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Chemical oxidation, spectro-electrochemical reduction, and potential-dependent photoluminescence v
employed to investigate changes in the redox potential of eight different adsorbed sensitizing dyes relativ
the potentials of the semiconductor and the electrolyte solution. The redox potentials of the investiga
dyes were pH-independent in solution but developed a pH dependence that varied between 21 and 53 m\
pH unit upon adsorption to an oxide surface. Electrochemical experiments show that the apparent re
potential of the dye could also be influenced by an external bias applied to the electrode. The adsorpti
induced potential changes were found to depend on both the dye structure and the electrolyte composi
A proposed model that considers the position of the specifically adsorbed dye relative to the ionic doul
layer at the electrode/electrolyte interface explains these results qualitatively. When the dye is mostly ins
the double layer, its potential will tend to follow changes in the semiconductor potential; when it is most
outside, its potential will be almost independent of the semiconductor. The fact that the potential of t
sensitizing dye is not fixed relative to either the semiconductor or the electrolyte solution has importe
implications for the understanding and optimization of dye-sensitized cells.

Introduction the dye-sensitized solar cells must involve considerations
regarding the semiconductor, dye, and electrolyte energétics.

All four potentials that affect the semiconductor/dye/
electrolyte interface can be measured separately: the conductior
band potential of the high surface area semiconductor can be
resolved by measurements of its absorptioor reflectior??
during a potential sweep, the oxidation potential of the dye in
solution and the potential of the redox couple can be measured
by cyclic voltammetry?3 and the dye’s excited-state potential
can be estimated from its oxidation potential and the excited-
state energy322 However, measurements of these potentials
under working cell conditions, i.e., when the dye is adsorbed
Qnto the semiconductor and the electrolyte solution is present,
are more complicated. The complexity arises mostly from the
limited electrochemical window resulting from the insulating
nature of the TiQ at positive bia% and the tendency of the
dye to desorb at negative biadt is, therefore, usually assumed
that the potentials measured individually still pertain when the
complete solar cell is assembled.

In a previous papé? we reported measurements of the redox

Sensitization of wide band gap semiconductors with organic
and inorganic dyes is currently of great interest in solar energy
conversion systemnts. Dye-sensitized solar cells that convert
light to electrical energy at efficiencies as high as 13®%and
other applications like self-powered electrochromic windbws
and light-emitting diodéshave been reported. Studies concern-
ing the fundamental understanding of the dye-T8@sten§—10
and new materials like other high surface area semiconduc-
tors'12and new sensitize¥s 16 have appeared recently. The
increasing research effort toward higher efficiencies and solid-
state versions of these céfis?! is evident from the literature.

The dye-sensitization process is based on charge separatio
at the semiconductor/dye/electrolyte interfa€ef-ast electron
injection from the dye to the semiconductor occurs upon
illumination followed by hole transfer to the electrolyte solution
(regeneration of the dyé$-2* Many factors, such as the
distance between the dye and the semicondéetitre type of
bond that connects théf?” and the properties of the redox

couple in the electrolyte solutidh,influence the efficiency of | ; -
the process. potential of one ruthenium-based dye adsorbed o, Bi®a

Perhaps the most fundamental property that should befunction of solution pH. The redox potential was determined

considered during the design of such cells is the relative energies.by chemical oxidation W'th aqueous Ipromlne SOIUt'On'. We
at the semiconductor/dye/electrolyte interface. The dye excited-founol that, upon adsorption onto the BGh_e redox potential
state oxidation potential has to be more negative than the of Fhe dye became pH-d.ependent, chgnglng .by 53 m.V per pH
semiconductor conduction band potential to enable the electronUnit although the potentla_l _O_f the dye in solution was |_ndepen-
injection, and the oxidation potential of the dye must be more dent of pH._ The pH sensitivity of the redox potential induced
positive than the redox couple in the electrolyte solution to by adsorption onto Tigwas as_sumed to_be correlated to the
provide the driving force for the hole transf@r°® Within these well-known movement of the Tigconduction band by 59 mvV

i+36,37 i
limits, the cell performance is affected by the exact position of per PdH un(;t.f_ . _Howevir, at thfat pﬁ.'m we were unable to
the relative potentials. A change in either of the two driving Provide a definitive mechanism for this process.
forces impacts both the short circuit photocurrent and the open I this paper, a more comprehensive study of the effect of

circuit photovoltage of the cet®30 Therefore, optimization of adsorption on the rt_adox potential of the.dye is_ reported. The
redox potential was investigated by chemical oxidation, spectro-

