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Experimental Method 

Dye-sensitized TiO2 solar cells (DSSCs) were fabricated as detailed elsewhere.
1
 In brief, a thin 

compact layer of TiO2 was deposited on a cleaned transparent conducting glass (TCO) plate (LOF 

TEC8 F-doped SnO2 glass; Hartford Glass Company), using 0.2 M titanium diisopropoxide 

bis(acetylacetonate) in isopropanol by spray pyrolysis, followed by heating at 450 °C for 30 min. 

Mesoporous TiO2 films were deposited via the screen-printing technique using a paste of 22 nm-sized 

TiO2 nanoparticles on a TCO substrate and then sequentially sintered at 325 °C for 5 min, 375 °C for 5 

min, 450 °C for 15 min, and 500 °C for 15 min. This film was then soaked in 0.02 M TiCl4 solution at 

room temperature for 6 h and rinsed with distilled water. After sintering the films again at 500 °C in air 

for 30 min and cooling to 80 °C, they were immersed in a solution of acetonitrile and tert-butyl alcohol 

(1:1, v/v) containing 0.5 mM [RuL2(NCS)2]:2TBA (L = 2,2´-bipyridyl-4,4´-dicarboxylic acid; TBA = 

tetrabutylammonium; also known as the N719 dye) and 0.5 mM chenodeoxycholic acid (CDCA) for 15 

h. The semitransparent counter electrode consisted of TCO covered with a Pt catalyst. Three types of 

electrolytes were used: (1) Electrolyte A was comprised of 1.0 M PMII (1-propyl-3-methylimidazolium 

iodide), 0.05 M LiI, 0.03 M I2, 0.5 M tBP (4-tert-butylpyridine) and 0.1 M GNCS (guanidinium 

thiocyanate) in a solution of acetonitrile/valeronitrile (85:15, v/v); (2) Electrolyte B consisted of 0.6 M 

BMII (1-butyl-3-methylimidazolium iodide), 0.1 M LiI, 0.05 M I2, 0.5 M tBP, and 0.1 M GNCS in a 

solution of acetonitle/valeronitrile (85:15, v/v); and (3) Electrolyte C was composed of 0.8 M HDMII 

(1-hexyl-2,3-dimethylimidazolium iodide) and 0.05 M I2 in methoxypropionitrile. The porosity was 

65% for all films. The average TiO2 film thickness was about 10 µm as measured with a surface profiler 

(KLA Tencor Alpha-Step 500). 

The photocarrier transport times at short circuit were measured by intensity modulated 

photocurrent spectroscopy (IMPS).
2,3

 The photocarrier recombination times at open circuit were 
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measured by intensity modulated photovoltage spectroscopy (IMVS).
4,5

 For these measurements, the 

DSSCs were probed with a small sinusoidally modulated beam of 680 nm light superimposed on a 

relatively large background (bias) illumination also at 680 nm. A semiconductor diode laser (680 nm) 

was used for this purpose. The probe and bias light entered the cell from the substrate side. Neutral 

density filters were used to vary the illumination intensity. The amplitude of the modulated photocurrent 

density was kept at 10% or lower compared to the steady-state photocurrent density. Electrochemical 

impedance spectroscopy (EIS) measurements were performed with a potentiostat/frequency analyzer 

(PARSTAT 2273) using a two-electrode configuration. The modulation frequencies range from 50 mHz 

to 100 kHz. The amplitude of the modulation voltage was 10 mV. Z-view 2.9c (Scribner Associates) 

was used to fit the EIS spectra to the equivalent circuit based on the transmission line model.
6
 The total 

electron density in the TiO2 films at open circuit was determined by the dark charge-extraction 

technique, similar to one reported previously.
7
 Briefly, a constant voltage was applied across the cell in 

the dark using a potentiostat/frequency analyzer until a constant current was reached. The cell was then 

short circuited, and the resulting current transient was integrated to calculate the charge. The 

photoinduced electron density in the TiO2 film at short circuit under illumination was determined by 

charge-extraction measurements.
8
 The diode laser was driven with a pulsed voltage source (Stanford 

Research DS345), which allowed for a rapid on and off switching of the illumination. The actual 

photoinduced charge in the film was determined by numerically integrating the photocurrent decay 

using a digital oscilloscope (Tektronix DPO70404) after the steady-state light was switched off. 

