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Temperature Dependence of the Non-Stokesian Charge Transport in Binary
Blends of Ionic Liquids’
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A comprehensive characterization of an ionic liquid based electrolyte for dye-sensitized solar cells (DSSC)
was performed by determination of triiodide diffusion coefficients, viscosities, specific conductivities, and
densities. The observed non-Stokesian transport behavior was ensured by determination of triiodide diffusion
coefficients with two independent methods, steady-state cyclic voltammetry at ultramicroelectrodes, and
polarization measurements at thin layer cells. The electrolyte, consisting of 1-ethyl-3-methylimidazolium
tetrafluoroborate ([EMIM][BF,]), 1-methyl-3-propylimidazolium iodide ([MPIM][I]), and iodine, was
examined at fixed iodine concentration over a broad mixing range with varying ionic liquid molar ratio and
over a broad temperature range as well. The triiodide diffusion coefficients and the specific conductivity
increase with decreasing [MPIM][I] mole fraction or increasing temperature, caused by decreasing electrolyte
viscosity. The Einstein—Stokes ratios strongly increase with increasing [MPIM][I] mole fraction and viscosity
and thus do not obey the Einstein—Stokes equation. The magnitude of this strong non-Stokesian behavior
decreases with increasing temperature. Additional non-Stokesian behavior was found for [MPIM][I]-rich
blends since for these blends the Einstein—Stokes ratios strongly decrease at increasing temperatures and

simultaneously decreasing viscosity.

Introduction

The dye-sensitized solar cell (DSSC) has been proposed as a
low-cost and high-efficiency alternative to conventional pho-
tovoltaic cells by O’Regan and Gritzel' in 1991. Since then,
research in this field was dramatically enforced due to potential
low production costs of DSSCs combined with comparably high
energy-conversion efficiencies. At present, efficiencies of more
than 10 % can be obtained for DSSCs using electrolytes based
on volatile organic solvents.” However, the usage of these
volatile organic electrolytes seriously limits a large-scale im-
plementation of this technology due to poor long-term stability
of the cells and the necessity of a complex sealing process.>*
Promising alternatives to organic solvents are room-temperature
ionic liquids (ILs) since they offer several unique and favorable
features such as negligible vapor pressure, excellent electro-
chemical and thermal stability, and high intrinsic ionic con-
ductivity.>~7 Among this class of compounds, most attention
is attracted by ILs based on the 1,3-dialkylimidazolium cation,?
especially by 1-methyl-3-propylimidazolium iodide ((MPIM][I]),
a commonly used iodide source in electrolytes for DSSCs. How-
ever, the comparably high viscosity of this type of imida-
zolium IL (e.g., [MPIM][I], 1620 mPa-s at 20 °C)’ renders
physical transport processes significantly slower than in common
organic solvent based electrolytes and therefore limits the app-
lication of these electrolytes. To decrease viscosity, electrolytes
based on a binary mixture of [MPIM][I] and low viscous ILs,
such as 1-ethyl-3-methylimidazolium dicyanamide ([EMIM]-
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[N(CN),], 21 mPa-s at 25 °0)!% or 1-ethyl-3-methylimidazolium
thiocyanate ((EMIM][SCN], 21 mPa-s at 25 °C),"" were tested
for application in DSSCs, and good cell performances were
reported.®'" Another possibility to resolve the problem of high
electrolyte viscosity and resulting diffusion limitation may be
the selective enhancement of the exchange reaction based
diffusion of trijodide,*!? which contributes to the overall
diffusion exclusively in IL-based electrolytes. The non-Stokesian
charge transport resulting from the combination of charge
transport by physical diffusion and by charge transfer enables
much higher overall diffusion coefficients in ILs than in
conventional electrolytes of comparable viscosity. Despite this
interesting feature of IL-based electrolytes, there is up to the
present only one publication dealing with the observation of
non-Stokesian charge transport in DSSC electrolytes over a
temperature range similar to the one expected during later
practical application of DSSCs."?