* Current address: Department of Chemistry, Bar-llan University, Ramat €lectrochemical reduction, and potential dependent photolumi-
Gan 52900, Israel. nescence. Five ruthenium dyes, two phthalocyanine dyes, and
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a perylene dye were investigated. The six dyes tested for pHreacted overnight with 1.0 g of NaCN (20 mmol) #60 mL
dependence exhibited a pH-dependent redox potential inducedof refluxing dimethylformamide containing 20 mL of 0.1 M
by adsorption to TiQor to insulating A}Os. The magnitude NaOH. After rotary evaporation of all solvent, the complex
of the pH sensitivity varied between 21 and 53 mV per pH unit was redissolved in water and the pH lowered~8 by the
depending on the dye structure. Electrochemical experimentsaddition of dilute trifluoromethanesulfonic acid. The precipi-
showed that the redox potential of the dye was also affected bytated product was collected by filtration and dried under vacuum.
an externally applied bias. This sensitivity to pH and electrical  [Ru' (4'-phosphonic  acid-2,26',2"-terpyridine)(4,4'-di-
bias depends both on the ability of electrolyte ions to penetrate methyl-2,2-bipyridine)(CN)] (Dye 2). This complex was
the dye layer and on the dye structure. The crucial parameterprepared in identical fashion to dye 1, except that in the
is the position of the specifically adsorbed dye relative to the intermediate step to prepare [Ru(4-diethylphosphonate-2,2
ionic double layer (Helmholtz and diffuse layers). The mech- ¢ 2'-terpyridine)(4,4dimethyl-2,2-bipyridine)(Cl)] 153.8 mg
anism by which the adsorption affects the redox potential, and of [Ru(4-diethylphosphonate-2;8',2"-terpyridine)(Cl}] (0.267

the importance of these findings to the design and understandingmmol) and 65.2 mg of 4'4imethyl-2,2-bipyridine (0.35 mmol)

of dye-sensitized systems, will be discussed. were used.
) [Ru" (4-phosphonic acid-2,2bipyridine) »(1,2-bis[4-meth-
Experimental yl-2,2-bipyridyl-4-yllethane)] (Dye 3). [Ru'(4-diethyl phos-
Materials and Methods. 2,2-bipyridine, 4,4-dimethyl-2,2- phonate-2,2bipyridine}Cls] was prepared according to a

bipyridine, 3,4,9,10-perylenetetracarboxylic acid dianhydride, literature preparatidiusing 483 mg of 4-diethyl phosphonate-
and RuC}-3H,0 were obtained from Aldrich. 4 Dicarboxylic 2,2-bipyridine (1.65 mmol), 216 mg of RugBHO (0.825
acid-2,2-bipyridine was obtained from Alfa/Aesar. All other ~Mmol), and 233|mg of LiCl (5.5 r_nmcl)l)._ The product was
synthetic starting materials were reagent or ACS grade. cofrllve_rted to [Rtﬁfjph(;)gpl\r;lolzlél a(zll_dh-Z,-I)I[szyl'ICilne)sz ﬂby g
: : - ol P refluxing overnight in 0. . The product was refluxe
bi pF;/rriedpyaI-rit)l/(I)]gtt?;nz%gfzllfl-bl_ils%gpod:l'omle’tzh)t/)ll)?gzrz;s;?iﬂir? e’%g in dim_eth_ylformamide containing 853 mg of 1,2-_bis[nethyl-
and 4-bromo-2,2bipyridine®® were prepared via published 2,2-bipyridyl-4-yllethane (2.3 mmol) for approximately 16 h.

procedures. 4'®is(diethyl methylphosphonate)-2ipyridine The dimethylformamide was rotary evaporated, and the reaction
was prepared’ from 4.4is(bromomethyl)-2 ’2bipy,ridine ac- mixture was redissolved in water and filtered to remove excess

cording to a method used by Hud@nd chromatographed on ligand. The_ aqueous portion was rotary evaporated to dryness
silica gel using 10% acetone in dichloromethane as eluent. and then dnepl under vacuum. i i o
4-Bromo-2,2-bipyridine was converted to 4-diethyl phospho-  [Ru" (4,4-bis(methylphosphonic acid)-2,2bipyridine) »-
nate-2,2bipyridine using the procedure of Hirao et4al.  (4.4.55-tetramethyl-2,2-bipyridine)] (Dye 4). [Ru'(4,4-

4,4 5 5-Tetramethyl-2,2bipyridine was a gift of Professor C.  bis[diethyl methylphosphonate]-2;Bipyridine}Clz] was pre-
Michael Elliott, prepared from 3,4-lutidirfé. 4-Diethyl phos-  Pared via modification of a literature preparatfdrysing 305
phonate-2,26',2"-terpyridine was prepared via the same three- Mg of 4,4-bis(diethyl methylphosphonate)-2faipyridine (0.669

step sequence employed by Gl 424445 mmol), 87.0 mg of RuGt3H20 (0.333 mmol), and 94 mg of
[RU" (4’-ph03ph0niC aCid-2,26’,2”-terpyridine)(1,2-biS[4’- LIC' (22 mmOl) Subsequently, 1003 mg of [R4,4'-
methyl-2,2-bipyridyl-4-yllethane)(CN)] (Dye 1). [Ru(4- bis[diethyl methylphosphonate]-2;Bipyridine)Cl;] (0.0925

diethyl phosphonate-2:8',2"-terpyridine)(Cl)] was prepared ~ Mmol) and 39 mg of 4,45,5-tetramethyl-2, 2bipyridine (0.20
via a modification of a literature procedute.In a typical mmol) in 3 mL of dimethylformamide and 2 mL of 0.1 M KOH

preparation, 800 mg of RuUEBH,O (3.07 mmol) was dissolved ~ Were refluxed fo 6 h under an argon atmosphere. The reaction
in 175 mL of absolute ethanol and degassed with No the mixture was rotary evaporated to dryness, redissolved in water,

solution was added 1.13 g (3.05 mmol) dfcethyl phospho- and made neutral by the addition qf dillut'e sulfurig acid. Excess,
nate-2,26',2"-terpyridine, and the reaction mixture refluxed for unreacted 4,45,3-tetramethyl-2,2bipyridine was filtered from

