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The performance of the dye-sensitized solar cells (DSSCs)
with an electrolyte including mixed cations was evaluated,
and the relevant carrier dynamics was investigated by the
heterodyne transient grating method. The performance of
DSSCs showed the maximum conversion efficiency for the Li*
cation ratio of 75 % with 25 % other cations.

The light harvesting efficiency of the dye-sensitized solar cells
(DSSCs) has been improved and maximized by adjusting the
composition of the electrolytes appropriately. Cation species are
one of the effective constituents in an electrolyte, and a proper
amount of cations or mixing ratio with different cations gave high
performance of DSSCs. '° The working principles for
optimization of DSSCs by cation species were (1) the control of
the conduction band edge of the semiconductor,* ” and (2) the
suppression of the electron-electrolyte recombination.® These
effects arise from the properties of cations such as the ionic
radius and adsorptivity on a TiO, surface.”®

Recently, we demonstrated the observation of the carrier
dynamics by using the heterodyne transient grating (HD-TG)
method, and the charge dynamics at a TiO,/electrolyte interface
in DSSCs such as the dynamic motion of ions in electrolyte
solutions and the electron-electrolyte recombination, were
successfully observed.” ' The effect of cation species (lithium
ion (Li"), 1,2-dimethyl-3-propylimidazolium ion (DMPI"), tetra-
n-butylammonium ion (TBA")) on the dynamics was also
clarified by this method.!" The result indicated that the
probability of the electron-electrolyte recombination could be
controlled by the TBA" or DMPI" ions, which helped blocking
the penetration of electron acceptors, I3 (or L), into the
nanoporous dyes/TiO, electrode.® On the other hand, Li" helps
increasing the amount of the injected electrons due to the
decrease in the flatband potential.> " '> Those results suggest that
mixing TBA" or DMPI" with Li" might improve the conversion
efficiency of DSSCs, because both the effects; the control of the
conduction band and the suppression of the electron-electrolyte
recombination, could be optimized. In this study, the performance
of DSSCs for the electrolyte with mixed cations was evaluated,
and the working mechanism was explained by the carrier
dynamics investigated by the HD-TG method.

The method for the preparation of the working electrodes was
shown in the previous reports.” '' Nanostructured TiO, films
were immersed in a N3 dye (cis-bis(iso-thiocyanato)bis(2,2’-
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bipyridyl-4,4’-di-carboxylato) ruthenium(Il)) bath for 24 h. An
electrochemical cell was prepared by putting another glass plate
together with a silicon rubber spacer, and the spacing between the
electrode and the glass plate was less than 1 mm. A platinum wire
was put in the cell as a counter electrode. The electrolytes with
different cations were composed of 0.3 M MI (M" = Li*, DMPI",
TBA"), 30 mM I, in acetonitrile (ACN).

The principle and the setup of the HD-TG method were reported
in detail in the previous papers.” ' In this study, the pump light
source was the second harmonic of an Nd:YAG laser (Surelite,
Continuum, Electro-Optics Inc.). The pump pulse had a
wavelength of 532 nm, a pulse width of 5 ns, an intensity of ~ 0.5
mJ per pulse, and the probe light was a CW semiconductor laser
with a wavelength of 635 nm. The pump and probe lights were
incident from the FTO substrate side to avoid the pump light
absorption by the electrolyte.

The photocurrent-voltage (I-V) characteristics of the DSSCs
were measured by a potentiostat (HA-151B, Hokuto Denko)
under the probe light illumination with a wavelength of 635 nm,
which was also used for the HD-TG measurement. The probe
light intensity was 2.16 mW, and the illuminated area was 0.20
em?,

A series of the electrolytes with the mixed cations of TBA"
with Li" were prepared, and the performances of the DSSCs were
evaluated (Table 1). The concentration of each cation was
changed as the total cation concentration was remained to be 0.3
M. As shown in Fig. 1, Isc was constant around 0.34 mA in 0 -25
% of TBA" (ET4), and then decreased as increase in the TBA"

Table 1 The composition of the used electrolytes and their performances
of the solar cells under the probe light illumination (11 mW cm?, A = 635
nm) *

Lil TBAI TBA" Isc Voc FF n

™M ™M (%) mA) (V) (%) ¢
ET1 0.3 0 0 0361 0352 0.30 1.7
ET2 0275 0.025 8.3 0344 039  0.31 1.9
ET3 0.25 0.05 17 0394 0428 0.32 2.5
ET4  0.225 0.075 25 0346 0470 0.38 2.8
ET5 0.187 0.113 38 0.257 0499 043 2.5
ET6 0.15 0.15 50 0.155 0507 0.40 1.5
ET7  0.075 0.225 75 0.102 0529 0.57 1.4
ET8 0 0.3 100 0.079 0597 0.62 1.4

“ The electrolytes were an acetonitrile solution including 30 mM I,. * The
ratio of the amount of TBA" to the total amount of cations in the
electrolyte. “ Conversion efficiency.
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Fig. 1 Short-circuit current (circle) and open-circuit voltage (triangle)
values for different TBA" ratio in the electrolyte, corresponding to those
shown in Table 1

s ratio. Voc was increased as increase in the concentration of
TBA', and the slope of the increase was changed around 25 % of
TBA". The conversion efficiency for ET4 showed the maximum
as a result.

