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Abstract

Resonance Raman scattering studies of a complete dye-sensitized solar cell (DSC) including iodine and lithium iodide in the electrolyte
indicate that triiodide @~) exchange the SCNligand of the dye bis(tetrabutylammoniuras-bis(thiocyanato)bis(2,2bipyridine-4-
carboxylic acid, 4carboxylate)ruthenium(ll). The choice of cation in the iodide salt influenced the ligand stability of the dye. It was
proposed that an ion pair ti- - - 13~ formation occurred which by a reduced electrostatic repulsion betweeand SCN- facilitated the
exchange of these anions at Ru(ll) of the dye. The additive 1-methylbenzimidazole (MBI) suppressed tiiig S@and exchange by
forming a complex with Lt. The concentrations of ttiand MBI have to be carefully balanced due to the SGigand exchange with
MBI in deficiency of Li*. In order to observe and understand the prevailing coordinative interactions between the components in a DSC,
the use of characterization methods with which complete devices can be studied is necessary.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Very recently an article on in situ resonance Raman mi-
croscopy of a solid-state dye-sensitized photoelectrochemi-

The thiocyanate ion ligand in the dye-sensitized solar cell cal cell appearef#t]. The authors found a time dependence
is believed to play an important role in the reduction of the of the Raman spectrum under open circuit conditions. The
oxidized dye[1]. Photoelectron spectroscopy experiments 111cntT? Raman band fromgl- was used as a probe band
confirm that both Ru 4d and atomic orbitals centered on the to follow the time dependence. The slower kinetics in this
SCN- ligand, in particular S 3p wave functions, contribute case as compared to earlier studigk was explained by
to the frontier orbitals of the complex. Moreover, the SCN  the lower conductivity by the solid electrolyte and a less in-
ligand attached to Ru through the N at¢®) points in the  timate contact in the dye/Tiinterface.
direction of the electrolyte and may facilitate reduction of ~ In the present work, also using RRS, we focus on co-
the oxidized dye by iodide {i). At the cathode, the oxidized ordinative interactions of the different components in a
redox couple @) collects an electron from the counter dye-sensitized solar cell and especially |i3~, SCN~ and
electrode. the additive 1-methylbenzimidazole.

In our previous worK3], using resonance Raman scatter-
ing (RRS), the amount of thiocyanate ion ligand coordinated
to the dye bis(tetrabutylammoniuro)s-bis(thiocyanato)bis
(2,2-bipyridine-4-carboxylic acid, ‘4carboxylate)ruthe-
nium(ll) (referred to as N719) was found to decrease with
?ncreased amount of iodine added or triiodidg (I formed The samples were prepared in an argon atmosphere
in the electrolyte. glove box as described elsewhef8]. The additive

1-methylbenzimidazole (Aldrich 99%) was dried over night

at 40°C (hereafter denoted by MBI) before added to the
" Corresponding author, Fax:46-18-47-13654. electrolyte.. The electrolyte use.d lin th.is _study,. consisted
E-mail addresses: helena.greijer@fki.uu.se (H. Greijer Agrell), of 50mM iodine (b)’ 500mM lithium iodide (L”) and

jan.lindgren@mkem.uu.se (J. Lindgren), anders.hagfeldt@fki.uu.se 500mM MBI in the solvent 3-methoxypropionitrile (here-
(A. Hagfeldt). after denoted by 3MPN).

2. Experimental

2.1. Preparation of samples

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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2.2. Electrochemical and spectroscopic measurements dcbpy
1611

| Cell: TiO, N719 3MPN

The overall light-to-electric energy conversion efficiency
measurements were performed with a light drive 1000 lamp
(type 1400-E2/1) through an infrared-blocking filter. The
light intensity was 100 W m?.

The Renishaw System 2000 micro-Raman spectrometer
equipped with a 514 nm argon laser (25 mW) and a 780nm
diode laser (25 mW) with 2 cmt resolutions was used in
recording the Raman spectra. The solar cell was placed on
the microscope stage and with an ultra long working distance EEEEEE——————
50x objective with 8 mm focal distance it was possible to 2400 2300 2200 2100 2000 1900 1800 1700 1600
focus through the glass on the active thin film. A macro-point Wavenumber (cm-1)
objective was used to direct and focus the laser on solutions
in vials. The scattered radiation was collected in a back Fig. 1. A Raman spectrum of an incomplete dye-sensitized solar cell