5 h under N. The brown solution was allowed to cool to room  th€ aqueous solution; the pH was madeband the solution
temperature and the resulting copper-colored precipitate was'€fluxed overnight to ensure hydrolysis of the phosphonate
collected by vacuum filtration. The product was rinsed with 3 9r0ups. All attempts to crash the complex out of aqueous
x 25 mL portions of ethanol and dried under vacuum. A typical solution via pH manipulation were unsuc_cessful. Instead, the
yield was 1.3 g (74%). Subsequently, [Ruédethyl phospho- pH was made neutral by addition of dllu_te NaQH _and the
nate-2,26',2"-terpyridine)(1,2-bis(4methyl-2,2-bipyridyl-4- solution rotary e\{aporated to dryness. Redissolution in ethanol
ylethane)(Cl)] was prepared by reaction of 3.0 g of [1,2-bis(4 allowed the filtering out of excess salts.
methyl-2,2-bipyridyl-4-yl)ethane] (8.2 mmol) and 900 mg of M-4,4',4" 4" -tetracarboxyphthalocyanines (Dyes 5 and 6).
[Ru(4-diethylphosphonate-2;B',2"-terpyridine)(Cly] (1.56 Fe''-4,4,4",4"-tetracarboxyphthalocyanine (dye 6) was pre-
mmol) in 100 mL of dimethylformamide. The mixture was pared according to Shirai et®.Mg"-4,4,4",4" -tetracarboxy-
brought to reflux under By and within 15 min the solution was ~ Phthalocyanine (dye 5) was prepared similarly; however,
a deep crimson color. Refluxing was continued for 5 h, after magnesium acetate was used in place of the metal chloride.
which time all of the dimethylformamide was removed by rotary Purity of the phthalocyanines was assessed via absorption
evaporation. The product mixture was redissolved in water and Spectra and cyclic voltammetry.

filtered to remove unreacted ligand. The pH of the aqueous 3,4,9,10-Perylenedihydroxamic Acid Dianhydride (Dye 7).
solution was brought to 1 with concentrated hydrochloric acid, The dye was prepared by variation of the method employed by
and then refluxed overnight to effect hydrolysis of the phos- Ford to prepare the di(glycyl)imide derivatide. 3,4,9,10-
phonate ester groups, yielding [Rd¢'-phosphonic acid-2;2 Perylenetetracarboxylic acid dianhydride (260 mg, 0.663 mmol)
6',2"'-terpyridine)(1,2-bis[4methyl-2,2-bipyridyl-4-yl]ethane)- was suspended 25 mL of dimethyl sulfoxide and heated to
(CN]. The complex could be isolated from water as the 90 °C. Hydroxylamine hydrochloride (1.1 g, 16 mmol) and
zwitterionic “[Ru'(4'-P(O)(OH)(0)-2,2:6',2"-terpyridine)(1,2- KOH (900 mg, 16 mmol) dissolved in20 mL of water were
bis[4-methyl-2,2-bipyridyl-4-ylJethane)(Ct)]” and was then subsequently added to the hot suspension. A condenser wa:s
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attached, and heating was continued for 3 h. The dark The chemical oxidation experiments were carried out using

precipitate was collected on a 0.4b filter and then heated in

0.5 M HCI. The acidified precipitate was again collected and
rinsed with water. The product was purified by recrystallization
in methanol and dried under vacuum. Although the initial yield

an agueous solution of either Bur |, as the oxidizing solution.
The concentration of the oxidizing species {Bir I,) in the
solution was 1®times higher than the amount of dye on the
film, so the change in potential of the solution resulting from

is high (>90%), due to its sparing solubility in methanol, yields
after purification are much lower~10%). Its identity was
confirmed by absorption and infrared spectra.

[Ru" (4,4-dicarboxylic acid-2,2-bipyridine) »(4,4-dimethyl-
2,2-bipyridine)][PF ¢]. (Dye 8). [Ru''(4,4-dicarboxylic acid-
2,2-bipyridine}Cl;] was prepared according to Meyéem-
ploying 913.3 mg of 4,4dicarboxylic acid-2,2bipyridine
(3.740 mmol), 488.4 mg of RugBH,O (1.871 mmol), and 529
mg of LiCl (12.5 mmol). Next, 409 mg of [Ry4,4-
dicarboxylic acid-2,2bipyridine}Cl,] (0.62 mmol) was reacted
with 136 mg of 4,4dimethyl-2,2-bipyridine (0.739 mmol) in
~50 mL dimethylformamide containing 10 mL of 0.1 MNaOH.  cyclic voltammetry was employed to measure the oxidation
The solvent was rotary evaporated and the reaction mixture potentials of the different ruthenium dyes in solution as a
d||ute trifluoromethanesulfonic aC|d, and excess I|gand was reported in ref 35) The oxidation potential of the phthalocya_
filtered off. The pH was lowered further to pH 2; an aqueous, nine dye (dye 5) as a function of the solution pH was resolved
saturated solution of ammonium hexafluorophosphate was py spectrochemical titration experiments (see Experimental
added. There was only partial precipitation of the complex as section). The formal potentials of the different dyes in solution
the Pk~ salt; the precipitated portion was collected by vacuum  are Jisted in Table 1. The electron-transfer processes in all cases
filtration, rinsed with water, and dried under vacuum. are chemically reversible and the dyes are stable in both

