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Abstract

The effect of high concentrations of the solar cell additive 4-tert-butylpyridine (4-TBP) on the stability and lifetime of the sensitizer
[Ru(Hdcbpy),(NCS),12~, 2(n-C4Hg)4N*, (H,dcbpy =2,2"-bipyridine-4,4’-dicarboxylic acid), known as N719, has been evaluated based on kinetic
data obtained from simple model experiments. In these experiments, colloidal solutions of N719-dyed nanocrystalline TiO, particles in acetonitrile
were irradiated with 532-nm laser light in the presence of 0-1mol/l of 4-TBP. Five degradation products were identified using LC-ESI-
MS: the 4-tert-butylpyridine substitution product [Ru(H,dcbpy)(Hdcbpy)(NCS)(4-TBP)] (SP) and the products [Ru(H,dcbpy),(NCS)(CN)],
[Ru(H,dcebpy)(Hdcbpy)(NCS)(CH3CN)], [Ru(H,debpy)(Hdcbpy)(NCS)(H,0)] and [Ru(H,dcebpy),(CN),] (3-6). The sum of the quantum yields
of the five products, @y =(1.3£0.2) x 10~*, was found to be independent of 4-TBP concentration. Based on this observation, a degrada-
tion mechanism was proposed, in which the reaction proceeds through the rate-determining formation of a common intermediate complex,
I=[Ru"(H,dcbpy),(NCS)(NCS-)]*. An average degradation rate of kgeg =6 X 10~3s~! was obtained from the value of Py, and the back electron-
transfer rate, ky,cx Of the reaction TiO, +e™ | N719" —TiO, | N719, obtained by means of photo-induced absorption (PIA) measurements. The
lifetime of the solar cell sensitizer N719 was estimated to be between 34 years, based on kg, and an average literature value of the regeneration
rate, kreg =2 X 105M~! 57!, of the reaction between TiO, | N719* and iodide. We conclude that the addition of 4-TBP to dye-sensitized solar cells
(DSSC) does not decrease the lifetime of the N719 dye during normal solar cell operation at room temperature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nanocrystalline dye-sensitized titanium dioxide solar cells
(nc-DSSC) have attracted significant attention because of their
good efficiency of solar-to-electric power conversion and lower
cost compared to those of silicon solar cells [1-6]. The chemistry
at the photo anode is described by Egs. (1)—(3):

TiOs|S2% TiO,|S* (1
. « Kinj . ot
TiO|S*—TiO, +€e7|S )
er
TiO,|ST + red—5TiO,|S + ox 3)
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The sensitizer, S, is first excited by a photon; this is
followed by an ultra-fast electron injection from S* to
the conduction band of the TiO, semiconductor. The cell
cycle finishes after the regeneration of S by the reduced
form of the mediator, which in most cases is iodide.
One of the most popular sensitizers is the ruthenium dye
known as N719, i.e., [Ru(Hdcbpy)z(NCS)z]z’, 2(n-C4Ho)4N*,
(Hpbdcbpy = L =2,2'-bipyridine-4,4’-dicarboxylic acid), due to
its high efficiency and stability [1-4]. The molecular structure
is depicted in Fig. 1.

Various additives have been introduced into the cell elec-
trolyte to improve cell performance [7-13]. One of the most
commonly used additives is 4-tert-butylpyridine (4-TBP), as it
has been shown to increase the open circuit voltage, V., of the
cell by 80-100 mV. It does this by suppressing the dark current
arising from the recombination of electrons in the conduction
band with the oxidized form of the mediator (I37) [14,15].
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Fig. 1. Molecular structures of the starting dye N719 (including its minor isomer
2) and the observed photolysis products SP and 3-6.

Recently we found the substitution product, SP, i.e., BugyN™,
[Ru(Hdcbpy)2(NCS)(4-TBP)] ~ (see Fig. 1), in dye extracts from
light-exposed nc-DSSC using N719 as the sensitizer [16]. To
the best of our knowledge, there have been no previous reports
of possible side reactions of N719 with 4-tert-butylpyridine
in solar cells. The observation prompted us to investigate the
kinetics of the substitution reaction, to be able to evaluate
the influence of this reaction on the long-term stability of nc-
DSSC.