It is understood that the decrease in Isc and the increase in Voc

10 from 25 to 100 % TBA® (ET4 to ETS) were caused by the
decrease in the concentration of Li" at the TiO,/electrolyte
interface. The decrease in the concentration of Li" at the interface
increased the conduction band edge of TiO,, causing a decrease
in the injection yield. Besides, the transient absorption spectra

15 (see in the Supporting Information) indicated that the peak region

of the dye bleach showed a blue shift in a TBAI electrolyte

compared to that in a Lil electrolyte. It is supposed that the drop
in Isc from 25 to 100 % TBA" was also affected by the decrease
in the absorption at 635 nm due to the blue shift of the dye
absorption. The increase in Voc from 0 to 25 % TBA" was
explained by the suppression of the electron-electrolyte
recombination. It is supposed that this suppression was caused by
the blocking effect of TBA™ on the penetration of I3 (or I,) into
the dye/TiO, interface,*!" and Voc was increased as increase in
the concentration of TBA". The value of FF was also increased as
increase in the concentration of TBA®, and the possible reason for
the improvement of FF is the decrease in current loss due to the
recombination process. Therefore, the maximum conversion
efficiency was obtained when both the effects; the suppression of

50 the electron-electrolyte recombination by TBA' and the decrease
in the conduction band edge by Li"; were compromised.

Figure 2(a) shows the HD-TG responses for 5 electrolytes with
different mixing ratio of TBA" to Li". Four components were
appeared in the HD-TG responses in the time region of 1 usto 1 s

35 as was previously reported.” ' The second component is a rising
component in the time region of 10 to 10 s. This component is
due to the rearrangement of the charged species on the liquid side
in an electric double layer, which was induced by the electron
trap on the TiO, surface after the injection of electrons from the

40 photoexcited dyes to TiO,. In the HD-TG response, ionic motion
at the interface was detected via the refractive index change
caused by the change in the molecular polarizability at the
interface. The fourth component is a negative signal, which went
back to the original baseline, observed in the time region of 107

sto 10" s, and it corresponds to the electron-electrolyte
recombination and the following escape of I' from the electric
double layer. The first and third components were assigned as the
disproportionation reaction of I,” (< 10 s) and the thermal
diffusion response (107 to 10~ s) respectively. Hereinafter, the
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Fig. 2 (a) The HD-TG responses for a DSSC for different mixed ratios of
TBA" and Li' cations in electrolytes. The mixed ratios can be referred to
Table 1. The inset in (a) enlarges the HD-TG responses in the time range

of 107 to 0.7 s. (b) The time constant of the second HD-TG component

ssand (c) The signal intensity of the fourth HD-TG component in (a) as a
function of the mixed ratio of TBA". The time constants were analyzed by

a hybrid analysis that combines the maximum entropy method with
nonlinear least squares fitting, using MemExp software.

HD-TG signal intensity for the fourth component was defined as
e the signal intensity difference between the negative peak and the
original baseline.

The time constant of the second component gradually
increased from 10 to 16 us until 25 % of TBA" (ET4) (For details
until 25 % of TBA", see Fig.S2 in the Supporting Information),

6s and then remained constant for further addition of TBA" (Fig.
2(b)). The result indicates that the rearrangement of the charged
species became slower as increasing TBA" ratio until 25 %. As
mentioned above, it was suggested that the electron-electrolyte
recombination was also gradually suppressed for the TBA" ratio

70 till 25 %, due to the blocking effect of TBA". Besides, TBA" has
less adsorptivity than Li"® '* Considering these properties of
TBA", we propose that the slower ionic motion by addition of
Table 2 The composition of the electrolytes and their solar cell

performances under the probe light illumination (11 mW cm?, A = 635
75 nm) *

Lil DMPII DMPI" Isc  Voc  FF n

™M M W mA) (V) (%)
EDI 03 0 0 0398 0395 034 24
ED2 0225 0.075 25 0339 0490 045 34
ED3 015 015 50 0208 0510 053 26
ED4 0075 0225 75 0142 048 061 19
ED5 0 0.3 100 0078 0512 061 1.1

“ The electrolytes were an acetonitrile solution including 30 mM I,. ® The
ratio of the amount of DMPI" to the total amount of cations in the
electrolyte
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Fig. 3 Short-circuit current (circle) and open-circuit voltage (triangle)
values for different DMPI concentrations, corresponding to Table 2.