This study provides a comprehensive characterization of a
potential electrolyte system for DSSCs and analysis of the
temperature dependence of the observed non-Stokesian charge
transport behavior. Triiodide diffusion coefficients, viscosities,
specific conductivities, and densities of the system 1-ethyl-3-
methylimidazolium tetrafluoroborate ((EMIM][BF,])/[MPIM](I]
with 0.05 mol-L ™" I, were examined at varying [MPIM][I] mole
fraction and over a broad temperature range as well and are
reported for the first time.

Experimental Section

Materials. Iodine was obtained from Riedel-de Haén (purity
of > 99.8 %). The ILs [MPIM][I] and [EMIM][BF,] were
synthesized according to Wachter et al."* NMR data ('H, '*C,
"B, 'F) of all ILs described in this paper do not show any
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impurities. After synthesis, the ILs were dried in high vacuum
(102 Pa). The resulting water contents were controlled by Karl
Fischer titration using a DL 18 titrator from Mettler (Giessen,
Germany), yielding low water mass fractions of 57+107° for
[MPIM][I] and 39-10~° for [EMIM][BF,].

Viscosity Measurements. Viscosity measurements were con-
ducted under Ar-atmosphere using an MCR 100 rheometer from
Anton Paar (Graz, Austria). Temperature control (better than
4+ 0.02 K) was maintained by a Peltier element. The vis-
cosities given were averaged over the values obtained at shear
rates ranging from 10 s™' to 1000 s~'. The estimated un-
certainties are in the range of (3 to 5) %.

Conductivity Measurements. Conductivity measurements
were carried out with an in-house built symmetrical Wheatstone-
bridge, with Wagner earth, resistance decade, and sine generator
as described by Wachter et al.'"”> The conductivity cells were
filled and sealed gastight in a glovebox under Ar-atmosphere
and then transferred to the thermostat bath. The applied cells
with cell constants in the range from (38 to 91) cm™ ' were
previously calibrated with aqueous KCl solutions. The electro-
lyte resistances were measured at frequencies of 1.7 kHz, 3.2
kHz, 5.1 kHz, 6.5 kHz, and 7.7 kHz, respectively, and ex-
trapolated to infinite frequency. Temperature control was
ensured by using the thermostat assembly which is described
in detail in refs 15 and 16. With this assembly, a temperature
stability of £ 2 mK was achieved. The temperature of the
thermostat bath and simultaneous measurement temperature
were monitored using an ASL F-250 MKII thermometer (Au-
tomatic Systems Laboratories, Milton Keynes). On the basis of
the calibration of the individual measuring cells, the estimated
uncertainties of the measured specific conductivities are in the
range of (0.2 to 0.4) %.

Diffusion Measurements. Triiodide diffusion coefficients
were determined by polarization measurements at thin layer cells
(TLCs)>'7 and steady-state cyclic voltammetry at ultramicro-
electrodes (UMEs).”'*!819 A three-electrode setup consisting
of a Pt-wire as a pseudo-reference electrode, a second Pt-wire
as a counterelectrode, and a Pt-disk UME (Bioanalytical Systems
Inc., USA) with a radius of 5 um as a working electrode was
used for steady-state cyclic voltammetry measurements. The
measurements at UMEs were performed within a Faraday cage
using an IM6 from Zahner (Kronach, Germany). Temperature
regulation (better than = 0.05 K) was ensured by application
of an RKS 20 thermostat from LAUDA (Lauda-Ko6nigshofen,
Germany) and additionally controlled by a temperature sensor
within the measuring cell. The TLCs used for polarization
measurements are described elsewhere.”!”?° Polarization mea-
surements at TLCs were conducted in an RK 8 KP thermostat
from LAUDA (Lauda-Konigshofen, Germany) using an Autolab
PGSTAT30 from ECO Chemie BV (Utrecht, The Netherlands).
The constancy of temperature in the thermostat bath was better
than + 0.02 K during the measurement. The measuring cells
for both methods were filled inside a glovebox under Ar-at-
mosphere and sealed gastight. The maximum uncertainties of
the diffusion coefficients determined at UMEs are estimated to
be below 5 %, and those of diffusion coefficients determined
with TLCs are below 13 %.