The 4-tert-butylpyridine may react with the sensitizer in
all its three states, i.e., S, S*, and S*. The substitution prod-
uct, however, was mainly found in solar cells that had been
exposed to light at room temperature [16]. Furthermore prelim-
inary results from our laboratory show that N719 does not react
thermally with 4-TBP in acetonitrile at room temperature. These
observations indicate that at room temperature, the substitution
product, SP, is mainly formed through the dye states S” or S*.
The injection rate of S™ into the conduction band of the TiO,
semiconductor is extremely fast (kiyj = 1013 s~1) [17], and the
pyridine additive therefore does not have enough time to react
with S*. Thus, it is most likely that the substitution reaction is
initiated from the oxidized state of the sensitizer ST (Eq. (4)):

TiOy|St + 4-TBP—%Ti0, |SP &)
TiOs |S* —2>Ti0, |DP )
TiO, + e IS4 Ti0,|S (©)

Besides the substitution reaction Eq. (4) S* may undergo
intramolecular and solvent dependant degradation reactions Eq.
(5). In the case of S =N719 these products lead to the degradation
products 3-6 [18,21].

In this work, we have measured the quantum yield of the
substitution product, @sp, and the quantum yield of the sum of
the degradation products 3—6, @pp, through model experiments
similar to those by which we obtained the oxidative degra-

dation reaction rate, k5 [18]. The quantum yield experiments
were performed by irradiating colloidal solutions of N719-dyed
nanocrystalline TiO; particles in acetonitrile in the presence
of high concentrations of 4-fert-butylpyridine. The chemistry
of the model experiments is described by Egs. (1), (2), and
(4)—(06).

The work investigates the mechanism of the photo-initiated
substitution reaction and evaluates the effect of 4-tert-
butylpyridine on the overall TiO, | S* degradation rate, kgeg, With
N719 being used as the sensitizer. Based on the kgeg value, we
have estimated the intrinsic lifetime of N719 in light-exposed
solar cells.

2. Experimental
2.1. Chemicals

The bis(tetrabutylammonium) salt of the complex cis-
bis(isothiocyanato) bis(2,2'-bipyridyl-4,4’-dicarboxylato)
ruthenium (II), with the trade name ruthenium 535-bis TBA
and referred to as N719, was obtained from Solaronix SA
(Aubonne, Switzerland). The N,N-dimethylformamide (DMF)
and acetonitrile (ACN) used were of HPLC grade and were
obtained from Merck. The 4-fert-butylpyridine used was
purchased from Sigma—Aldrich and was used as received.
The applied titanium dioxide was P25 from Degussa AG
(Dusseldorf, Germany).

2.2. Instrumentation

The HPLC-UV/vis—-MS equipment and procedure, light
sources, and photon-counting device have recently been
described [18]. The heated capillary of the ion trap mass spec-
trometer was set to 200°C. 'H NMR was obtained using a
600-MHz INOVA spectrometer from Varian Inc. (Palo Alto, CA,
USA).

2.3. Synthesis of BuyN*, [Ru(Hdcbpy),(NCS)(4-TBP]~

N719 (25mg, 0.021 mmol) and a large excess of 4-tert-
butylpyridine (320 1, 2.14 mmol) were dissolved in DMF
(5ml). The solution was deaerated with argon and heated to
approximately 120 °C under a small argon flow. After ~24h,
the solvent was removed by means of rotary evaporation and
the remaining solids were dissolved in a small amount of
methanol. The solution was separated on a column packed
with Sephadex LH20 resin and with the application of a start-
ing eluent of water/acetonitrile/formic acid (94/5/1). Methanol
was added during the elution process until all ruthenium com-
plexes were eluted. The eluted fractions were analyzed using
LC-UV/vis—MS; the fractions containing the desired substitu-
tion product were collected and the solvent was removed by
means of rotary evaporation. The remaining solid product was
dissolved in 1.1 g of DO and 40 pl of a basic solution of 1g
D,0 and 100 mg NaOD, and the solution was analyzed using
"HNMR.
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2.4. Preparation of a dyed TiO3 colloidal solution