TBA' was due to the decrease in the Coulomb interaction
s between the electron charge at TiO, and the ions close to the
interface. It is understood that a relatively thick double layer was
formed by addition of TBA® (2 — 3 nm from the TiO, surface®),
which increased the average distance of ions from the TiO,
surface. For 25 % TBA" or larger, the result suggests that

10 Coulomb interaction did not change as increase in the TBA"

concentration, which means that the blocking effect was saturated
after 25 % of TBA™.

The signal intensity of the fourth component was gradually
decreased as the increase in the TBA" concentration, and no
response was observed when all cations in the electrolyte were
TBA" (Fig. 2(c)). Considering the discussion on the IV
characteristics, it is supposed that the change in the fourth
component until 25 % of TBA" was due to the suppression of the
electron-electrolyte recombination by the blocking effect, and the

o

2 change from 25 to 100 % TBA" was due to the decrease in the
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number of trapped electrons, caused by the decrease in the
initially injected electrons.

Next, the effect of DMPI" addition to an electrolyte was
studied, and the performances of DSSCs are shown in Table 2.
As discussed in the mixed cations with TBA® and Li", it is
understood that the increase in Voc until 25 % of DMPI" was
mainly caused by the suppression of the electron-electrolyte
recombination, and that the decrease in Isc appeared from 25 to
100 % DMPI" (ED2 to ED5) were caused by the decrease in the
concentration of Li" at the TiO/electrolyte interface, while Voc
remained constant about ~0.51 V (Fig. 3). In addition, it is
supposed that the drop of Isc value from 25 to 100 % DMPI" was
also affected by the decrease in the absorbance at 635 nm due to
the blue shift of the dye absorption (See Fig.S1 in Supporting
Information). The decrease in the injected electrons caused to
decrease Voc under the probe light illumination,'>!” while Voc
was increase by addition of DMPI', and as a result, both the
effects were balanced to keep the Voc constant from 25 to 100 %
of DMPT".

Figure 4(a) shows the HD-TG responses for different ratios of
DMPI" with Li". The time constant of the second component
gradually increased as the increase in the DMPI" concentration,
which means the rearrangement of charged species became
slower as increase in DMPI". In the case of DMPI", it is supposed
that Li" at the interface was gradually replaced by DMPI" unlike
the case of TBA", because the time constant gradually increased
till 100 % of DMPI'. Thus, the double layer is assumed to be
thick gradually. As mentioned for TBA®, it is understood that the
slower ionic motion by addition of DMPI" was caused by the
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Fig. 4 (a) The HD-TG responses for DSSCs for different mixed ratios of
DMPI" and Li". The mixed ratios can be referred to Table 2. The inset in
(a) enlarges the HD-TG responses in the time range of 107 to 0.7 s. (b)
Time constant of the second HD-TG component and (c) the signal
intensity of the fourth HD-TG component in (a) as a function of the
mixed ratio of DMPI'. The time constant was analyzed by a hybrid
analysis that combines the maximum entropy method with nonlinear least
squares fitting, using MemExp software.

decrease in the Coulomb interaction between the charge at TiO,
and the ions close to the interface.

The signal intensity of the fourth component was gradually
decreased as increase in the DMPI' concentration, while the slope
of the signal intensity for the DMPI' ratio > 25 % was smaller.
The result suggests that the change in the fourth component until
25 % of DMPI' was due to the suppression of the electron-
electrolyte recombination by the blocking effect, and the change
from 25 to 100 % DMPI" was due to the decrease in the number
of the trapped electrons, caused by the decrease in the injected
electrons, and the result is consistent with the /-} characteristics.

Conclusions

The performances for DSSCs using electrolytes with mixed
cations species of Li" with TBA" or DMPI" were evaluated, and
the relevant carrier dynamics was investigated by using the HD-
TG method. The mixed ratios of Li" with other cations were
optimized, and the performance of the DSSCs showed the highest
conversion efficiency for 75 % Li" with 25 % other cations. From
the carrier dynamics for the mixed cations, it was indicated that
the difference in the absorptivity of cations on the TiO, surface
changed the thickness of electric double layer; the electron-
electrolyte recombination and the conduction band edge of TiO,
depended on the ratio of the cation species, TBA" or DMPI". It is
important to balance the positive effect of the suppression in the
recombination and the negative effect of the increase in the
conduction band edge of the TiO, surface, and mixing several

This journal is © The Royal Society of Chemistry [year]
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cations is one of the easily-controllable methods to achieve high
conversion efficiency of DSSCs.
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Graphical Abstract

The performance and related carrier dynamics in dye-sensitized solar cells in mixed

cation electrolytes were evaluated.
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