Density Measurements. Densities of the electrolyte mixtures
were determined with the precision densitometer DMA 60/DMA
602 from Anton Paar (Graz, Austria). Temperature control
(better than 4+ 0.02 K) was maintained by an RK 8§ KP
thermostat from LAUDA and controlled by a temperature sensor
close to the measuring cell. The estimated uncertainties of the
measured densities are below 0.01 %.
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Figure 1. Densities of 0.05 mol-L~" I, in mixtures of [EMIM][BE,]/
[MPIM][I] as a function of temperature at varying [MPIM][I] mole fractions
x: M x=0.10; 0, x = 0.20; ®, x = 0.30; O, x = 0.40; A, x = 0.50; A, x
= 0.60; v, x = 0.80; v, x = 1.0. Continuous lines display results of
corresponding quadratic fits.

plkg dm”

Table 1. Densities of 0.05 mol-L " I, in Mixtures of [EMIM][BF ]
and [MPIM][I] along with I, Molonities /2 at Varying [MPIM][I]
Mole Fractions x

T/K
X mimol-kg™'  298.15 303.15 313.15 323.15 333.15

3

p/kg+dm
0.10 0.0409 1.3243  1.3204 1.3128 1.3050  1.2975
0.20 0.0376 1.3499  1.3460 1.3384 1.3305 1.3228
0.30 0.0392 1.3769  1.3730 1.3654 13576  1.3498

0.40 0.0363 1.4023 13983 1.3904 1.3825 1.3746
0.50 0.0329 1.4273 14232 14153 14073  1.3993
0.60 0.0325 1.4557 14505 1.4425 14344 1.4264
0.80 0.0336 1.5043  1.5002  1.4922  1.4839 1.4757
1.0 0.0315 1.5553  1.5511 15430 1.5347 1.5264

Results and Discussion

As shown in refs 13 and 14 the influence of the I, con-
centration on triiodide diffusion is small and depends on a
decrease of viscosity with increasing I, concentration. High I,
concentrations in electrolytes for DSSCs also abolish diffusion
limitations since the limiting current is proportional to the
triiodide concentration as well. However these minor advantages
of application of high I, concentrations are counterbalanced by
enhanced light absorption by the electrolyte and enhanced
recombination processes and therefore reduced efficiencies and
stabilities.*' Due to these drawbacks and the negligible influence
of increasing I, concentration on triiodide diffusion, the system
[EMIM][BF,]/[MPIM][I] was examined with the common stan-
dard concentration of 0.05 mol+L ™" iodine.

Densities. Exact molar concentrations of the electrolyte’s
redox-active species are essential for determination of its dif-
fusion coefficient with steady-state cyclic voltammetry at UMEs
and polarization measurements at TLCs. Therefore, densities
of all blends were determined in the temperature range from
(25 to 60) °C.

The measured densities of the blends of the system [EMIM]-
[BF,J/[MPIM][I] with 0.05 mol-L~! I, and varying [MPIM][I]
mole fractions are given in Table 1 along with the I,-molonities
defined as M ue = Notute/Msolution- 1 NE temperature dependence
of the densities was analyzed according to a second-grade
polynomial. The resulting quadratic plots and the measured
values are shown in Figure 1. The fitting parameters for this
system are summarized in Table 2.

Viscosities. A simultaneous determination of viscosities and
diffusion coefficients is essential for a complete understanding
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Figure 2. Viscosities of 0.05 mol-L™! I, in mixtures of [EMIM][BF,]/
[MPIM][I] as a function of temperature at varying [MPIM][I] mole fractions
x: M x=0.10; 0, x = 0.20; A, x = 0.40; A, x =0.50; v, x = 0.80; V, x
= 1.0. Continuous lines display results of fitting viscosities according to
the VFT equation.

Table 2. Density Equation Parameters of 0.05 mol-L ' I, in
Mixtures of [EMIM][BF,] and [MPIM][I] as a Function of
Temperature at Varying [MPIM][I] Mole Fractions x

p=ky +hkyT+ ks T?
x  k/kgedm™? ky+10%/kgedm3+K™' ky+107/kg-dm3-K™>  R?