The preparation of dye-covered Degussa P25 TiO, parti-
cles has recently been described [18]. In brief, TiO, (600 mg)
was magnetically stirred in 250 ml of an N719 dye solution
([N719]=6.1 x 1073 mol/1) in absolute ethanol. After 24 h, the
ethanol was removed by means of rotary evaporation and the dry
and dyed particles were isolated. Some of the dyed nanocrys-
talline TiO, powder (12 mg dyed with 0.304 wmol N719) was
placed into a cuvette containing 3 ml of dry acetonitrile and
230 pl of 4-tert-butylpyridine (1.50 mmol, [4-TBP]=0.5M).
The mixture was degassed with a flow of argon for 20 min. After
degassing, a “homogenous” stable dyed TiO; colloidal solution
was obtained by sonification of the cuvette for 1 h.

2.5. Photolysis of N719-dyed TiO> particles in the presence
of 4-TBP

The cuvette containing the dyed colloidal TiO, solution
was placed in the black box of a photon-counting device.
The sample was irradiated with light (532 nm) with an inten-
sity of ~6mW/cm? for 45-360 min, corresponding to a light
dose of 1 x 10°—10° counting numbers (1 x 10’ counting num-
bers =5.55 x 107> mol of photons). After the photolysis was
stopped, the dyed TiO; colloidal solution was transferred into
a round-bottomed flask, and the acetonitrile was removed by
means of rotary evaporation. The degradation products were
extracted from the TiO; surface by treatment with a solution
composed of 2 ml of 0.1 M NaOH and 1 ml of ethanol. The TiO,
particles are white after the base treatment indicating that the
dye extraction is complete. The red extract was transferred into
a clean test tube and centrifuged. The red supernatant was trans-
ferred into another test tube to which 15 pl of formic acid was
then added. The acidified solution was transferred into an HPLC
vial and analyzed using LC-UV/vis—MS. The LC-UV/vis chro-
matograms were recorded in the maximum absorption mode in
the 400-800-nm wavelength interval. LC-MS chromatograms
were extracted as the total ion chromatogram of the m/z values
643, 648, 675, 689, 706, and 783.

2.6. Response factor calculations

The UV/vis and MS response factors of BuyN*
[Ru(Hdcbpy)>(NCS)(4-TBP)] ™ relative to N719 were obtained
from samples containing known concentrations of the isolated
substitution products SP and N719. The following values were
obtained: (Rsp/Rn719)uv = 1.22 and (Rsp/RN719)ms = 3.15. The
UV and MS response factors of 3—6 were assumed to equal the
response factors of N719.

2.7. Photo-induced absorption spectroscopy

The photo-induced absorption (PIA) apparatus has been
described elsewhere [19]. Briefly, a 1.0-mm path-length cuvette
containing the dyed TiO, sample and 4-tert-butylpyridine
(0, 0.5, or 1M) was illuminated with chopped green light
from a high-intensity Luxeon Star light-emitting diode (1 W,

Amax =3530nm) from Lumileds Lighting, LLC (San Jose, CA,
USA). The light intensity was controlled electronically in the
range of 0.2—7.5 mW cm™2. The resulting absorption changes at
800 nm were probed with light from a filtered tungsten-halogen
lamp (A>715nm) using a monochromator, an Si detector,
and a lock-in amplifier set at the chopping frequency (range,
1000-1 Hz). Time constants were obtained using a non-linear,
least squares fit of the frequency domain data.

3. Results and discussion
3.1. Identification of the substitution product

Fig. 2a presents an LC-MS chromatogram of an aliquot of
the reaction mixture of N719 and 4-TBP in DMF after 9h of
heating at 120 °C.

The peak with a retention time of 9.01 min was identified as
the fully protonated starting complex, [Ru(H2dcbpy)>(NCS),].
The complex was characterized by its visible absorption spec-
trum of Amax =525nm and by a characteristic ruthenium
isotope pattern around the M* ion, [Ru™ (H,dcbpy)>(NCS),1*,
m/z=1706 [18,21]. The peak with a retention time of 10.15 min
had a maximum in the visible spectrum at Apox = 509 nm and an
intense ruthenium isotope pattern in the mass spectrum around
the ion m/z="783, which was consistent with the mass of the
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Fig. 2. (a) Total ion chromatogram of a DMF solution of N719 (0.2 mM) and
4-TBP (0.2 M) after 9 h heating at 120 °C; (b) mass spectrum of the peak eluting
at 10.15 min.
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Fig. 3. '"H NMR spectrum of the aromatic region of BuyN*, [Ru(Hdcbpy),
(NCS)(4-TBP)] .

