Dyve-Sensitized Nanocrystalline Rutite Ti(): Films

Bull. Korveann Chem. Soc. 2000, Vol. 21, No. 10 983

Effect of Cations on the Open-Circuit Photovoltage and the Charge-Injection
Efficiency of Dye-Sensitized Nanocrystalline Rutile TiO; Films

Nam-Gyu Park,” Soon-Ho Chang, Jao van de Lagemaat,” Kang-Jin Kim,* and Arthur J, Frank™”

{elecommunication Basic Research Laboratory, Electronics and Telecommunications
Research Instinute (E1TRI). Taejon 303-330, Korea
TXational Renevable Energy Laboratory (NREL), Golden Colorado 80401, US1
Department of Chemisiry. Kovea Universitv. Seoul 136-701. Korea
Received August 7. 2000

Dve-sensitized nanocrystalline mitile TiO- solar cells were prepared. and the influence of Li~ and 1.2-dimethy1-
3-hexylimidazolinm ions in the electrolyte on the photovoltaic properties was compared. The electrolyte con-
taining Li~ ions produced a lower open-circuit photovoltage than the electrolyte with 1.2-dimethyl-3-hexyl im-
idazolium ions, suggesting that the adsorption of Li~ ions to the rutile TiO- surface causes a shift in the band
edges toward nmore positive potentials. At the same time, both the short-circuit photocurrent and the maximum
value of the incident-photon-current conversion efficiency (IPCE) of the electrolyte containing Li* ions were
relatively higher. Data analysis suggests that presence of adsorbed Li™ ions improves via the phenomenon of
band-edge movement the charge-injection efficiency by altering both the energy and number of excited state

levels of the dve that participate in electron imjection.

Introduction

A new Lype of solar cell technology has cmerged in the
past ten vears.' 1t is based on the sensitization of nanocrys-
tallin¢ (itanium oxide thin ilms. a malcrial uscd as a pig-
ment m house paints. (o visible and ncar infrarcd light.
Interest in dye-sensitized solar cells stems from their high
solar conversion clliciency (= 10%) and potential low cost.

Figure 1 illustrates the basic underlying phenomenon that
occurs in dyvec-sensilized solar cells.” When dye molecules
(c.g.. RuL:(NCS)=. where L is 2.2"-bipyridy1-4.4"-dicarboxy-
lic acid) absorb visible photons. ¢lectrons in the t-, orbital of
Ru(1l) arc mjected. via the 7% orbital of the carboxylated
bipyridv] ligand. into the conduction band of »-lype scmi-
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Figure 1. Schematie of the dye-sensttized nanocrystalline scmi-
conductor solar cell showing the clectron (ransler processes that
oceur upon the absorption of hight by the dve.

conducting particlcs. The photoinjected clectrons travel
through the mesoporous network of the nanostructure and
arc collected at the transparent conducting laycr. where they
pass into the external circuit. The electrons re-cnter the cell
at the platinium counter clectrode. where they reduce. in a
nct process. 137 Lo [0, The 17 ions difTuse into the pores of the
TiO2 network and reduce the oxidized dye molecules back to
their original state. Concomitantly. the 17 is oxidized to [3.
completing the redox cyvele.

Sclecting semiconducting oxide materials with the proper
characieristics and developing the methodology for synthe-
sizing the materials arc of importance considerations in this
cmerging solar ccll technology. Matcrials that have been
studicd for this purposc include TiO." $nO.* ZnQ.* and
Nb-Os." Of these. nanocrystalline anatase TiO: has been
found to exhibit the most favorable photovoltaic properties.
Until recently.” little attention has been paid to rutile TiO:
despite the fact that it is thermodynamically the more stable
form of TiO-. The lack of interest in rutile TiO; probably
arose from the expectation that solar cells based on it would
have a lower photovoltage than that based on anatase TiO-
because of the more positive conduction band potential of
anatase as measured in the solid state. However. recently we
showed’ that the photovoltages of anatase and rutile TiO:
based photochemical solar cells were essentially the same.
This surprising discovery suggests that additional research
on dye-sensitized rutile TiO- based solar cells is warranted.