0.10  1.5652 —0.85 1.255 0.99997
020  1.5752 —0.74 —0.5801 0.99996
0.30  1.5801 —0.60 —2.7898 0.99998
040  1.6520 —0.88 1.424 0.99999
0.50  1.6603 —0.76 —0.5701 0.99999
0.60 19145 —2.18 21.434 0.99933
0.80  1.7222 —0.65 —2.6089 0.99998
1.0 1.7638 —0.59 —3.7558 0.99999

Table 3. Viscosities of 0.05 mol-L " I, in Mixtures of [EMIM][BF,]
and [MPIM][I] at Varying [MPIM][I] Mole Fractions x

T/K
X 293.15 298.15 303.15 313.15 323.15 333.15 353.15
n/mPa-s
0.10 58 47 39 27 20 16 10
0.20 84 67 54 37 27 20 12
0.40 162 123 96 61 41 29 17
0.50 215 160 123 76 50 35 19
0.80 670 466 333 182 108 69 33

1.0 1535 1023 697 350 192.8 113.9 49.2

of the influence of [MPIM][I] mole fraction on the triiodide
diffusion coefficient. Viscosities were determined in the tem-
perature range from (20 to 80) °C. The measured viscosities of
the blends of the system [EMIM][BE,]/[MPIM][I] with 0.05
mol-L~" I, and varying [MPIM][I] mole fraction are given in
Table 3. The temperature dependence of the recorded viscosities
was analyzed by fitting the measurement data according to the
Vogel—Fulcher—Tamann (VFT) equation (eq 1)

"=, exp[T_LTO] (M

where 7y, B, and T, are fitting parameters, and 7 is the
measurement temperature.

The recorded viscosities of the blends of the system [EMIM]-
[BE,J/[MPIM][I] with 0.05 mol-L " I, and varying [MPIM][I]
mole fraction and the resulting VFT plots are shown in Figure
2. The fitting parameters of this system are summarized in Table
4. The influence of the [MPIM][I] mole fraction on the viscosity
at varying temperatures is displayed in Figure 3. In contrast to
the [MPIM][I] mole fraction dependence of the triiodide dif-
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Figure 3. Viscosities of 0.05 mol*L™' I, in mixtures of [EMIM][BF,]/
[MPIM][I] as a function of the [MPIM][I] mole fraction x at varying
temperatures, 7: 00, 293.15 K; A, 298.15 K; A, 303.15 K; v, 313.15 K; v,
323.15 K; @, 333.15 K; <, 353.15 K. Continuous lines display results of
fitting viscosities according to a fourth-grade polynomial.

Table 4. VFT Equation Parameters of Viscosity Data of 0.05
mol-L ! I, in Mixtures of [EMIM][BF,] and [MPIM][I] at Varying
[MPIM][I] Mole Fractions x

x ny/mPa-s BIK Ty/K R?
0.10 0.32808 607.60802 175.763 0.99975
0.20 0.20107 771.39571 165.323 0.99995
0.40 0.17933 811.51156 173.917 0.99997
0.50 0.16191 850.29701 174.899 0.99999
0.80 0.07502 1090.78555 173.252 1
1.0 0.02215 1463.40277 161.866 0.99999

Table 5. Fit Parameters of Fitting Viscosity Data of 0.05 mol-L ™!
I, in Mixtures of [EMIM][BF,] and [MPIM][I] at Varying
Temperatures According to a Fourth-Grade Polynomial

T A B, B, B;+10° B, 10°

K mPa-s mPa-s mPa-s mPa-s mPa-s R?
293.15 45.34308 0.03456  0.14987 —3.28 3.27 1
298.15 32.86266 0.80216  0.07425 —1.73 1.90 1
303.15 27.35164 0.79539 0.04387 —1.0 1.15 0.99999

313.15 16.58528 1.01241  0.00352 —0.191 0.388 0.99999
323.15 11.38392 0.95955 —0.01099  0.0955  0.0999 1
333.15 11.59013 0.47179 —0.00365  0.0517  0.040 1
353.15  7.18889 0.30707 —0.00383  0.0518 —0.00216 0.99973

fusion coefficients, analyzing the [MPIM][I] mole fraction de-
pendence of the viscosity by means of mathematical expressions
was possible. For this purpose, several approaches were ex-
amined, and fitting the measurement data according to a fourth-
grade polynomial (eq 2) yielded the best results.