[M+H]* ion [Ru(H,dcbpy)(Hdcbpy)(NCS)(4-TBP) +H]*
(see Fig. 2b). The fragment ion m/z =648 corresponds to the ion
[Ru™ (H,dcbpy)>(NCS)]* formed by elimination of the 4-TBP
ligand from the molecular ion.

To confirm the structure using 'H NMR, the reaction was
performed at a larger scale followed by purification of the 4-
TBP-substituted complex on a sephadex column using an eluent
mixture of water, acetonitrile, and formic acid. The 'H NMR
spectrum of the purified product shows 14 non-equivalent aro-
matic protons (Fig. 3) and a singlet at 1.5 ppm. The molecule has
12 aromatic bipyridine signals, which indicate a complex with
the structure [Ru(Hdcbpy)>XY], in which the two bipyridyl
groups are non equivalent. The four H3 and H3' protons of the
two bipyridyl rings can be identified from their small doublet
splitting, *J ~ 1 Hz, and the eight H5, H6, H5, and H6' protons
by their doublet splitting, 3J=6-7 Hz. The last two aromatic
signals at 7.34 and 7.33 ppm are due to the four aromatic pro-
tons on the pyridine ring, while the signal at 1.5 ppm is due to
the fert-butyl group. The MS and 'H NMR spectra are there-
fore consistent with the structure depicted in Fig. 1, in which
X=NCS and Y=4-TBP.

3.2. TiO5 | S* +4-TBP + light

Fig. 4 presents a typical LC-MS chromatogram of a dye
extract obtained from a model experiment, in which a col-
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Fig. 4. LC-MS chromatogram of the dye extract obtained after photolysis
(A=532nm) of ~12mg of colloidal solution of N719-dyed nanocrystalline
TiO; particles containing 4-TBP (0.5 M) in acetonitrile. Applied light intensity
Ip = 6.3 mW/cm? and light dose =2.7 x 10~* mol photons.
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Fig. 5. Amount of substitution products, SP (), and the sum of degradation
products (DP) 3-6 (¢), of the photolysis experiments as a function of light dose
[4-TBP]=0.5 M.

loidal solution of N719-dyed nanocrystalline TiO, particles
in acetonitrile-containing 4-TBP (0.5 M) have been irradiated
with 532-nm laser light at an intensity of Ip=6.2mW/cm?.
Six peaks are observed in the LC-MS chromatogram. The two
peaks at R;=9.4 and 8.9 min are due to the fully protonated
starting complex, [Ru(H,dcbpy)2(NCS);], and its minor iso-
mer, [Ru(Hadcbpy)>(NCS)(SCN)], respectively. The peak at
R;=10.3 min is identified as the 4-fert-butylpyridine substitu-
tion product, SP, whereas the peaks at R;=4.9, 6.4, 6.9, and
7.3 min are identified as the fully protonated N719 degradation
products 6, 5, 4, and 3, respectively. No trace of the disubsti-
tuted complex [Ru(Hdcbpy),(4-TBP);] was detected. This is
likely due to the fact that the visible spectrum of the precursor
mono substituted complex SP is blue shifted (16 nm) relative to
N719 which means that very few SP molecules are excited at
532 nm.