TiO Electrodes. Conductive glass substrates (Libby Owens oxidation states. Over the pH range of our experiments (pH
Ford, 10Q/square F-Sng) were cleaned by overnight immer-  2—8), the oxidation potentials of all dyes in solution were found
sion in a solution of KOH in 2-propanol, rinsed with deionized to be independent of pH.
water, and dried in a nitrogen stream. The Ticblloidal Once adsorbed to the nanocrystalline Tifdm, the dyes
suspension (preparation reported elsewi¥ereas spread over  remained strongly bound in aqueous solutions below pH 8.5.
the substrate with a glass rod using adhesive tape as spacersibove this value they desorbed; thus, our experimental window

oxidation of the dye was negligible. The fraction of dye
oxidized in each experiment was fitted to the potential of the
specific oxidizing solution, measured both before and after the
dye oxidation. A stock solution of 20 mM Bor I, in HCIO,4

was made at pH 2, and the pH was adjusted by addition of
NaOH. The ionic strength was approximately constant through-
out the pH range. Control experiments at higher ionic strengths
up to 200 mM showed no change in the fraction of oxidized
dye with increasing ionic strength.

Results and Discussion

The films were fired at 450C for 45 min in air, resulting in an
almost transparent film. The films thickness wagm in the
chemical oxidation experiments and 1% in the electrochemi-

was limited to values less than pH 8.5. The chemical oxidation
experiments were carried out as described previoitsiyhe
overall procedure was employed for each dye using the oxidizing

cal experiments. The dyes were adsorbed by immersing thesolution (Bk or |,) that most closely matched the oxidation
electrodes overnight in a 0.5 mM aqueous or acetonitrile solution potential of the specific dye.

of the dye.
Measurements. Electrochemical measurements were per-

Figure 1 presents a set of absorption spectra of a dye-
sensitized film at different degrees of oxidation. The films

formed with a PAR 173 potentiostat in a three-electrode shown in Figure 1 were sensitized with phthalocyanine (dye
arrangement. Potentials are reported vs SCE. Absorption5), which serves as a typical example of the measurements anc
spectra were measured with a HP 8453 spectrophotometer usinghe calculations (a similar set of spectra with dye 1 can be found
an undyed nanocrystalline TiOelectrode as a reference. inref35). Curve ain Figure 1 shows the spectrum of the dye-
Fluorescence emission spectra were measured with an Amincosensitized film before oxidation. Curve b shows the absorbance
Bowman AB2 Spectrofluorometer employing a front face of the film after immersion in aqueougsdolution at pH 2.8 for
electrochemical cell. Both the spectro-electrochemical reduction 10 min. By comparison with the original spectrum (curve a)
and the potential-dependent photoluminescence experiment@nd with the spectrum of the fully oxidized dye (curve d), it is
were done in dry conditions using a sealed cell that was loadedapparent that the dye was partially oxidized at pH 2.8. Exposure
in a nitrogen atmosphere glovebox. The electrolyte solution of the partially oxidized film to triethylamine results in the re-
was 0.1 M LiClQ, or 0.1 M tetrabutylammonium hexafluoro-  reduction of the dye (curve c). The spectrum after re-reduction
phosphate (TBAP§ in dry acetonitrile (Burdick & Jackson, ~ was almost the same as the original spectrum, showing that the
distilled over calcium hydride). The reference electrode for dye neither desorbed nor decomposed during the experiment.
these experiments was a silver wire calibrated vs ferrocene/ The film could not be completely oxidized bydolution in the
ferrocenium and reported vs SCE. available pH range. Therefore, the spectrum of the completely

The oxidation or reduction potentials of the different ruthenium- ©Xidized dye (curve d) was obtained by immersing the film in
based dyes in solution were determined by cyclic voltammetry. @n @queous solution of the stronger oxidant. Br- _
The experiments used a platinum or glassy carbon working The fraction x, of the dye oxidized by the OXIdIZ.II’lg solution
electrode, an SCE reference electrode, and a platinum counte@t €ach pH was calculated from the absorption spectra as
electrode. In one case (dye 5) the oxidation potential was described previousR. The resulting values ofwere employed
determined by spectrochemical titration. Am ®xidizing to calculate the oxidation potentid”, of the dye at each pH
solution was added to the dye solution, and the fraction of USiNg the Nernst equaticti:
oxidized dye was determined from the change in the solution
absorption spectrum. A plot of the fraction of oxidized dye as
a function of the solution potential yielded the oxidation
potential.