In this paper. we report on the effect of cation species in
the electrolvte on the photovoltaic properties of the dye-sen-
sitized nanostructured rutile TiO- films.

Experimental

Rutile TiO- particles formed from the hvdrolysis of TiCly
were deposited on the surface of transparent SnO- conduct-
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ing glass (Libbey-Owens-Ford Co.. TEC-10 (10 ohm/sq).
753% transmittance in the visible) by two distinct methods
and then heated in air for 1 h at 500 °C. The first mecthod ™
imyolved the direct (in sitir) deposit of rutile TiO: films onto
the conducting glass. In the second method. ™ the TiO: parti-
cles were prepared as a slurmy and then deposited onto the
glass substratc with a doctor blade. The slurry was preparcd
as follows™: the TiO- particles were formed as a precipitate
from the hvdrolysis of TiCly (Aldrich). TiCly was added
dropwisc to chilled water (ca. 4 °C) 1o producc a concentra-
tion of 2 M TiO-. Subscquently. the solution was diluted 1o
0.3 M TiO- and sct aside in a closed. air-filled vessel for 3
days. The liguid was then removed with a rotary evaporator.
The resulting white precipitalc was subjecied 1o repeated
punification by adding and removing waler and then repeat-
ing the steps with methanol, The dried precipilale was col-
lected and redispersed in distilled waler to produce a
solution containing 13 wi % TiQ: Wilh respect Lo the
amount of TiO: present. 20 wi % poly cthylene glveol (Ald-
rich. average MW 2.000) and 135 wi % poly cthyvlenc oxide
(Polysciences. average MW 100.000) were added to the
TiO: colloid solution. which was then stirred for 2 days with
a magnctic stirring bar. (o vicld the slurry.

X-ray diffraction mcasurcment was performed with Cu
Ko radiation (A= 15406 A) using SCINTAG DMS-2000.
Raman specira were (aken in the backscatlering gcometry
using the 314.3 nm linc of an Ar 1on lascr, The thickness ol
the transparent rutile films was measurcd with a Tencor
Alpha-stcp profiler. The morphology of TiO-~ [ilms was
investigated by ficld emission scanning cleciron microscopy
(SEM: JEOL Mede] 6320F).

For pholoscnsitization studics. the TiQ: clectrodes were
immersed in acctonitrile/r-butanol (30 : 30 v/v%) conlaining
3% 107 M Ru(LLYNCS)~ (where L =2.2-bypyridyl~t4'-
dicarboxylic acid. and L =22 -bipyridyl-.4 -ditctrabuty -
ammoniumcarboxylate) for 24 h at room (cmperature. The
dve~covered clectrodes were then rinsed with the accloni-
trile/i-butanol mixturc and dricd under a N- strcam. Pt
counter clectrodes with a mirror finish were prepared by
clectron beam deposition of a 60-nm layer of PLon top of a
40-nm layer of Ti on a glass platc. The Pt clecirode was
placcd over the dyc-coated TiOs clectrode and the cdges of
the cell were scaled with 0.3-mm wide stripes of 23-gm
thick Surlyn (Dupont. grade 1702). Scaling was accom-
plished by pressing the two clectrodes together at a pressurc
of 900 psi and a temperature of about 120 “C. The redox
clectrolvic was introduced into the cell through one of two
small holcs drilled in the counter clectrode. Two different
clectrolvies were used i this experiment. One clectrolyte
consisted of 0.8 M 1.2-dimcthy1-3-hexyl imidazolium iodide
(C6DMI) and 40 mM I~ in acetonitrile and the other con-
tained 0.8 M Lil and 40 mM I~ in acctonitrile. The holes
were then covered and scaled with small squarcs of Surlyn
1702 and microscope objective glass. The resulting cell had
an active arca of about 0.3 cm-,