The Amax and the characteristic m/z values of the identified
products are shown in Table 1.
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Fig. 6. Light intensity dependence of the steady-state concentration of oxidized
dye, [S*]ss, and the recombination rate constant, kpyck, obtained by means of
photo-induced absorption (PIA) spectroscopy. Lines correspond to power-law
fits.
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Table 1

Identified products obtained from the 532-nm laser light photolysis of N719-dyed nanocrystalline TiO, particles in acetonitrile, containing 4-TBP (0.50 M)
Compound (M)? R, (min) Jmax (nm) mizP Mol x 103
[Ru(H,dcbpy)> (NCS)(NCS)] 9.4 525 706 [M]*ed 21.4
[Ru(H2dcbpy)2(NCS)(SCN)] 8.8 521 706 [M]* 2.5
[Ru(H,dcbpy)(Hdebpy)(NCS)(4-TBP)] 10.3 509 783 [M+H]* 1.6
[Ru(Hzdcbpy)(Hdebpy)(NCS)(CH3CN)] 7.3 490 689 [M+H]* 34
[Ru(H,dcbpy)> (NCS)(CN)] 6.9 497 675 [M+H]* 1.1
[Ru(H,dcbpy)(Hdcbpy)(NCS)(H20)] 6.4 497 688 [M +Na]*® 1.1
[Ru(H,dcbpy)2(CN), ] 49 473 643 [M+H]* 0.4

The laser intensity was 6.3 mW/cm? and the number of absorbed photons was 2.7 x 10~ mol.
2 We have assumed that M are eluted as neutral complexes through the RP C18 HPLC column.
b The reported m/z values correspond to the most intense signals in the observed ruthenium isotope clusters.

¢ The assignment of the m/z values is based on the %>Ru isotope.

4 The fragmentation ion m/z =648 is observed in all the mass spectra except for [Ru(Hpdcbpy)2(CN)].
¢ A minor ruthenium isotope cluster around m/z =666 [M + H]* is observed in the mass spectrum of the water complex.

Table 2

Relationships between [S*]ss and kpack as a function of Iy and [4-TBP]
[4-TBP] (M) Iy power-law? fits R?

[S*]ss 0 1.60 x 107 x 1948 0.996

[S*]ss 0.5 1.21 x 107 x 10! 0.995

Kback 0 20.5 x 1046 71 0.963

Kback 0.5 23.3 x Ig* 57! 0.993

a Unit of Ip=mW/cm?.

A series of photolysis experiments (series 3, Table 2)
was performed using nearly constant laser light intensity,
Ih=6.2 mW/cm?2, [4-TBP]=0.5M, and increasing light doses;
the results are presented in Fig. 5. The quantum yield of the
substitution product, @sp, was 0.85 x 10~4 and the quantum
yield of the sum of the degradation products 3-6, ®pp, was
0.68 x 10™; these values may be obtained as the slopes of the
straight lines depicted in Fig. 5. The intercept of the DP line
with the y-axis (see Fig. 5) is due to an initial formation of the
DP product [Ru(H>dcbpy)>(NCS)(CN)] before the start of pho-
tolysis. The origin of this initial product formation is unknown;
however, impurity defects in the Degussa P25 nanoparticles may
be responsible for the formation of TiO; | S* followed by the
formation of [Ru(Hadcbpy)2(NCS)(CN)].

3.3. Determination of Kpack

To investigate the effect of 4-TBP on the back electron-
transfer rate, kpack, PIA measurements were performed on
colloidal mixtures of N719-sensitized TiO, particles in acetoni-
trile in the presence of 0 or 0.5M 4-TBP. The absorption of
the oxidized form of N719 was monitored at 800 nm at various
excitation intensities. From the frequency dependence of the PTIA
response, the (pseudo-) first-order rate constant, kpack, and the
steady-state concentration of S* were derived. The equations
describing the correlation curve of [S*]ss and kpack at intensity
Ip with either O or 0.5 mol/l of 4-TBP are presented as formulas
in Table 2 and depicted graphically in Fig. 6.!

U'In previous work [18] we measured back electron-transfer rates in absence
of 4-TBP that were approximately four times higher (kpack = 78‘71(()0‘404> s7h
than in current work. The PIA experiments were performed on dyed TiO, parti-

Both kpack and [S*]ss increase, according to a power law,
with excitation light intensity. The exponent is close to 0.5
for all curves. This suggests that the recombination of oxi-
dized dye molecules with electrons in the TiO, particles follows
second-order kinetics. The addition of 0.5M 4-TBP leads to
a significant decrease in the steady-state concentration of S*,
while kpack is less affected. The back electron-reaction rate
under steady-state conditions, given by vpack = Kback X ST s
appears to be slightly reduced upon addition of 0.5M 4-TBP,
which suggests that the electron injection rate from excited
dye into the TiO; is slightly reduced. Such a decrease in
injection efficiency is consistent with a general trend towards
slightly reduced photocurrents upon the addition of 4-TBP to the
electrolyte [20].