E” = E — (RTnF) In[x/(1 — x)] (1)

whereE is the potential of the oxidizing solutiof®, T, andF
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TABLE 1: pH-Dependent Redox Potential Induced in Sensitizing Dyes by Specific Adsorption onto Oxide Surfaces

Fe'-4,4,4> 4> tetra-
carboxyphthalocyanine

Dye Substrate|Sensitivity |E at pH=0 E” in Sol.
(mV /pH) [(mV) calc’d| (mV)

Dye 1: TiO, |53.7+4.6| 1421 +30 990

[Ru"(4"-phosphonic acid-2,

2":6',2"-terpyridine)(1,2-bis AlL,O3 [53.6+9.5|1393+42| 990

[4'-methyl-2,2'-bipyridyl-4-

yl]ethane)(CN)]

Dye 2: TiO, {42.5+2.1|1281%16 930

[Ru"(4"-phosphonic acid-

2,2"6',2"-terpyridine)(4,4'-

dimethyl-2,2'-bipyridine)

CN)]

Dye 3: TiO, 51459 1389+£37| 1000

[Ru"(4-phosphonic acid-

2,2'-bipyridine),(1,2-bis[4'-

methyl-2,2"-bipyridyl-4-

yl]ethane)]

Dye 4: TiO, |29.7x23| 121115 970

[Ru'(4,4"-

Bis(methylphosphonic

acid)-2,2'-

bipyridine),(4,4',5,5'-

tetramethyl-2,2"-bipyridine)]|™ "}

Dye 5: TiO, |20.6+1.8| 653+13 570

Mg"-4,4’ 4> 4" -tetra-

carboxyphthalocyanine Y@ \i 0

Dye 6: TiO, |26.4+3.4| 73626

are the Boltzmann constant, the temperature, and the Faradayn the oxidation process.

For all dyes a linear correlation

constant, respectively, amds the number of electrons involved  between the oxidation potential of the adsorbed d§®) @nd
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SCHEME 1: Simplified Schematic View of the
Dye-Coated TiG;—Solution Interface?

Absorbance

500 600 700 800
Wavelength (nm)

Figure 1. Typical absorption spectra of the adsorbed phthalocyanine
dye 5: (a) initial spectrum before oxidation, (b) after partial oxidation
with aqueous 4 solution at pH 2.8, (c) after re-reduction of the dye
with triethylamine, and (d) after complete oxidation with aqueous Br
solution.

650 o
00 | TiO2 | dion
3 [
E 550 | e a As shown, protons can penetrate the dye monolayer, generating a
2 pH-dependent potential difference between the oxide surface and a
500 ° reference electrode in solution, but the much larger anions are largely
1 constrained to reside outside the dye layer. Therefore, a fraction of the
450 — — pH-dependent potential difference must drop across the dye, affecting
1 3 5 7 9 its apparent redox potential. The magnitude of this affect depends on

H the ratio betweeldro, the distance between the oxide surface and the
P redox-active part of the dye (the ruthenium atom for oxidation of the
Figure 2. Formal potential £*) of adsorbed dye 5 as a function of  ruthenium dyes), and,,, the average distance of closest approach of
the pH of the iodine solution. The line is a linear fit showing 20.6 mV the centers of the anions.
shift of E” per pH unit.E” was calculated from equation 1.

the pH of the oxidizing solution was found. In Figure 2, for field on an adsorbed monolayer of molecules containing

example, the oxidation potential of dye 5 when adsorbed onto reversible redox centers has been studied in the context of
TiO, is plotted as a function of the pH of the oxidizing solution. chemical modification of electrodés?2and as a result, models

As the pH increase€” decreases by 206 1.8 mV per pH that describe the voltammetric response and electron transfer

unit, in contrast to the pH-independent oxidation potential when Kinetics at such electrodes were developed. These studies
dye 5 is dissolved in solution. The linear correlation between show that when electrolyte ions are constrained to remain on
E” of the adsorbed dye 5 and the pH predicts that at pH 0 the the solution side of the adsorbed layer, part of the potential
oxidation potential will be shifted 83 13 mV positive of its difference between the electrode and the solution drops across
solution value. The corresponding values for all dyes studied this layer, thus affecting the apparent potential of the embedded
(dyes 1 through 6) are presented in Table 1. The oxidation redox centers. The dye-coated Tifdms also consist of large
potentials of all six dyes became pH-sensitive upon adsorption specifically adsorbed species (dye) containing redox centers.
onto TiOy, the dependence varying between 21 and 53 mV per The models developed previously can therefore be used to
pH unit. describe, at least qualitatively, the processes at the dye-coatec
In a previous pape we proposed two possible mechanisms TiO2 electrode/solution interface.
for the induced pH dependence. Both mechanisms suggested Scheme 1 presents a schematic view of the dye-coateg TiO
that the induced pH dependence was related to the well-knownsolution interface. The arguments presented here are equally
59 mV per unit pH shift of the flat band potential of oxide Vvalid for other oxide surfaces. The dye monolayer cannot
semiconductord37 The flat band potential shift was proposed sterically block the adsorption of the smalttér OH™ ions on
to affect the adsorbed dye (i) by the strong electronic interaction the TiO;, surface; however, it does control the average distance
between the dye and the TiGhat is necessary to achieve the of nearest approach of the centers of the large negative
high quantum efficiencies>80%) for electron injection ob-  counterionsdon). As a result, the potential of the Ti®ands
served in these systems or (i) by the influence of the shift by 59 mV/unit pH versus a reference in solution, and a
electrostatic field caused by the adsorption of ion$ gdd OH") fraction of this potential difference drops across the dye layer.
on the semiconductor surface. Being inside the pH-dependent electric field, the redox center
Chemical oxidation experiments on dye 1 adsorbed onto high of the dye is affected so that its measured potential also shifts
surface area aluminum oxide films were performed in order to with pH. Note that this effect does not require the existence of
check the validity of the first mechanism. Insulating aluminum a compact monolayer but only that some fraction of the pH-
oxide was chosen to exclude the possibility of electronic induced electric field drops across the dye, that is, that the dye
interactions between the dye and the substrate. The conductioris at least partially inside the ionic double layer at the substrate/
band of ALOs is much too far negative to interact with the dye. solution interface.
The pH dependence of dye 1 on@; was identical to that on The location of the dye redox center with respect to the ionic
TiO, (Table 1). These results clearly indicate that electronic double layer is determined by the ratio betwelgs, the distance
interactions between the dye and the oxide surface are notbetween the Ti@and the redox centers, add,. In the simple
necessary to induce the pH dependence. case of a linear potential drop across the adsorbed dye layer,
The second mechanism, on the other hand, is consistent withthe fraction of the potential drop that affects the dye can be
the results reported in Table 1. The influence of an electric approximately expressed &4 = 1 — (dro/dion), defined as
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the sensitivity. The maximum potential shift of 59 mV/unit SCHEME 2: Schematic View of the Dye-Coated TiQ—
pH occurs wher§y = 1 and may approach zero wh&y = Solution Interface As Negative Bias Is Applied to the
0. High S means that the redox potential of the dye closely TiO: Electrode in the Dark®

