
the catacol also strongly adsorb on ZnO films, which
wasconfirmed by ATR-IR spectrd studies. The counter
electrodeisathin, sputtered Pt layer ontothel TO glass
and playsaroleasacatayst tofacilitate the reduction
of I*ionsand improvethe rejuvenation efficiency of
thedye. The photoe ectrochemica behaviorsof DSSC
structuresweremessured a anilluminationintensity of
AM 1.5. Thephotocurrent density voltage characteris-
ticsof theCdl 1 and Cell 2 areshowninFigure8and
therelated physical vaues, such as JSC (short-circuit
current), VOC (open-circuit voltage), FF (fill factor),
andn (light- to-electricity conversion efficiency), are
summarized in TABLE 1. Then values can be evalu-
ated by the equation(“dl,

n=Pout\P_=Vmax*Imax\P, =FF*| *V_\P_

Where Pinistheincident light power dengity.

vo
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Figure8: |-V characterigicsof thesolar cellsmadefrom (a)
ZnO nanogructured film (b) ZnSZnO nanostructured film

TABLE1
Absorbance Voc Jsc o
Complex Amaxinm  (v)  (mAcm? FF (%)
El-ZnO 442 nm 0.23 0.528 23 0.028
El-an/Z”O film 540 nm 0.26 0.738 28 0.055

Thepure “ZnO/dye” (cell 1) was tested to have a
power efficiency () of 0.028%, which was relatively
low as compared to those (n=1.1-5.0%) reported in
theliterature’®. However, alot of parameterswill affect
theoverd| performance, including particlesize, surface
area, theamount of dye adsorbed, the electrolytetype,
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the processfor dyereuvenation, hinder therecombi-
nation processetc. In this casethe Photo-excitation of
thesetypeof ligandsinvolveligand centered (LC) tran-
sitionsand often strongly alowed transitionsarewel |
intotheUV sideof thespectrum. Hence, direct irradia-
tionwill causethe photodegradation of dye molecules,
blocking theUV radiation resultsinlow photocurrent
conversion efficiencies. Furthermore, solar energy con-
version schemes based on LC transitions do not in-
volve an energy capturethrough acharge separation
process. Therefore, in addition to photodegradation,
charge recombination reducesthecdll efficiency of pho-
tocel s sensitized through an LC mechanism. Hence
for compared these two systems surface complexed
ZnS/ZnO films shows moreefficient system than the
surface complexed ZnO filmsdueto charge recombi-
nationismuch lessprobablein compositefilms.

M echanism

Themechanism of dyefunctionsand rejuvenation
isshowninFigure9(a) inwhich Theexcited dye (D*)
injectsdectronsinto the conduction band of ZnO. Elec-
tronsarethen transported through an outer circuit to
the counter el ectrode, which reducesthel-2ionsback
tol~. Thedyeisoxidized (S') after theelectroninjec-
tion. Itisrgjuvenated (S) by oxidizingI'tol-3 andis
then ready to be excited again.

TheVoc of cell 2is0.26, which was greater than
that of cell 1i.e. Voc was a so affected by many fac-

- S-|*—b-s_,|+ -
e TH—1 /7
hv | |! |3- /.."

S/, _ /4

Zno |

Figure9: (a) Relative energy diagram of a dye-sensitized
photovoltaic cell with aZnO compositethin film
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(b)

Figure10: (a) Relativeener gy diagram of adye-sensitized photovoltaic cdl with aZnS/ZnO compostethin film. (b) Illustra-
tion of theZnSfinelayer that offersafaster alter nativeelectron pathway “B” than theoriginal pathway “A,” whichisfull of

barriersamong ZnO particles

tors, including thetype of semiconductor (Fermi-leve),
redox couple concentration, recombination of eectrons
and holes, theamount of dye, rejuvenation of the dye,
etc. TheZnS/ZnO/dye compositefilm (in cell 2with
n=0.055%) configuration isshown in TABLE 1.A.
wherethe power efficiency wasgreater than that of the
pureZnO/dyeconfiguration. But, accordingtotherda
tiveband energy diagram Figure 103, itisunlikely that
thedectronsaretransported faster by penetrating the
ZnS layer. The electrons seemsto be trapped in the
ZnO phase, becauseitisimpossiblefor electronsto
jump up to the conduction band gap of ZnSfrom ZnO.
Infact, thesame situationisa so encountered in other
configuration>8, One possible explanation isthat the
electronsareinjected into the ZnO when excited and
the rate determining step of electron transport inthe
ZnO phaseisovercoming the energy barrier of ZnO,
asinpathway A whichisshowninFigure 10b. Aselec-
tronscontinueto beinjectedinto theZnO or ZnO with
much smaller particlesizes, theconduction band of ZnO
shifts upwards, which makesit possibleto transport
electrons from ZnO to ZnS and back again®®, asin
pathway B shownin Figure 10b. Becauseof thesmaller
contect area(larger barrier) compared withmerely ZnO
particles, thetrangport rate of pathway B offersamuch-
greater contact areaor increases the necking between
particles, whichlowersthedectron chargetransfer re-
sistance and increasesthe power efficiency. Especialy,
cdl 2in Figure5.10b, with an ultra-thin layer of 50 nm
of ZnS, offersmore-seamless el ectron transport than

that of pureZnO nanocrystalinefilms(cell 1).
CONCLUSIONS

Thiswork reportsthe poss ble approach of improv-
ing the power efficiency by demongtratingfeasibility of
devel oping acompositeZnS/ZnO. Theadditionof ZnS
might contributeasecond routefor € ectronswhen they
are being transported through the ZnO barriers. Elec-
tron trangport ispossiblefrom ZnO to ZnSfor smaller
ZnO particlesor continuing € ectroninjection, which
raisesthe Fermi-level. The maximum power efficiency
inour case ZnSZnO composite photovoltaic cell was
0.055% whichishigher than that of ZnO films[0.026
%].
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