. (cell) without |, and Lil in the solvent 3-methoxypropionitrile (3MPN).
scattering geometry. The power of t_he green laser at th_eThe excitation wavelength was 514 nm.
sample surface is about 0.5 mW. The intensity of the laser is
about 1x 108 W m~2. Thus, the solar cells in this work are
exposed to a very high intensity of light, which for example, 3-2. Interaction between 1-methylbenzimidazole and
will accelerate light degradation mechanisms compared to lithiumions
normal operational conditions for a cell in solar light where
the intensity at AM1.5 is 1000 W nf. However the solar The additive MBI not only suppresses the loss of the
cells show remarkable stability. In some measurements theSCN™ ligand in the solar cell. As can be seen from the
solar cells are exposed to the green laser for 2 h without disappeared CN stretching band of SCh a cell without
any observed molecular degradation or visible damage. Itl2 and Lil (Fig. 2B), MBI also seems to be able to replace
is noteworthy that the light dose on the solar cell after 2h the SCN" ligand from the dye.
exposure to the green laser corresponds to more than 100 To investigate if the lithium ions played a role in the

Intensity (a.u.)

years in the sun. protection of the SCN ligand, a spectrum of a cell with
. . ] A. Solar cell: TiO, N719 debpy
3. Results and discussion 50mM I, 500mM Lil 3MPN 1614

3.1. The thiocyanate ion ligand

As an internal reference for judging intensity differences
of the CN stretching band of the SCNon we will use
the CN stretching band from the solvent 3MPN and the
1612cnt! band from the dicarboxybipyridine (dcbpy)
group. For an incomplete solar cell (hereafter denoted
cell) without kL and Lil in the solvent the intensity of the ] X
CN stretching band of the SCNIligand at 2105cm?! f S00mA LT S00mM MBI SMPN 1010
was higher than the intensity of the solvent nitrile peak at 1 =250 5% co
2250 cnt! (seeFig. 1). For a solar cell with an electrolyte 2173 1725
consisting of 50 mM 4 and 500 mM Lil in 3MPN the CN o v r v r
stretching band of SCN has disappeared and we con- | i atomaney by
cluded that the SCN ligand was no longer part of the dye -
(seeFig. 2A) [3]. However, from the RRS spectrum of a
solar cell with 1-methylbenzimidazole (MBI) added to the
electrolyte Fig. 2C), it was obvious from the presence of 2400 2200 2000 1800 1600
the CN stretching band at 2105 cithat the SCN ligand Wavenumber (cm™)
was to a large extent still coordinated to the dye. The sup-
pressing of the SCN loss has been observed earlier with Fig. 2. Raman spectra of dye-sensitized solar cells with 50 ;400 mM
e addiive derLbuyipyridne (4TBP) (sedig. D) (3] L 50T Sl s seomt ey (€ Somi,
_(the smaller band at 2_173 crh s p_rObany a CN stretch- the solvent 3-methoxypropionitrile (3MPN). With 1-methylbenzimidazole
Ing b_an()j of the SCN ligand coordinated to an electrolyte  genoted MBI and 4ert-butylpyridine denoted 4TBP. The excitation wave-
species). length was 514 nm.

| C. Solar cell: TiO, N719 50mM I, dcbpy

Intensity (a.u.)
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Fig. 3. Raman spectra of dye-sensitized cells with 500 mMSIELi and Fig. 4. Raman spectra of solutions (A) the solvent 3-methoxypropionitrile

50mM MBI in (A), 500 mM Lil and 50 mM MBI in (B) and solar cell with (3MPN), (B) 1M MBI in 3MPN and (C) 1 M Lil and 1M MBI in 3MPN.

50mM I and 500 mM TBAI in (C) in the solvent 3-methoxypropionitrile  with 1-methylbenzimidazole denoted MBI. The excitation wavelength
(3MPN). Tetrabutylammonium iodide is denoted TBAI. The excitation \as 780 nm.

wavelength was 514 nm.

ing Lil and I> in the electrolyte. A weak Raman band at
165cnt! was observed for the solar cell, which, by com-
parison to an aqueous solution @SICN~ having a band at
160 cntl, was taken as an indication of the existence of the
complex also in the solar cell.

In order to clarify this further we have in the present work
made additional experiments now using the solvent 3MPN
instead of water. IrFig. 5A, the Raman spectrum of a so-
lution of I and KSCN in 3MPN is shown. The formation

500 mM lithium trifluoromethanesulfonate (@&0sLi) and

50 mM MBI was registeredHig. 3A). When comparing the
spectra 3A and 2B it was realized that the lithium ions did
prevent the exchange of SCNigands by MBI. The inten-
sity of the CN stretching band from the SCNigand was
higher than the CN stretching band of the nitrile group in
the solvent Fig. 3A).