follows the flat band potential of the semiconductor, while low
Smeans it is almost independent of changes in the semiconduc- a

tor potential. The exact electric field distribution at this interface -
depends on a number of factors such as the dielectric properties
of the solution and the dye, the geometry of the surface, the .
dye coverage, the identity and concentration of the electrolyte -
ions, etc. The potential drop across the dye layer is not -
necessarily linear, and the linear illustration in Scheme 1 is just
the simplest case. Qualitatively, howev@yy, will be employed
below to explain the variation in pH dependence between the -
different dyes. -

According to the proposed model (Scheme 1), the sensitivity
of the dye redox potential to pH-induced changes in the TiO,
semiconductor potential depends on the molecular structure of
the dye, other factors being constant. To check the validity of
the model, the sensitivities of dye 1 and dye 2, that differ only b. @
by the additional outboard bipyridine linked to dye 1 (Table
1), were measured. The distances between the redox center of .
these dyes (the ruthenium atom in the case of oxidation f Ru -
to RU") and the TiQ (dro) should be similar, as both dyes

adsorb to the Ti@ through their phosphonic acid group. <Lt (Lif
However,do, of dye 1 is expected to be larger thdg, of dye =\
2, because of the additional bipyridine. Therefore Sfievalue - .

(1 — dro/dion) Of dye 1 should be larger than tisg value of

dye 2. The measured sensitivity to pH of dye 1 (54 mV/pH,
Table 1) is, in fact, higher than the measured sensitivity of dye L Lit @
2 (43 mV/pH), in agreement with the proposed model. Ti0, |

Precise simulation of the potential distribution across the dye
layer and accurate calculations of eitligp or dion are beyond a As shown, the electric field at this interface depends on the size of
the scope of this work. But a qualitative discussion of the pH the electrolyte ions. The position of the specifically adsorbed dye
sensitivities of the various dyes is possible. The reason that relative to the ionic double layer determines whether the dye is strongly
dye 1 has a highe value than dye 2 was just discussed. affected by the applied potential (a) or not (b).