3.4. Mechanism of substitution

A series of photolysis experiments were performed in which
the 4-TBP concentrations were varied from 0 to 1 M while the
light intensity was kept constant (6.8 mW/cm?). From Fig. 7
it is evident that the quantum yield of substitution product SP,
dsp, increases as a function of [4-TBP], whereas the sum of the
quantum yields of the degradation products 3—6, @pp, decrease.
As seen in Table 3, the sum of quantum yields of all five degrada-
tion products, @geq = Ppp + Psp, is nearly constant, independent
of the additive concentration. If the [Rul (Hadcbpy)2(NCS)T*
complex was substituted directly by 4-TBP, then @pp would be
independent of the 4-TBP concentration, as long as kpack > kdeg;

cles prepared according to method I'in Ref. [18]. In this procedure, TiO; particles
were sprayed onto a glass plate and sintered at 450 °C, after which the glass plate
was soaked in a solution of N719. The dyed TiO; particles were then scraped off
the glass plate and used to prepare a colloidal solution in acetonitrile. Careful
repeated PIA experiments gave reproducible kp,ck values and did not reveal any
significant differences in the back electron transfer rates obtained by the current
TiO, sample preparation method and the method I in Ref. [18]. In the first series
of measurements [18] we used a chopped green laser, whereas in the present
work an on/off modulated light emitting diode (530 nm) was applied. A possi-
ble explanation of the four-fold divergence between our previously published
kpack values and those presented in this work might be due to the differences in
the uniformity of the excitation light, which is much better in this work. We do
not, however, have evidence for this speculative explanation.
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Fig. 7. Quantum yields, @sp, of the substitution product, SP (H), and quantum
yields, @pp, of the sum of degradation products 3-6 (¢), as a function of the
concentration of 4-TBP.

®geg would therefore increase as a function of [4-TBP]. The
quantum yield data therefore indicate that the Ru'l complex
is not substituted directly by 4-TBP. This is in line with the
generally accepted understanding that the ligands of Ru'! com-
plexes are generally more strongly bonded to the metal center
than is the case in the corresponding Rul complexes [22].
At room temperature, the [RuH(HgdCbpy)z(NCS)g] complex
is very stable towards the 4-TBP substitution reaction, so the
[Rum(szCbpy)z(NCS)z]+ complex should therefore react even
slower with nucleophiles.

An alternative mechanism is proposed in Fig. 8, in which
both the substitution and degradation products 3—-6 are formed
through a common intermediate. The reaction is initiated by
an internal electron-transfer reaction between the thiocyanate
ligand and the Ru'' center in N719, with the formation of an
intermediate complex, [Ru'(Hodcbpy)>(NCS)(NCS-)] [18,23].
This intermediate complex, I, may subsequently react with
the solvent (CH3CN), the additive 4-TBP, trace of water or
degrade to form the [Ru(H,dcbpy)>(NCS)(CN)] complex. If the
solvent is changed to dimethylformamide no solvent derived

product [Ru(Hzdcbpy)(Hdcbpy)(NCS)(DMF)] is obtained indi-
cating that DMF is reacting much slower than CH3CN with the
complex L.

According to the mechanism depicted in Fig. 8, the rate of
degradation of TiO; | S* is exclusively determined by the rate of
the internal electron transfer between the ligand, NCS™, and the
Ru™ metal center, kdeg, and does not depend on the 4-TBP con-
centration. The amounts of SP and DP products 3-6, however,
will increase and decrease, respectively, with increasing 4-TBP
concentration, in reasonable agreement with the experimental
results.

3.5. Calculation of kgeg

An expression for the rate of degradation, kgeg (Eq. (8)), may
be derived by applying the steady-state approximation to Egs.
(1), (2), (6), and (7) and using the relationship kpack > kdeg:

Keg . . .4 . .