Nx)=A+B,*x+B,x*+B;x’+ B, x" )

In eq 2, A, B,, B,, B;, and B, are fitting parameters, and x is
the [MPIM][I] mole fraction. The resulting plots of fitting the
measurement data according to eq 2 are shown in Figure 3 along
with the measured values, and the corresponding fitting param-
eters are listed in Table 5. Since analysis of the viscosity data
according to eq 2 yielded good results, interpolation of viscosity
values according to eq 2 within the examined mixing range is
accurate.

Conductivities. Similar to the viscosity of the blends of the
system [EMIM][BF,J/[MPIM][I], the influence of the [MPIM][I]
mole fraction on the specific conductivity was examined as well
as its temperature dependence. Therefore, specific conductivities
were measured in the temperature range from (5 to 50) °C. The
determined specific conductivities at each [MPIM][I] mole
fraction and temperature are listed in Table 6. The temperature
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Figure 4. Specific conductivities of 0.05 mol-L™' I, in mixtures of
[EMIM][BE,]/[MPIM][I] as a function of temperature at varying [MPIM][I]
mole fractions x: B, x = 0.10; O, x = 0.20; A, x = 0.30; @, x = 0.40; O,
x =0.50; v, x = 0.60; ®, x = 0.80; &, x = 1.0. Continuous lines display
results of fitting conductivities according to the VFT equation.

Table 6. Specific Conductivities of 0.05 mol-L ™" I, in Mixtures
of [EMIM][BF,] and [MPIM][I] at Varying [MPIM][I] Mole
Fractions x

T/K
X 278.151 288.152 298.151 303.152 313.150 323.150
k/mS+cm ™!
0.10 5.245 - 12.43 14.81 20.29 26.70
0.20 3.720 - 9.600 11.62 16.38 22.05
0.30 2.610 4.620 7.449 9.186 13.37 18.49
0.40 1.782 - 5.595 7.034 10.55 14.95
0.50 1.139 - 4.035 5.194 8.130 11.92
0.60 0.710 - 2.847 3.757 6.134 9.324
0.80 - 0.737 1.523 2.099 3.713 6.035
1.0 - - 0.656 0.956 1.867 3.306

Table 7. VFT Equation Parameters of Specific Conductivity Data
of 0.05 mol-L ' I, in Mixtures of [EMIM][BF,] and [MPIM][I] at
Varying [MPIM][I] Mole Fractions x

X Ky/mS+cm™! BIK T/K R?
0.10 1410.29461 613.75375 168.43802 1
0.20 1464.65277 634.11132 172.03603 1
0.30 1576.34234 654.44812 175.94363 1
0.40 1568.4225 667.06943 179.77944 1
0.50 1885.6372 718.84175 181.19559 1
0.60 2236.9451 770.48719 182.55327 1
0.80 3510.74583 895.73051 182.44069 1
1.0 4747.98283 997.82907 185.89388 1

dependence of the determined specific conductivities was ana-
lyzed by fitting the measurement data according to the VFT
equation (eq 3)

—B
k(T) =k, exp[T_ To] 3)
where k,, B, and T, are fitting parameters.

The resulting VFT plots and the measured values are shown
in Figure 4. The fitting parameters for this system are sum-
marized in Table 7. The influence of the [MPIM][I] mole
fraction on the specific conductivity at varying temperatures is
displayed in Figure 5. The [MPIM][I] mole fraction dependence
of the specific conductivity was analyzed according to a fourth-
grade polynomial (eq 4)

k(x)=A+B,*x+B,x’+B;*x’ +B,x" )

where A, B, B,, B;, and B, are fitting parameters and x is the
[MPIM][I] mole fraction. The resulting plots of fitting the
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Figure 5. Specific conductivities of 0.05 mol-L™" I, in mixtures of
[EMIM][BF,J/[MPIM][I] as a function of the [MPIM][I] mole fraction x
at varying temperatures 7: v, 278.151 K; W, 298.151 K; 00, 303.152 K; @,
313.150 K; O, 323.150 K. Continuous lines display results of fitting
conductivities according to a fourth-grade polynomial.