Both dye 3 and dye 1 show a large pH dependence, probably rigins for the potential difference across the dye layer, Schemes
due to the size of the e>_<terna| bipyridine I|g§1nd_that InCreases 1 anqd 2a represent the same processes. Therefore, employin
the nearest approach distance of the negative idng.( The the same arguments that were used for the pH-dependent case
lower sensitivity of dye 4 compared to dye 2 may result from e following observations are expected: The apparent redox
the following: the additional methyl on the phosphonic acid pqtential of the dye will depend on the applied bias, that is, the
bonding group of dye 4 that decreasps, the differentbonding  gye to some extent, will follow the potential of the semicon-
of dye 4 to the TiQ (through 2 to 3 bonding groups), or the  qy,ctor, but the potential of the dye will change by only part of
effect pf thg urjbognd, ionizable phosphonic acid group on the e applied potential difference because the redox center is
potential distribution across the dye layer. The adsorbed ygsitioned at some distance from the TiGH < 1). In
phthalocyanine dyes (dyes 5 and 6) have the smallest '”du9e(£ontrast, when the positive ions in solution are small, such as
pH dependence. These dyes probably adhere to the TiO |j+ the jons may penetrate the dye layer and the applied
thro_ugh all four carboxyhc aqd groups in a flat configuration. potential will decay nonlinearly over a very short range (Scheme
Their redox center is delocalized over the whole molecule rather 2b). In this case the redox centers may be located primarily
than being localized on a specific atom. The small sensitivity otside the electric field; therefore, the redox potential of the
to the pH-induced band edge movement measured for these dyegye should show only a weak dependence on the potential
may indicate thatlro and dio, Of the phthalocyanine dyes are applied to the semiconductor.
almost the same. Both the spectro-electrochemical reduction and the potential-
Additional support for the proposed description of the dye- dependent photoluminescence experiments examine the redo»
coated TiQ/solution interface is provided by spectro-electro- potential of a dye during a bias sweep as a function of the size
chemical reduction and potential-dependent photoluminescenceof the cations (TBA or Li*). The experiments were carried
experiments. In addition, these experiments provide insight into out in dry conditions to ensure that only the desired ions are
the processes occurring in dye-sensitized systems in nonaqueougresent (elimination of protons in particular). It is also important
solution during actual cell operation. Scheme 2 presents ato note that thin (1.5um) TiO, films were used in these
schematic view of the dye-coated TiGsolution interface as  experiments, because ion motion through the porous films will
negative bias is applied to the Ti®lectrode in the dark. When neutralize the applied potential over a short distghce.
the positive ions in solution are large, such as tetrabutylammo-  The spectro-electrochemical reduction experiments were done
nium (TBA™), they cannot penetrate the dye layer and thus part using the perylene dye shown in Figure 3 (dye 7). This dye
of the potential difference between the Fi@nd the solution was chosen because its reduction occurs at a potential more
drops across the dye layer (Scheme 2a). Apart from the differentpositive than the potential at which it desorbs from the ;80
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Figure 3. Absorption at 600 nm of perylene dye 7 (shown as inset) 04 02 0 -0.2 -04 -06 -0.8 -1
adsorbed to porous Tilas a function of the applied potential. The .
dye reduction process, evidenced by the 600 nm peak growth, shows Potential (V vs. SCE)
a marked dependence on the type of ion used. Figure 4. Normalized photoluminescence of dye 8 (shown as inset)

. . ] ] ) adsorbed to porous Ti&s a function of the external bias and the type
In solution, the first reduction potential of this dye was measured of electrolyte solution. The decreased rate of electron injection with

to be—0.61 V vs SCE. The reduction results in the decrease negative bias, evidenced by the increased photoemission, shows &
of the original absorption peak at 495 nm and the appearanceMarked dependence on the type of ion used. The emission is normalizec
of a new absorption peak at 600 nm allowing the process to pe to represent the ratio between the intensity during the potential sweep
monitored spectrally. The spectro-electrochemical reduction and the intensity at 0.15 V.

experiments were done as follows: absorption spectra of the . . .
dyg-coated film, compared to an uncoated fillom as bgseline were.SUpport to the conc!us]on that, in the presence of the small L.'
measured durgpa 1 mV/s potential sweep, and the absorption lons, the_ dye po.tem'al is only weakly dependent on the pof[entlal
at 600 nm was plotted as a function of the applied bias. This of the TiQ,, while in the presence of the large TBAons, it

rocedure was repeated with both TBAand Lit-containin shifts by a substantial fraction of the applied potential. Both
golutions P 9 the spectro-electrochemical reduction and the potential-depend-

The absorbance at 600 nm of two films is shown in Figure tehné zhgfzggégei?gggluet?(é):riert]eer?;scsuprré(;:at;the ed (?ﬁsggﬁgﬂ?e()f
3 as a function of the applied potential. The dye reduction y P