 

 

Figure S1. Dependence of transport (black circles) and recombination (red circles) time constants on 

the short-circuit photocurrent density for a DSSC with Electrolyte A.  
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Figure S1 shows the transport and recombination time constants at different short-circuit 

photocurrent densities Jsc for the same DSSC used in obtaining the J–V data in Figure 1. The transport 

and recombination time constants were measured under the same illumination condition (as indicated by 

Jsc) by IMPS at short circuit and IMVS at open circuit, respectively. Both the transport and 

recombination time constants exhibit a similar power-law dependence on the light intensity in 

concurrence with previous studies.
5,9,10

 The power-law dependence of transport times on light intensity 

is generally attributed to electrons undergoing multiple trapping and detrapping during their transit 

through a film,
2,3,10-16

 whereas the cause of nonlinear dependence of recombination times on light 

intensity is a subject of debate.
7,9,10,13,17,18

 

 

 

Figure S2. Plots of the extracted charge density as a function of voltage (or, quasi-Fermi level) at open 

circuit (black circles) and short circuit (red circles) for a DSSC with Electrolyte A.  

 

Figure S2 shows the dependence of extracted charge density on the voltage (or quasi-Fermi 

level) for the same DSSC used in obtaining the J–V data in Figure 1. For the charge-extraction data 

obtained at open circuit in the dark (black circles), the voltages were applied to the cell before switching 

it to short circuit. The plot of charge density versus quasi-Fermi level is usually used to derive the trap 

distribution below the TiO2 conduction bandedge.
19

 Figure S2 also shows the plot for extracted charges 

measured at short circuit for cells under illumination (red circles). The voltages associated with this 

extracted charge, however, correspond to the open circuit values that were obtained for cells under the 

same illumination conditions used at short circuit in the charge-extraction measurements. The red curve 

is significantly lower than the black curve, implying that the charge density at short circuit is much less 

than that at open circuit. Thus, the difference in the voltage between the two plots reflects the difference 

in the quasi-Fermi levels of the cell between short circuit and open circuit at constant light intensity.
7
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Figure S3. (a) Physical locations of equivalent circuit elements of a DSSC used for the EIS analysis, (b) 

typical Nyquist plot, and (c) high-frequency region of the Nyquist plot showing the impedance response 

of a DSSC with Electrolyte A under illumination measured at Voc = 0.55 V. Inset shows the equivalent 

circuit model.  

 

Figure S3a displays the physical location and interfaces of the equivalent circuit elements for a 

DSSC used for the EIS analysis. In the equivalent circuit model (inset of Figure S3b), TCO

sR is the sheet 

resistance of TCOs, Rp1 and Cp1 are the respective charge-transfer resistances and interfacial capacitance 

at the TCO/TiO2/electrolyte interface, Zt is the transmission line element, Zd is the Warburg impedance 

associated with ion diffusion in the electrolyte, and Rp2 and Cp2 are the respective charge-transfer 

resistances and interfacial capacitance at TCO/Pt/electrolyte interface. The transmission line element Zt 

contains the distributed transport resistance rt of electrons in the TiO2 film, the recombination resistance 

rct, and the chemical capacitance cµ at the TiO2/electrolyte interface. For a TiO2 film of thickness d, the 

corresponding total resistances and total capacitance are given by Rt = rtd, Rct = rct/d and Cµ = cµd, 

respectively. Figure S3b,c shows the impedance spectrum for the same DSSC used in obtaining the J–V 

data in Figure 1 under illumination at 680 nm at open circuit. From these plots, three features of the 
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impedance response can be identified: (1) a large semicircle at low frequencies (from about 0.1 to 10 

Hz), which corresponds to the charge-transfer process at TiO2/redox electrolyte interface with a charge-

transfer (recombination) resistance Rct; (2) a linear region with 45
o
 slope at medium frequencies (from 

about 100 to 10 kHz; Figure S3b), which is characteristic for the transmission line model
6
 with the 

transport resistance Rt; and (3) a small semicircle at high frequencies (>10 kHz), which is associated 

with the charge-transfer process at the TCO/Pt/electrolyte interface and/or the TCO/TiO2/electrolyte 

interface.  