When Lil was added instead of LiGBOs; a CN stretching
band from the SCN ligand is also seen but with somewhat
lower intensity than for LICESO;s. In both cases, we sus-
pected that a complex was formed between the lithium ions -
and MBI preventing MBI from replacing the SCNigand.

CN A.22mM [, 220mM KSCN 3MPN
2251

Therefore, Raman measurements of two reference solutions 1 [useNn RN
1M MBI in 3MPN and 1M Lil, 1M MBI in 3MPN were 2109 SN N A
made. FromFig. 4, it can be seen that the Raman line at ] \ s «

1350 cnt! from MBI (B) was shifted to 1362 cmt when

Lil was added (C). The Raman line at 1371 chfrom the
MBI (B) is probably seen as a shoulder of the Raman line
at 1362 cmr! (C). From this wave number shift it was con-
cluded that LT forms a complex with MBI.

—T T T T
2400 2200 2000 1800 1600 1400 1200 1000 800 600 400 200

Intensity (a.u.)

] B. Cell: TiO, N719 50mM 1, 3MPN LSON
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CN ]
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3.3. Interaction between iodine and the thiocyanate ion o e el
Iigand 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400 200

Wavenumber (cm")

In our earlier study it was suggested that a complex be- _ _

. . Fig. 5. Raman spectra of (A) a solution of 22 miMadnd 220 MM KSCN
tween b_and SCN Wa_s’ formed in the S_Olar Ce“_B]' This in the solvent 3-methoxypropionitrile (3MPN) and (B) a dye-sensitized
suggestion was done in order to explain the disappearancee| with 50mM b. The underline indicates coordination of to the
of the CN stretching band of SCNin a solar cell contain-  sulfur atom. The excitation wavelength was 514 nm.
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of I;5SCN™ can be seen from the shift in CN stretching fre-
quency to 2109 cm! as compared to 2058 cthin the free
(solvated) SCN ion. Bands from 4SCN~ are also seen at
232 and 198 cm!. However, no band close to 165 cfcan

be seen as observed for the complete solar cell in[Befln
Fig. 5B, the Raman spectrum is shown from a cell contain-
ing the dye on TiQ@ and with b added to the solvent 3MPN.
The CN stretching band is now shifted from 2105¢nin
the pure dyeFig. 1) to 2133 cnT?, indicating an interaction
between 3 and the SCN ligand of the dye. Interestingly
enough a strong band at 167 this now observed. In this
case, we know that the nitrogen atom of SCN bonded to
Ru(ll) in the dye[2] and consequently has to interact with
SCN- via the sulfur atom. However, in the solution experi-
ment referred to above has the choice to coordinate either
to sulfur or nitrogen. Since, no band close to 167 énis
observed in that case we conclude thaisl coordinated to
the nitrogen atom in solution with 3MPN.

Returning now to the earlier study], it seems reasonable
that the weak Raman band at 165¢hin the solar cell can
be identified as coming from a comple8ICN~ with SCN~
still attached to the dye. However, the weakness of the ban
and the fact that no CN stretching band from SCébuld

be seen leads us to conclude that only a small amount of

1,5SCN- is formed in the solar cell. We therefore believe that

another mechanism is mainly responsible for the detachmen

of SCN~ in the solar cell. This is discussed $ection 3.4

3.4. Coordination of triiodide ion

As concluded above, a complexdCN- is not formed to
any appreciable extent in a solar cell containing Lil apd |
in the electrolyte. In a cell with nopladded only a small
decrease of the CN stretching band was obse[8gdThe
only remaining alternative seems to be thatis involved in
the detachment mechanism. If, in particular, SChbuld be
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1 A. Solar cell: TiO2 N719 50mM 1 500mM Lil 3MPN Iz'
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Fig. 6. Raman spectra of a dye-sensitized solar cell with 50 mnid
500 mM Lil in (A) and a cell without the dye with 50 mM land 500 mM
Lil in (B) in the solvent 3-methoxypropionitrile (3MPN). The excitation
wavelength was 514 nm.

dsince no CN band is presenthig. 2A for the Lil case. One

can envisage an ion pair ti - - 13~ formation which by a
reduced electrostatic repulsion betwegn hnd SCN fa-
cilitates the exchange of these anions at Ru(ll) of the dye.

tThe much more bulky TBA ion or Li* - - - MBI ion com-

plex can be expected to be less effective in this respect.

