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Figure S1. Schematic illustration of the electrochemical cell used for the measurement of diffusion

limiting current of the polymer gel electrolyte.



1.0t
|

208}
N
g A
£ 0.6f /
s
c /

04; X

6 8 . 10 12 14 . 16

film thickness / pm
Figure S2. Normalized energy conversion efficiency of liquid-state solar cells sensitized by TPAR4 (red
triangles) and TC4 (green squares) as a function of nanocrystalline TiO, film thickness. The electrolyte

contained 0.6 M Lil, 0.06 M I, in the mixed solvent of EC/PC (with mass ratio of 8/2). The optimal

thickness is 14 um.

Effect of Dyes on the Photovoltaic Performance. Dyes also have important effect on the
photovoltaic performance of quasi-solid-state DSCs. The photovoltaic performance of cell B is superior
to that of cell A. The illumination intensity has stronger influence on the performance of cell B. Under
the illumination intensity of 100 mW cm™, the # of cell B is 3.77 %. When the illumination intensity is
decreased to 80 mW cm™, the # of cell B reaches to 4.71 %. An even higher efficiency of 5.76 % can be
obtained upon reducing the light intensity to 30 mW cm™. At lower light level, the photocurrent is small,
which decreases the mass-transfer-related losses in Js, and FF and increases the conversion efficiency.
For the cell A, the change of # as a function of light intensity is not as obvious as that of cell B because
of its lower photocurrent even under the light intensity of 100 mW cm™.

The superior performance of cell B to cell A can be analyzed from the properties of the dye molecular.
The lowest unoccupied molecular orbital (LUMO) level of the dye plays an important role in the
determination of current flow in the electron injection process. The LUMO levels of TPAR4 and TC4
are -1.41 and -1.57 V vs NHE, respectively (1, 2). The more negative LUMO level can supply stronger
driving force for effective electron injection. This is one of the reasons why the TC4-sensitized solar cell

has higher Jg..



On the other hand, for the cell B, the lower back reaction rate at the TiO,/electrolyte interface between
the injected electrons and I3 also results in higher Jy. as well as V. (3, 4). It can be seen from Figure
10b that the dark current for cell B occurs at higher forward bias than that of cell A, indicating that the
sensitizer TC4 is more effective in retarding the back reaction than TPAR4, which is beneficial to
increase the Jy. and V.. The different effect on suppressing the back reaction is partly caused by the
different spatial array between the cyanoacrylic acid and rhodanine-3-acetic acid-based dyes on the TiO,
surface (5, 6).

The Photovoltage Response. The different property of the dyes in retarding the back reaction can be
examined by comparing the open-circuit voltage-decays (OCVD) curves of DSCs with different dyes.
Figure S3 shows the decay of V,. that follows after witching off the light (7). The decay of the
photovoltage reflects the decrease in the density of electrons in the conduction band of the
nanocrystalline TiO, particles. The electron density falls when the illumination is interrupted due to the
back reaction between the injected electrons and I3 ions at the TiO,/electrolyte interface. As shown in
Figure S3, the decay of V. for cell B is slower than that of cell A, reflecting the excellent effect of TC4
on retarding the back reaction.

The electron lifetime (recombination time), 7, can be calculated from eq 3 (8, 9):

kT [dVOC }1
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The results of electron lifetime as a function of V,. are shown in the inset of Figure S3. The lifetime

increases approximately exponentially with decreasing V,.. The electron lifetime of the solar cells

sensitized by different dyes increases in the order of TPAR4 < TCA4.
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Figure S3. Open-circuit voltage-decays (OCVD) of cell A (red line) and cell B (green line) after

switching off the light. The inset shows calculated electron lifetime vs V.