Table 8. Fit Parameters of Fitting Conductivity Data of 0.05
mol-L~! I, in Mixtures of [EMIM][BF,] and [MPIM][I] at Varying
Temperatures According to a Fourth-Grade Polynomial

T A B, B, B;+10°  B,-107

K mS.cm™! mS-cm™'  R?
278.151 7.49664 —0.26805 0.00504 —6.18 3.47  0.99999
298.151 15.62914 —0.34421 0.00235 0.0162  —0.419 0.9998
303.152 18.33684 —0.37613 0.00222 0.384 —0.585 0.99978

313.150 24.41645 —0.4328 0.00168 1.47 —1.07  0.99974
323.150 31.3762 —0.48399 0.000931  2.76 —1.65  0.99969

mS+cm™! mS+em™! mS-cm™!

Table 9. Triiodide Diffusion Coefficients Determined at UMEs of
0.05 mol-L " I, in Mixtures of [EMIM][BF,] and [MPIM][I] at
Varying [MPIM][I] Mole Fractions x

T/K
X 298.15 303.15 313.15 323.15 333.15
D+107/cm?+s™!
0.10 3.6 4.4 6.5 8.9 11.6
0.20 3.2 3.9 5.7 8.6 11.6
0.30 3.1 4.0 5.6 8.4 11.9
0.40 2.9 3.8 5.8 8.9 11.7
0.50 2.9 3.7 5.8 8.5 11.8
0.60 2.5 33 4.6 7.2 10.6
0.80 1.8 2.5 4.2 7.1 104
1.0 1.2 1.7 3.0 4.9 7.4

measurement data according to eq 4 are shown in Figure 5 along
with the measured values, and the corresponding fitting param-
eters are listed in Table 8. Since analysis of the conductivity
data according to eq 4 yielded good results, interpolation of
specific conductivity values according to eq 4 within the ex-
amined mixing range is accurate.

Triiodide Diffusion Coefficients. Triiodide diffusion coef-
ficients were determined with two independent methods. The
diffusion coefficients obtained from steady-state cyclic volta-
mmetry at UMEs are listed in Table 9, and the diffusion
coefficients from polarization measurements at TLCs are listed
in Table 10. The diffusion coefficients determined with UMEs
are typically about (5 to 15) % lower than the ones determined
at TLCs. However, the influence of temperature and [MPIM][I]
mole fraction, respectively, on the diffusion coefficients is nearly
identical for the values from both methods. That means for the
case of the temperature dependency of the triiodide diffusion
coefficients which were determined at UMEs (Figure 6) and
with TLCs (Figure 7), there is a strong increase with increasing
temperature and decreasing viscosity (Figure 2). Since the VFT
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Figure 6. Temperature dependence of 15~ -diffusion coefficients determined
with UMEs of 0.05 mol+L ™" I, in mixtures of [EMIM][BF,]/[MPIM][I] at
varying [MPIM][I] mole fractions x: W, x = 0.10; O, x = 0.20; @, x =
0.30; O, x = 0.40; A, x = 0.50; A, x = 0.60; v, x = 0.80; v, x = 1.0.
Continuous lines are guides to the eye.
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Figure 7. Temperature dependence of 15~ -diffusion coefficients determined
with TLCs of 0.05 mol+-L ™" I, in mixtures of [EMIM][BF,]/[MPIM][I] at
varying [MPIM][I] mole fractions x: W, x = 0.10; O, x = 0.20; @, x =
0.30; O, x = 0.40; A, x = 0.50; A, x = 0.60; v, x = 0.80; v, x = 1.0.
Continuous lines are guides to the eye.

Table 10. Triiodide Diffusion Coefficients Determined at TLCs of
0.05 mol-L ! I, in Mixtures of [EMIM][BF,] and [MPIM][I] at
Varying [MPIM][I] Mole Fractions x

T/IK
X 298.15 303.15 313.15 323.15 333.15
D-107/cm?+s™!
0.10 3.7 4.5 6.7 9.8 13.3
0.20 3.7 4.6 6.9 9.8 13.3
0.30 3.5 44 6.8 10.1 13.8
0.40 33 4.2 6.5 10.0 14.0
0.50 3.0 39 6.2 9.8 13.9
0.60 2.9 39 6.3 9.9 14.3
0.80 2.0 2.7 4.7 7.9 12.2
1.0 1.1 1.5 2.8 5.0 8.0

theory was introduced for temperature dependence of viscosity,
rigorous analysis of diffusion coefficients according to the VFT
equation is only valid if non-Stokesian behavior can be excluded.
Thus, analysis of the temperature dependence of the triiodide
diffusion coefficients according to the VFT equation was not
performed.