TiO,|S* S5 TiO, |intermediate —— TiO|SP 4+ TiO2|DP  (7)

fe = 0.60,
Ppp = DP3+ Py + D5+ D6 (8)

kdeg ~ fe X (pdeg X kpack

Dyeg = Ppp + Psp,

The correction factor, f, in Eq. (8) compensates for the fact
that the light intensity decreases from its initial value, Iy, at
the entrance of the photolysis cuvette, to a very small value after
passing through the 1 cm dyed TiO; colloidal solution. This will
cause the back electron-transfer rate to decrease throughout the
cell [18]. The calculated kgey values are presented in Table 3.
It is seen that the degradation rates are reasonably constant,
independent of the applied 4-TBP concentration, as predicted
by the mechanism presented in Fig. 8. The average degrada-
tion rate was found to be (kgeg)=(4.1£0.5) x 1073571 We
have previously published a value that was 10 times greater,
ie., kgeg =4 X 10~2s~! [18]. This value was based on kback
rates that were approximately four times faster than the kpycx
rates presented here. The PIA measurements were repeated sev-
eral times, producing, each time, the same results as shown in

Table 3

Quantum yields® of degradation as a function of light intensity and [4-TBP]

Exp. series [4-TBP] M I (mW/cm?) kpack (s™1) Dpp x 10* dgp x 10* Dy x 10* Keg x 103 57!
1 0 6.2 47 1.1 0 1.2 3.4

2 0 8.2 47 1.6 0 1.6 45

3 0.5 6.2 53 0.68 0.85 1.5 4.8

4 0.5 6.2 53 0.71 0.66 1.4 34

5 0.5 52 53 0.82 0.77 1.5 4.8

6 0.7 13.0 79 0.36 0.61 1.0 47

7 0 6.2 47 1.1 0 1.1 3.1

8 0.25 6.7 53 0.96 0.24 1.2 3.8

9 0.50 7.6 53 0.89 0.30 1.2 3.8

10 0.75 6.7 53 091 0.35 1.3 4.1

11 1.00 6.8 53 0.73 0.49 1.2 3.8
Average 1.3£02 4.1£05
Nour-Mohammadi, et al. [18] 7.5+1.0

a ¢deg =®pp + Psp; Ppp =P3 + Py + D5 + Dg.
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Fig. 8. Degradation mechanism of TiO, | RuL,(NCS),*, where L=H,dcbpy. The bonds between the ruthenium complexes and the TiO; surface are not shown in

the figure.

Table 2. We therefore believe that the kp,cx values obtained in
this work are more reliable than those previously presented.
Applying the kpack values obtained in this work (see Table 2),
and slightly adjusting our old actinometry data, reduces our
previously published degradation rate by a factor of ~5, to
kgeg =7.5 % 103s~!. We have no good explanation of this
two-fold divergence between our old and new degradation
values. The average degradation rate is kgeg =6 X 10-3s71, cor-
responding to a half-life of TiO; | S* (S =N719) of greater than
100s. In contrast, the lifetime of [Rul'(Hodcbpy)>(NCS),]*
in homogenous solution is in the ms range, judging from
the irreversible cyclic voltammograms of N3 and N719 [23].
Apparently, the oxidized form of the dye is stabilized when
it is attached to the TiO, surface. The surface stabilization
has recently been suggested to be due to the formation of
a 0, TiM_0-C(0)-L-Ru™P (H,dcbpy), (NCS); complex after
the initial electron injection [24a, b]. In this complex back bond-
ing interaction with transfer of electron density from Ti(II) to the
ligand 7" orbitals should stabilize the ruthenium (III) complex.
The increase of TiO, | S* stability by a factor of 10° relative to
S* in solution is certainly a key reason for the stability of N719
during solar cell operation.

3.6. Evaluation of the lifetime of the N719 dye in solar cells
with 4-TBP addition

The evaluation of N719 dye stability is based on a simple life-
time estimation in which it is assumed that the TiO, | S* reaction
(Eq. (7)) is the only side reaction in the solar cell, and that the
kinetics of the simple model system are similar to the degrada-
tion kinetics of a real solar cell [18]. The lifetime calculation of
the sensitizer is based on the prediction of the turnover number,
N, i.e., the number of cell cycles that a single sensitizer molecule
should be able to sustain. N can be estimated using the follow-
ing simple expression (Eq. (9)), where ki, is the rate of electron
transfer between iodide and TiO» | S*:

N =k .