 

 

 

 

Figure S4. Dependence of open-circuit voltage Voc on the short-circuit current density Jsc for the DSSC 

with Electrolyte A.  

 

Figure S4 shows the dependence of the open-circuit voltage Voc on Jsc for the DSSC used in 

obtaining the J–V data in Figure 1. The best fit (solid line) of the data to the exponential dependence of 

Jsc (Jsc ∝ exp(qVoc/mkT)) yields the diode ideality factor m = 1.44. 
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Figure S5. Schematics of the current flows in a DSSC in the dark and in the light.  

 

Figure S5 shows schematics of the current flow in a DSSC in the dark and in the light. The net 

current density Jnet that flows through the external circuit of a DSSC under illumination can be 

described by the superposition of the two opposing current flow: (1) the dark current density at forward 

applied bias JF, flowing from the TCO substrate into the TiO2 film; and (2) the light-generated 

photocurrent density JL, flowing from the TiO2 film into the TCO substrate.  
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Figure S6. J–V characteristics of a DSSC with Electrolyte B, (a) before and (b) after correcting for 

ohmic losses: (1) JF represents the current density at forward applied bias in the dark (denoted by the 

black JF–V curve); (2) Jnet represents the current density at applied biases when the cell is illuminated 

with 680 nm laser light (denoted by the red Jnet–V curve); and (3) JF–Jsc corresponds to JF after being 

shifted by Jsc (denoted by the blue (JF – Jsc)–V curve; eq 3).  

 

Figure S6a compares the J–V characteristics of a DSSC with Electrolyte B in the dark and under 

laser illumination at 680 nm. The black JF–V curve in Figure S6a shows the current density JF in the 

dark at forward applied bias. The red Jnet–V curve shows the current density Jnet when the cell is 

illumined with 680 nm laser light. From the Jnet–V curve, it can be seen that Jsc is 10.1 mA/cm
2
, Voc is 

0.75 V, the maximum power point is at 0.58 V, and the fill factor FF is 0.72. The area between the Jnet–

V and (JF – Jsc)–V curves represents the difference between the actual and ideal J–V characteristics of 

the DSSC. The photocurrent density loss increases significantly from 7% at the maximum power point 

to 64% at Voc. The total power density loss, determined by integrating the area between Jnet–V and (JF – 

Jsc)–V curves, is about 17%. After correcting for ohmic losses in the same DSSC (Figure S6b), the 

photocurrent density loss was reduced from 7 to 4% at the maximum power point and from 64% to 29% 

at Voc, and the total power density loss was reduced from 17% to 6%.  
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Figure S7. J–V characteristics of a DSSC with Electrolyte C, (a) before and (b) after correcting for 

ohmic losses: (1) JF represents the current density at forward applied bias in the dark (denoted by the 

black JF–V curve); (2) Jnet represents the current density at applied biases when the cell is illuminated 

with 680 nm laser light (denoted by the red Jnet–V curve); (3) JF–Jsc corresponds to JF after being shifted 

by Jsc (denoted by the blue (JF – Jsc)–V curve; eq 3).  

 

Figure S7a compares the J–V characteristics of a DSSC with Electrolyte C in the dark and under 

laser illumination at 680 nm. From the Jnet–V curve, it can be seen that Jsc is 12.5 mA/cm
2
, Voc is 0.77 V, 

the maximum power point occurs is at 0.54 V, and FF is 0.61. The photocurrent density loss (the 

difference between the Jnet–V and (JF – Jsc)–V curves) increases from about 14% at the maximum power 

point to 76% at Voc. The total power density loss, determined by integrating the area between Jnet–V and 

(JF – Jsc)–V curves, is about 40%. After correcting for ohmic losses in the same DSSC (Figure S7b), the 

photocurrent density loss was reduced from 14 to 10% at the maximum power point and from 76% to 

67% at Voc. Furthermore, after making the same correction the total power density loss was reduced 

from 40% to 26%. 
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