Photocurrent—voltage ./—F mecasurements were performed
using a Keithley Modcel 236 source measure unit. A 1000-W
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sulfur lamp (Fusion Lighting Inc.) served as a light sourcc.
and 1ts light intensity (or radiant power) was adjusted with a
Si solar cell equipped with KG-3 filter (Schott) lor approxi-
mating AM-1.3 radiation. The light source for the incident
photon-to-current  conversion clficicncy  IPCE  mcasure-
ments was a 130-W Quartz halogen lamp cquipped with a
Photon Technology International Modcl 1492 monochroma-
tor. The intensity was mcasured with a UDT Instrument
Model S370 optometer and a UDT Instrument Model 221
calibratcd photodiode. Absorption and rcllectance spectra
were measured with an HP 8450A diode array spectropho-
tometer and a Carv 3E UV-Vis-NIR spectrophotometer.
respectively.

Results and Discussion

Figurc 2 shows the X-ray dilfraction paticrns and Raman
spectra Tor anncaled TiQ- films that were deposited cither
dircctly or from a slurry onto the surface of the conducting
glass (Experimental scction). In both cascs. the phase of the
lilms was conlirmed to be pure rutile TiO:, SEM measurc-
ments (Figure 3(a)) indicate that the slurny-based TiO: film
is madc up of non-oricnted. homogencously distributed par-
ticles having a dimension of approximately 20 x 80 nm, [n
contrast. the SEM micrograph (Figure 3(b)) of the dircctly
deposited TiO- film consists of cluster-like spherical bundles
with an average dimension of about 300 nm. The individual
ncedles appear (o radiate out from the bundles,
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Figure 2. (a) X-ray ditfraction (XRD) patterns and (h) Raman
spectra of TiOs rutile films deposiled direetly and [rom a slurry
onlo the surface of conducling glass.
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Figure 3. Scanning cleclron microscope micrographs ol 110,
rutile {ilms deposiled onto he surlace of conducting glass (4) [rom
a shurry and (b) directly.

Figure 4(a) compares (the mflucnce of the Li' and the 1.2-
dimcthyv1-3-hexy] imidazolium (C6DM'") ions in the ¢lectro-
Ivte on the .JJ-F charactenstics of the dyc-sensitized. slurry-
bascd TiO- solar cell at 1 sun light intensity. The short-cir-
cuil photecurrent J. of the Li' ions-containing clectrolyic
(13.4 mA/cm®) is aboul 23% higher (han (hat obscryed (or
the C6DM' clectrolyte (10.7 mA/em®). On the other hand.
the open-circuit photovoltage Vi of the Li' clectrolyte (470
mV) is 260 mV lowcer than that mcasured (or the C6DM'
clectrolvie (730 mV), A similar cation clcct was obscrved
in the case of dve-sensitized. dircetly-deposited rutile-based
TiO- solar cells: the Li* ¢lectrolvie produced a higher ./, and
a lower ¥ than the C6DM™ clectrolyvic. Consisient with the
relative Jy values. the maximum valuc of the incident mono-
chromatic photon-to-current conversion cilicieney (1PCE) of
the Li~ containing clectrolvic is approximalcly 23% higher
than that of the clectrolyic with C6DM* (Figure 4(b)). More-
over. the maximum 1PCE value of the cell with the Li* ion
based clectrolyie (343 nim) 1s about |3-nm red-shificd with
respect Lo that of the C6DM™ jon bascd clectrolvie (530 nm).

The dependence of the photovoltage on the cation of the
clectrolvic suggcests the possibility that the cation alters the
encrgetics at the TiOy/clectrolyte interface. A similar cffcct
has been observed for anatase TiO~-based solar cells. where
it was shown that small cations. such as Li*. produced a
smallcr photovollage than larger cations. such as thosc of the
alkali mctal ions® or tetrabutylammonium ion.” In sutTicicnt
amount. cation adsorption can change the potential drop
across the Helmholtz layver. causing the band edges to shift to
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Figure 4. Li[Teet of cation in the electrolyte on (a) the current-
vollage characteristics and (b) short-circuit IPCE of dyve-sensitized,
slurnv-based TiO: cells contaming (0.8 M Lil and 40 mM I (sohid
line) and 0.8 M | 2-dimethvl-3-hexy] imidazolium iodide and I,
(dashed line). The thickness of the rutile TiO; (ilm was 11.5 gm,
and the light intensity was aboul one sun.

morc positive potentials. Considering the small siz¢ of the
Li ion comparcd with that of 1.2-dimcthyl-3-hexy] imida-
rolium ion. it is rcasonable to anticipate that the amount of
Li ions adsorbed to the TiO: surface will exceed that of
C6DM' ions. producing a more significant shift of the band
cdges and. conscquently. a more substantial drop of V. In
the casc of anatasc Ti()-. adsorption of Li” ions is known to
change the conduction-band cdge position.