= Kreg X 7 9

kdeg

It has previously been estimated that the sensitizer should be
able to sustain 1 x 10% cell cycles in order to obtain a dye lifetime
of 20 y of normal solar cell operation [4]. The estimated value
of N may therefore be converted into sensitizer lifetime using
Eq. (10):

lifetime of § = 20 years x (10)

1 x 108
The regeneration rates, kreg, of N3 (the fully protonated
form of N719) attached to the nanocrystalline TiO> have been
obtained by several groups by means of laser flash photoly-
sis experiments [25,26]. The regeneration rates range between
kreg =2.1 x 10°M~! 57! [26a,b]and 4.3 x 10’ M~! s~ [25a,c].
The reason for such large divergences between these experimen-
tally obtained regeneration values is not obvious; however, ke is
apparently highly dependent on particular experimental condi-
tions. Based on an average value kyeg =2 x 10°M~!s~! for N3
and the average degradation rate, kgeg = 6 X 10~3 s~ !, aturnover
number, N, of 1.7 x 10% may be calculated using Eq. (9) (see
Table 4). This number corresponds to ~34 years of normal solar
cell operation indicating that the N719 sensitizer is perfectly
stable under normal solar cell operation at room temperature.
In the introduction it was mentioned that the substitution
product SP was detected in light-exposed DSSC solar cells. Sub-
stantially amounts of SP and 3-6 were observed after only 5
weeks of continuous irradiation with 800 W/m? simulated sun-
light [16]. This finding is apparently in contradiction with the

Table 4
Lifetime estimates of N719 dye under normal solar cell operation using
Kaeg =6 x 10735712

keg M~ 1s 1 Turnover number (N) Dye lifetime (years)
2.1 x 10°° 1.8 x 107 4
2 x 10%¢ 1.7 x 108 34
43 x 1074 2.9 x 10° 750

2 Average value of the degradation values obtained in this work and in Nour-
Mohammadi, et al. [18].

® Ref. [26a].

¢ Average regeneration value.

4 Ref. [25a].
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predicted long-term stability of N719. The observed dye degra-
dation, however, was most likely caused by loss of solvent and
electrolyte due to imperfect sealing of the cells.

4. Conclusions

The substitution product BuyN*, [Ru(Hdcbpy),(NCS)(4-
TBP)]™ may be synthesized in a simple homogeneous thermal
reaction in DMF between the solar cell dye N719 and the
additive 4-TBP. The same product is formed by the photolysis
of a colloidal solution of N719-dyed TiO, particles in the
presence of 4-TBP. At constant illumination intensity, the total
quantum yield, @gey, of the five degradation products, i.e.,
[Ru(H2dcbpy)(Hdcbpy)(NCS)(4-TBP)], [Ru(Hadcbpy)2(NCS)
(CN)I,  [Ru(Hzdcbpy)(Hdebpy)(NCS)(CH3CN)],  [Ru(H,
dcbpy)(Hdcbpy)(NCS)(H,0)], and [Ru(H,dcbpy)>(CN),], is
constant, indicating that these products are formed through
a common intermediate. We suggest that the structure of the
intermediate is [Ru'l(H,dcbpy)>(NCS)(NCS-)]*, which may
be generated via a rate-determining internal electron-transfer
rate, kgeg, between the thiocyanate ligand and the Ru metal
center in the N719 dye. The kqey values obtained in this and in
our previous study [18] are 4-8 x 1073 s~ The kdeg values are
independent of 4-TBP addition at room temperature, so 4-TBP
does not decrease the lifetime of the solar cell. Based on the
average kqeg value of 6 x 1073 s~! and an average regeneration
reaction between TiO; | S* and iodide kreg =2 X 10°M~! s7La
lifetime of ~34 years is predicted for the N719 sensitizer under
normal solar cell operation indicating no stability problems
with N719 due to 4-TBP addition. The N719 dye may, however,
react with 4-TBP in the solar cell by a thermal substitution
reaction at elevated temperatures. Such a thermal reaction is
likely to decrease the lifetime of the dye.
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