The [MPIM][I] mole fraction dependence of the triiodide
diffusion coefficients is shown in Figure 8 for diffusion coe-
fficients determined at UMEs and in Figure 9 for those de-
termined with TLCs. Despite a continuously decreasing viscosity
with decreasing [MPIM][I] mole fraction (Figure 3), triiodide
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Figure 8. I, -diffusion coefficients determined with UMEs of 0.05 mol-L ™"
I, in mixtures of [EMIM][BF,]/[MPIM][I] as a function of the [MPIM][I]
mole fraction x at different temperatures; 7: W, 298.15 K; O, 303.15 K; A,
313.15 K; A, 323.15 K; v, 333.15 K. Continuous lines are guides to the
eye.
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Figure 9. I, -diffusion coefficients determined with TLCs of 0.05 mol-L™"
I, in mixtures of [EMIM][BF,]/[MPIM][I] as a function of the [MPIM][I]
mole fraction x at different temperatures; 7: W, 298.15 K; 00, 303.15 K; 4,
313.15 K; A, 323.15 K; v, 333.15 K. Continuous lines are guides to the
eye.

diffusion coefficients stay nearly constant over a broad mixing
range and even show maximum values at higher temperatures
and rather high [MPIM][I] mole fractions. This behavior is in
clear contrast to the results previously reported'**? for triiodide
diffusion coefficients in two IL-based DSSC electrolyte systems.

Non-Stokesian Charge Transport. On the basis of the friction
force®* for moving spheres in viscous media

F.=6anRD 5)

where 7 is the viscosity of the liquid; R is the radius of the
sphere; and 7 is the velocity of the sphere, a useful relation can
be derived for estimating molar conductivities of electrolytes
in infinitely dilute solutions at constant temperature A;” (Walden
rule)® in two solvents of different viscosity

AT, = A, (6)

On the basis of the Einstein—Stokes equation®~° (eq 7), where

kg is the Boltzmann constant, a similar relation can be derived
for the diffusion coefficient. This so-called Einstein—Stokes ratio
(eq 8) should be constant at constant temperatures as well. If
this requirement is observed, a Stokesian behavior exists.2>27:28
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The first deviation from this Stokesian behavior reported in
the literature was the high mobility of protons in water, for
which an alternative transport mechanism was proposed by
Grotthuss.?

Another deviation from the strict Stokesian behavior was
found for the triiodide transport in ILs and their binary blends
that are often applied as electrolytes in DSSCs. The triiodide
diffusion coefficients in these electrolytes are much higher than
expected according to recorded viscosity data and calculated
Einstein—Stokes ratios. As reason for this enhanced triiodide
transport, a mechanism has already been suggested that depends
on the assumption that the triiodide transport is created by a
combination of an ordinary diffusion process and a Grotthuss-
type charge-transfer mechanism.*'?2°732 A similar behavior was
observed for the triiodide transport along laminar phases in
liquid crystals.**-* The suggested charge-transfer process for
the case of triiodide can be illustrated as follows

L +1 =1 =L~ —1 +I; )

The length of the actually participating polyiodide chains is
not definitely determined up to now, but chain lengths up to
five atoms are know from the literature.**-

According to the above-mentioned triiodide transport mech-
anism, the apparent or overall diffusion coefficient D, can be
split in a physical diffusion coefficient Dy, based on diffusion
and on a diffusion coefficient D, based on charge transfer'>3¢ 38

D,y =Dy + Dy (10)

phys

For the transfer of I, from 15~ to I", both ions have to be in
close physical proximity to one another. This leads to a kinetic
constraint of this transfer, due to the negative charge of both
reactants and the resulting energetic disadvantageous transition
state. The constraint would be reduced by larger polyiodide
chain lengths and the resulting distribution of the negative charge
over the whole chain.