In order to minimize the exchange of SCNh the solar
cell with the additive MBI, it seems that the concentrations of
LiT, need to be carefully balanced with MBI. With excess of
MBI relative Lit, the SCN ligand is exchanged with MBI.
With excess of LT relative MBI, the ion pair LT --- 13~
coordinates to and exchanges the SdNgand in the solar
cell.

3.5. Role of additives such as MBI or 4TBP for increased

exchanged bysl, one would expect an enhanced resonance Vvoltage of the solar cell

Raman scattering fromgT. That this is indeed the case
can be shown by the comparison madéd-ig. 6. From the
intensities of the4~ band at about 114 cnt in cells with
and without the dyeHig. 6A and B), using the CN stretching

Higher open-circuit voltages of solar cells with the addi-
tives MBI [5—7] and 4TBP[8-13] were observed earlier as
compared to without additives. Improving the voltage is of

band of the solvent as an internal standard, an enhancemengeneral interest and we will discuss different possibilities of

factor of about 12 is found. In our earlier stufB], it was
observed that somgT was obtained from photooxidation of

increased voltage in relation to the observations of complex
formation between the [fi and the MBI and the SCNI3~

I~ by the dye. However, this occurred only to a small extent ligand exchange in the present work.

as compared to the formation ¢f 1 when b was added.

In Section 3.2it was discussed how lithium ions could
prevent MBI from detaching the SCNIligands from the
dye by a complex formation [fi- - - MBI. We can now ask

The maximum voltage generated under illumination cor-
responds to the difference between the Fermi energy level
of the TiQ, and the redox potential of the electrolyte. There-
fore, increased voltage can be achieved by (i) increasing the

the question whether the lithium ions also play a role in the Fermi energy level of the Ti@and (ii) shifting the redox

137 /SCN~ exchange. We have therefore added tetrabutylam-

monium (TBA") iodide to the electrolyte instead of lithium
iodide. It can be observed frofig. 3C that the CN stretch-
ing band from SCN is seen although the intensity is about
half of that in a cell with only the solvent and dye present
(Fig. 1). Evidently Li* plays a role in the exchange process

potential in the positive direction.

An increase of the Fermi energy level by a decreased back
electron transfer from the TiDsurface by the addition of
4TBP is one model discussed in the literat[@ The addi-
tive would then block the Ti@surface. Other mechanisms
being discussed is a shift of the conduction band edge to
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higher energies by the adsorption of 4TBP itself at the;TiO coordinated to the dye. However, without'Lin the elec-
surface[6] or deprotonation (by 4TBP) of the TiGsurface trolyte MBI was also found to exchange the SChgand.
which is partially protonated during adsorption of the acidic We have shown that a complex™Li- - MBI can be formed
dye[6,11]. between the lithium ions and MBI preventing both MBI and

The findings in the present study of complex formation be- Li™ .- .13~ from replacing the SCN ligand. Therefore, in
tween Lit and MBI, support a conduction band shift mech- a complete solar cell the concentrations of land MBI
anism. In this mechanism, it is the cation of the electrolyte have to be carefully balanced in order to avoid SChss
salt and possibly some effect by protons from the adsorbedfrom the dye.
dye, which influences the shift of the conduction band edge. In the performance optimization of the dye-sensitized so-
Small ions such as tfi and H" having high affinity for the lar cell effects on both the efficiency and the stability need
TiO, surface would shift the conduction band edge to lower to be considered. This study points out the importance of
energies as compared to larger cations having less affinitycharacterization methods with which complete systems can
such as Lt --- MBI, TBA (tetrabutylammonium ion) and  be studied.
hexylmethylimidazolium cation. Thus, the role here for ad-
ditives such as 4TBP and MBI would be to decrease the
affinity of Li* for the TiO, surface. The solar cell with ~ Acknowledgements
TBAT instead of Li also showed 0.2V higher open-circuit
voltage than the solar cell without any additive (only Lil This work was financially supported by the Swedish Nat-
and b in the electrolyte) in the present study. The use of the ural Science Research Council (NFR), the Swedish Foun-
bulky counter ion TBA instead of Li" in the solar cell also  dation for Strategic Environmental Research (MISTRA),
protected the SCN ligand better. For another large cation the Swedish National Energy Administration (Energimyn-
such as hexylmethylimidazolium iodide in the electrolyte digheten) and the PSO-project under ELTRA project num-
high stability for solar cells was also reportgj. ber 3629 (Denmark).

Another possible contribution to the photovoltage change
is a shift of the redox potential. From the observation of the
exchange between SCNo I3~ ligand in the solar cell one
realizes that the concentration relation betweerahd k™ ) .
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