Electrochemical Impedance Spectroscopy Analysis. The different effect of TPAR4 and TC4 on the
photovoltaic performance can be explained in more detail in the EIS results measured in the dark at
different forward biases. Figure S4 shows typical electrochemical impedance spectra of cell A and cell B
measured at -0.7 V in the dark. The spectra show three arcs (10). The first (high frequency) semicircle
represents the electron-transfer process at the platinum counter electrode. The second (intermediate
frequency) arc corresponds to the charge-transfer at the TiO,/electrolyte interface (11). The third (low
frequency) arises from the diffusion of I3 in the electrolyte (12). It can be seen that the charge-transfer
resistance at the TiOy/electrolyte interface of cell B is larger than that of cell A, indicating that the
electron recombination decreases with TC4 adsorption, which is in agreement with the dark current and

OCVD results.
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Figure S4. Electrochemical impedance spectra of cell A (red triangles) and cell B (green squares)
measured in the dark at a forward bias of -0.7 V. The lines show the fitted results. The inset shows the

equivalent circuit used for the curve fitting of the impedance spectra.

Fitting the high and intermediate frequency semicircles with the equivalent circuit
R(RCPE1)(R,CPE2) shown in the inset of Figure S4 gives the corresponding electrokinetic
parameters (13). Good agreement between the measured and the fitted data is achieved in all cases. In
the equivalent circuit, R, includes the resistance of the electrolyte, the FTO substrate, and the contact
wires. R is the charge-transfer resistance at the TiO,/electrolyte interface. CPEI represents the chemical

capacitance produced by the accumulation of electrons in the TiO; film. The impedance of CPE is given
by Z.px = B(iw)™, where w is the angular frequency, B is the CPE parameter, and m (0 <m > 1) is the

CPE exponent. For an ideal capacitance, the CPE exponent is 1 and in our experiments the CPE
exponent is about 0.9, indicating that the deviation from an ideal capacitance is small (14). So the
constant phase element CPEl can be replaced by a capacitive element C, (14). Additionally, the
electrochemical process at the electrolyte/Pt-FTO interface can be described by the charge-transfer

impedance R, and the double layer capacitance CPE,.
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Figure S5. Fitting results of (a) charge transfer resistance (R.), (b) capacitance (C,), and (c)

recombination time (7) for cell A (red triangles) and cell B (green squares).

The fitting results of R of cell A and cell B at different potentials are plotted in Figure S5a. The
adsorption of TC4 on the surface of TiO, can more effectively reduce the number of recombination

centers than that of TPAR4, leading to higher R values for cell B. The C, values of the two cells are



presented in Figure S5b. C, follows a characteristic exponential rise with increasing forward bias given

by (15):

—oelV
C, :Caexp{ T }+Cb (4)

B
where C, is the prefactor of the exponential increase, V is the applied potential, C, is the quasi-constant
capacitance at low potentials, and a is a coefficient describing either the Boltzmann occupancy of the
conduction band capacitance (o = 1) or an exponential distribution of trap states (a < 1) (15). In our
measurements, o is calculated to be 0.106 for cell A and 0.107 for cell B. The coefficient a here are
lower than that of the reported values (0.17-0.24) of DSCs with liquid-state electrolytes (15), which is
probably caused by the difference of the polymer gel electrolyte with respect to liquid-state electrolytes.
The C, values of cell B are lower than that of cell A mainly due to the negative shift of the conduction
band edge (12). The difference of the potential at the same value of C, can indicate the shift of the
conduction band edge (4, 11). As can be seen from Figure S5b, the adsorption of TC4 dye induces
around 25mV negative shift of conduction band edge compared with TPAR4.

The values of V,. for cell B are higher than that of cell A under various light intensities. The
improvement of V. can therefore be ascribed to a combined effect of the negative shift of conduction
band edge and the limitation of charge losses. The V. is determined by the difference between the quasi-
Fermi level of TiO, and the potential of the redox couple in the electrolyte. The negative shift of the
conduction band edge and the limitation of the charge losses increase the quasi-Fermi level of the
conduction band electrons in the TiO, film and then increase the V. of cell B.

The electron lifetime 7 can also be obtained by the product of R and C,, 7= R x C, (12). The 7 of
cell B is much larger than that of cell A (Figure S5c). This tendency is in keeping with that of Figure S3.
The longer lifetime is one of the reasons why the photovoltaic performance of cell B is superior to that

of the cell A. The increase in 7 is associated with a pronounced rise in the charge-transfer resistance.
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