The enhanced triiodide transport is typically observed in ILs
since a special feature of ILs is the extremely high ion con-
centration and therefore also high ionic strength. Due to the
high ionic strength, the negative charges of the reacting ions
are better screened from one another, and the necessary ac-
tivation energy is reduced. The result of this kinetic salt effect
is the facilitated I, transfer compared to other media.'?

As mentioned above, triiodide diffusion coefficients stay
nearly constant over a broad mixing range despite a continuously
and strongly decreasing viscosity with decreasing [MPIM][I]
mole fraction. That already indicates non-Stokesian charge
transport which is further confirmed by the Einstein—Stokes
ratios displayed in Figure 10. Instead of staying constant, the
Einstein—Stokes ratios for this system strongly and continuously
increase with increasing [MPIM][I] mole fraction. The magni-
tude of the growth decreases with rising temperature from 640
% at 25 °C passing 500 % at 40 °C to 360 % at 60 °C. The
increase of the FEinstein—Stokes ratios with increasing
[MPIM][I] mole fraction corresponds to the above-mentioned
mechanism because an exchange between I~ and I is
necessary for this kind of charge transport. Larger iodide
concentrations raise the chance of a collision between I;~ and
I" and therefore enhance this kind of transport mechanism. The
impact of the charge transfer mechanism on the overall triiodide

DnT'10° gems” K™
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Figure 10. Einstein—Stokes ratios of 0.05 mol-L™' I, in mixtures of
[EMIM][BF,J/[MPIM][I] as a function of the [MPIM][I] mole fraction x
at different temperatures (calculated with diffusion coefficients determined
at UMEs), 7: W, 298.15 K; O, 313.15 K; A, 333.15 K. Continuous lines
are guides to the eye.
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Figure 11. Temperature dependence of Einstein—Stokes ratios of 0.05
mol-L ™" I, in mixtures of [EMIM][BF,]/[MPIM][I] at varying [MPIM][I]
mole fractions x (calculated with diffusion coefficients determined at UMEs):
W x=0.10; 0, x = 0.20; A, x =040; A, x =0.50; v, x = 0.80; v, x =
1.0. Continuous lines are guides to the eye.

transport decreases with increasing temperature due to decreas-
ing vis-
cosity and simultaneously increasing physical triiodide diffusion.
In Figure 11, the temperature dependence of the Einstein—Stokes
ratios is clarified. The magnitude of the decrease of the Ein-
stein—Stokes ratios with increasing temperature as well as the
impact of the charge-transfer process on the overall diffusion
are largest for the blends with high [MPIM][I] mole fractions.

Conclusion

A comprehensive characterization of an IL-based electrolyte
for DSSCs was performed by determination of triiodide diffusion
coefficients, viscosities, specific conductivities, and densities.
All parameters were examined over a broad [MPIM][I] mole
fraction and temperature range. Viscosity and specific conduc-
tivity values were accurately correlated with regard to temper-
ature and [MPIM][I] mole fraction. The determined electrolyte
densities were analyzed with regard to their temperature de-
pendence as well. The triiodide diffusion coefficient—the
predominant electrolyte parameter for limitation of DSSC effi-
ciency—was determined by two independent methods, steady-
state cyclic voltammetry at UMEs, and polarization measure-
ments at TLCs. In general, triiodide diffusion coefficients clearly



increase with increasing temperature but only slightly increase
with decreasing [MPIM][I] mole fraction, in both cases related
to the decreasing electrolyte viscosity. Simultaneous determi-
nation of triiodide diffusion coefficients and viscosities enabled
a temperature and [MPIM][I] mole fraction dependent analysis
of the non-Stokesian charge transport behavior. Instead of
staying constant, the Einstein—Stokes ratios strongly increase
with increasing [MPIM][I] mole fraction. The magnitude of the
growth decreases with rising temperature from 640 % at 25 °C
passing 500 % at 40 °C to 360 % at 60 °C. The temperature
dependence of this non-Stokesian triiodide transport confirms
the assumption of a Grotthuss-type charge transfer mechanism
in ILs that occurs in addition to the diffusive charge transport
and thus enhances the overall charge transport. Hence, for
optimizing an IL-based electrolyte in regards to the triiodide
transport, a low electrolyte viscosity is not the exclusive crucial
factor since mechanistic transport effects play also an important
role to resolve the diffusion limitation of DSSC efficiency.
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