process, evidenced by the 600 nm peak growth, shows a markea2 T )
dependence on the type of ion used. Two parameters reflect !t IS important to note that the energetics of the adsorbed
this dependence: the voltage at which half of the dye is reduceddy® become sensitive to either the pH or the external bias, that
(x=1,), Ey», and the deviation from the Boltzmann distribution 1S: {0 potential changes of the semiconductor, when the redox
of an order of magnitude changexrevery 59 mV. In the Lt centgr_ of t_he dye is I_ocated inside the ionic dou_ble layer. _Thls
solution the reduction potential of the adsorbed dye was50 condition is not met ina system that contains either small ions
V, the same as in solution, andwas calculated to change by ~OF Weakly (nonspecifically) bound dyes. In both cases the
97 mV/decade. The small deviation from the Boltzmann Counterions will be able to neutralize much of the electric field
distribution is probably caused by the gradient of potential V€ @ range that is shorter than the distance between the
through the porous electro@eln contrast, when the film was supstrate and the redox center of the dye. Indeed, Sormtag an(
immersed in TBA solution,Ey, shifted to—0.89 Vand alarge ~ SPitle™ showed that a weakly adsorbed carbocyanine-type
deviation from the Boltzmann distribution, 227 mV/decade, was S€nsitizing dye exhibited a clear pH threshold for electron
observed. These results are consistent with those expected fronfli€ction into single-crystal SrTi© In this case, the potential
the model shown in Scheme 2. of the dye was not affected by changes in the flat band potential
Similar behavior was measured in the potential-dependent ©f the semiconductor.
photoluminescence experiments. These experiments measure The results presented in this paper show that the dye potential
the ability of the excited state of the dye to inject electrons into is not fixed relative to either the semiconductor or the solution
the TiQ, as a function of the Ti@potential. Since efficient ~ potential. Two processes that may cause a shift in the
injection occurs only when the potential of the Fi€nduction semiconductor potential occur in a dye-sensitized cell under
band is positive of the excited-state oxidation potential of the working conditions: (1) electrostatic charging of the semicon-
dye2° it is possible to stop the injection process with an ductor by external bias or by photoinjection of electrons from
externally applied negative bias. Figure 4 presents the normal-dyes and (2) adsorption of solution components (sucterts
ized photoemission of two Tigfilms coated with dye 8 (shown  butylpyridine and chenodeoxycholic acid that are often used as
as an inset in Figure 4) as a function of the external bias and €lectrolyte additives) to the oxide surface. The potential of the
the type of electrolyte solution. The emission is normalized to dye may or may not follow the shift in the semiconductor
represent the ratio between the intensity during the potential Potential depending on the factors discussed above.
sweep and the intensity at 0.15 V. As the potential is scanned The possible shift in dye potential in a working cell should
negatively the emission intensity increases, indicating that the be accounted for when these cells are being investigated or
injection rate is becoming slower relative to the rate of designed. For example, Scheme 3 illustrates two (of many)
luminescence. The changes in emission intensity with potential cases depicting possible kinetic limitations to the cell's open-
are completely reversible. The onset potential of the emission circuit photovoltage: one limited by the dye regeneration
increase, when the film is immersed in the TBA&olution, is process (a) and the other by the dye electron injection process
approximately 400 mV negative of the onset potential in the (b). When the dye potential closely follows the potential of
Li* solution. In other words, there is a potential range at which the TiQ, (Schemes 2a and 3a), negative applied or photoge-
the injection rate is slowed down in the presence df lit is nerated bias should not markedly change the electron injection
unaffected in the TBA solution. These results lend further rate but could substantially slow the dye regeneration process
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SCHEME 3: Simplified Energy Diagram of the
Semiconductor/Dye/Electrolyte Interface in a Working
Dye-Sensitized Cefl

.......

.......

TiO, / Dye / Electrolyte

-------

TiO; / Dye / Electrolyte

2 The diagrams on the left illustrate the energetics at short circuit,
while the diagrams on the right indicate two of the possible kinetic
limitations to the open-circuit photovoltag¥,.. (a) When the dye
potential approximately follows the semiconductor potential (conditions
of Scheme 2a)V, could be limited by the decreasing rate of oxidized
dye regeneration by solution species. (b) When the dye potential is
approximately independent of the semiconductor potential (conditions
of Scheme 2b),V,c could be limited by the decreasing rate of
photoinjection into the semiconductor. There are many other possible
kinetic limitations toVoc.

as the ground-state oxidation potential of the dye becomes more

negative than the solution potential. On the other hand, if the
dye potential is almost fixed relative to the solution (Schemes
2b and 3b), a negative shift in Tiotential should not slow
the regeneration rate but may substantially slow the injection
rate. Other limitations of the open-circuit photovoltage are also
possible, but whether the dye moves with the JOtential or
not is clearly an important factor to be considered when
attempting to understand or control the open-circuit voltage.

Most of the currently reported dye-sensitized solar cells
consist of liquid electrolytes containing small positive and
negative ions (Lf, 1=, and k7). In these systems only small
potential shifts of the dye relative to solution, but large shifts
relative to the semiconductor, may be anticipated. In funda-
mental investigations, however, large potential shifts may occur
relative to solution when large counterions are used. Large
shifts in the dye potential may also occur in solid-state versions
of the dye-sensitized cell.

In an earlier pap&mwe reported that electric fields in porous

TiO, electrodes are neutralized over a short range due to ion

motion through the pores of the TiO As a result, a gradient
of potential is created both across the porous,Ta@d in the

electrolyte solution that penetrates the pores. In the current

paper, changes in the relative potentials at the J/ti@e/
electrolyte interface were revealed. When both studies are take
into account, the following picture emerges: during photovoltaic
operation, the potentials of the TiCthe solution, and the dye

may all vary with distance from the substrate electrode and may | . ) |
f Wijayantha, K. G. U.; Sirimanne, P. Msemicond. Sci. Techndl995 10,

vary with respect to each other. That is, the local potential o
all three components of the system may vary in a complicated
way throughout the film. This suggests that theoretical modeling
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of these systems may be very difficult. In any case, the usual
models borrowed from standard semiconductor physics are not
applicable to these electrodes.

Conclusion

The effect of specific adsorption to oxide surfaces on the
redox potential of sensitizing dyes was studied. The investigated
dyes exhibited adsorption-induced pH-dependent redox poten-
tials that varied between 21 and 53 mV per pH unit depending
on the dye structure. The redox potential of the dye was also
affected by externally applied biases. The magnitude of these
effects depended on the ability of the electrolyte ions to penetrate
the dye layer as well as on the dye structure. When the
sensitizing dye is primarily inside the ionic double layer at the
semiconductor oxide/solution interface, its redox potential will
tend to follow the changes in the semiconductor potential.
When the dye is primarily outside the double layer, its potential
will be almost independent of the semiconductor potential. The
fact that the potential of the dye is not fixed relative to either
the semiconductor or the electrolyte solution has important
implications for the understanding and optimization of dye-
sensitized solar cells.
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