Cation adsorption can also alter the photocurrent (Figure
) and the IPCE (Figurc 4b) by affecting the light-harvest-
ing cfliciency or the clectron-injection ¢fTiciency of the dyve.
In principle. clectronic interactions between the cation and
the dye can alter the light-harvesting cfTiciency of the dye.
To explore this possibility. we compared the effect of the Li”
clectrolyte and the C6DM™ ¢lecirolyle on the absorption
spectrum of the adsorbed dyc on TiQ: particles suspended in
an acctonitrile solution. The Li* ions were found (o cause
less than a 2 nm red shift of the absorption maximum of the
dye with respeet to that obscrved for the C6DM™ clectrolyte
under otherwise identical condition. The relatively small
spectral shift suggests that both Lit and C6DM™ ions have
cssentially the same cffcet on the cnergy levels of the
adsorbed dye. In tum. this implics that the difference n the
IPCE response (Figure 4b) is not duc 1o clectronic interac-
tions of the cation with the dye. These results suggest that
cation adsorption to the TiO- surface affects the photocurrent
(Figure 4a) and the IPCE (Figure 4b) by altering the clee-
tron-injcction cfficiency of the dyve. The clectron-injection
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clTicicncy of the dye can be changed by band-cdge move-
ment with respect 1o energy Ievel of the excited state of the
dyvc from which the clectron is injected. As discussed above
in connection with F (Figure 4a). onc expects the adsorp-
tion of Li' ions 1o shift the conduction band cdge of TiO;
toward positive potentials by 260 mV with respeet to the
position of the conduction band cdge in the presence of the
C6DM ' ions. Assuming that the encrgy level of the dye mol-
ccules cither do not shilt with the band cdges or shifl less
than the 260 mV. onc cxpects that increasing the difference
in cnergy between the excited state of the dye and the con-
duction band cdge position may aflcet the encrgy and num-
ber of excited state levels of the dve involved in clectron
injection. In particular. one can understand both the incrcase
in the magnitude and the 15-nm red shifl of the [PCE result-
ing from the presence of Li” ions (Figure 4b) in terms of the
participation of low lyving cxcited states of the adsorbed dye
in the clectron injection process. [n other words. the positive
shilt of the conduction band cdge of TiO- with respect Lo the
excited state levels of the dye allows low Iying excited states
of the adsorbed dyve to inject clectrons into the conduction
band of TiO; and therefore (o contribule (o the photocurrent
and the [PCE.

Conclusions

The influence of Li' and 1.2-dimcthyl-3-hexy] imidazo-
lium ions n the clectrolvic on the photovoltaic performance
of dve-sensitized nanocrystalline rutile TiO- solar cclls was
investigated. The clectrolyie containing Li' ions produced a
lower open-circuil photovoltage and a ligher shorl-circuit
photocurrent than the clectrolvic with 1.2-dimcethy1-3-hexyl
imidazolium ions. The adsorption of Li™ ions (o the nano-
crvstalline (ilm s shown (o have a significant clicct on the
band-cdgce position. which. in tum allects the photovoliage.
photocurrent. and 1PCE. The influence of cations on the
photocurrent and the 1PCE is altributed to the clTect of band-
cdge movement on both the cnergy and number of cxcited
state Ievels of the dve that participate in the clectron-injcc-
tion process. This study indicales that in the development of
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high efficicncy dye-sensitized solar cclls. the nature of the
cation must be a major consideration when optimizing the
composition of the clectrolyic.
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