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ABSTRACT 

The work that is presented here is focused on the results that were obtained during studies of 
the performance of Dye Solar Cells under certain reverse bias conditions. This reverse 
voltage could permanently modify or damage a cell if it is not properly protected. Various 
techniques were employed to determine the physical changes in the cell. 
 
It was found that a cell that was subjected to a reverse bias of 2 V for 500 minutes showed a 
58% recovery. The UV-Vis spectra showed a blue shift (higher energy), the Raman showed 
no peak at 1713 cm

-1
 and the FT-IR showed the disappearance of the S-C-N absorption band 

at 2100 cm
-1

. The combined conclusion is that the –NCS ligand has been depleted and 
replaced with I3

-
 ions. Nyquist and Bode plots showed an increase in the charge transfer 

resistance at the counter electrode. This indicates a partial oxidation of the Pt catalyst on the 
counter electrode.  
 
The changes in the cell after being subjected to a reverse bias potential of 2 V for 500 
minutes are changes on the -NCS bonds on the Ru containing dye as well as the Pt on the 
counter electrode. 
 
Keywords: Electrochemical impedance spectroscopy, Nyquist plots, Bode plots, IV-curves, 
Raman, FT-IR, UV-Vis, reverse bias. 
 
 

1 INTRODUCTION 

A dye solar cell is an electrochemical cell that generates electricity when light excites the 
electrons in a ruthenium containing dye (from hereon called the Ru dye) that is chemically 
adsorbed on a thin layer of nano-TiO2. It consists of a working electrode (TiO2 and dye), an 
electrolyte (0.1 M I2, 0.1 M LiI, 0.6 M tetrabutylammonium iodide, 0.5 M 4-tert-butylpyridine in 
acetonitrile) and a counter electrode (platinum catalyst). 
 

1.1 Reverse bias 
Reverse bias conditions occur when the voltage across a cell opposes the open circuit 
potential. A multi cell module might have one or more of its cells shaded out while operating in 
the open. When one cell in the series connection is shaded, the current will pass this cell in 
reverse bias. An example of such a case can be seen in Figure 1. In such a case the shaded 
cell will be subjected to a voltage in the reverse direction coming from the other lit cells in the 
module. The reverse voltage could adversely modify or damage the cell if it is not properly 
protected. 
 
 
 

Figure 1: Example of the circuit where one cell is shaded 
 
 
When a negative voltage is applied, the potential across the semiconductor increases as well 
as the depletion layer width. When a positive voltage is applied, the potential across the 
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semiconductor and the depletion layer width will decrease. The total potential across the 
semiconductor equals the built-in potential minus the applied voltage (Figure 2). 
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Figure 2: Schematic energy diagram of the change in energy levels when a cell is subjected 
to reverse and forward bias 
 
Ec = energy at the conduction band 
EF = Fermi energy level 
Ev = Energy at the valence band 
Na = Acceptor density in the p-type region per cm

3
 

Nd = Amount of donors in the n-type region per cm
3
 

n
2
i = amount of positive (or negative) charge carriers per cm

3 

Vf = kbT/q (volts) 
kb = Bolzmann’s constant 1.38 10

-23
 JK

-1
  

kbT = kinetic energy in eV 
q = charge of an electron 1.602 10

-19
 C 

 
According to Kern et al, [1] reverse biasing a DSC is not critical for stability thus integrated 
modules are possible without protection diodes on each cell. 
 
A test example of a dye solar cell was accidentally subjected to a reverse bias potential of 6 
volt for a few seconds. The efficiency was immediately measured and found that the cell was 
dead. The following day the cell was tested again and unexpectedly it was found that a 
certain degree of recovery or regeneration had taken place. 
 
In real life situations, one or more cells in a module can be partially shaded, which results in 
electrical mismatching in the cell. The cell is then subjected to reverse bias. The electrons 
then flow into the cell instead of out. This could irreversibly damage the cells if the voltage is 
large enough. To prevent damage to cells due to reverse bias, diodes are incorporated in the 
circuit to prevent any possibility of reverse bias. This research looks at the effects that reverse 
bias has on DSCs and the physical and chemical changes that occurred as a result of reverse 
bias. 
 
Wheatley et al. [2] reported a similar incident but it was not pursued in so much detail. They 
used Raman, UV-Vis and cyclic voltammetry to determine changes that possibly took place in 
the cells. They concluded (cyclic voltammetry) that some irreversible oxidation process 
occurred inside the cell. 
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Dye solar cells were subjected to different reverse bias potentials (1, 2, 2.5 and 4.5 V). This 
paper reports on the results that were obtained for a cell that was subjected to a reverse bias 
potential of 2 V for 500 minutes. 
 
Spectroscopic techniques (UV-Vis, Raman, FT-IR and SEM) were complimented by 
electroanalytical methods (impedance and IV-curves), and used to determine the physical 
and chemical changes that caused the decrease in cell efficiency. 
 
 

2 EXPERIMENTAL 

Various cells (at least five of each) were assembled to assure repeatable results of the tests. 

The cell dimensions were 8 mm  60 mm (4.8 cm
2
). The dye (figure 3) that was used in all 

cases was the N719 {di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylate) ruthenium(II)} as supplied by Dyesol. The ITO conductive glass was purchased 

from Solaronix (8 /square). 
 

 
Figure 3: Structure of the N719 dye 
 
A Perkin Elmer, Lambda 750S UV/Vis spectrometer was used to obtain the UV/Vis 
reflectance and absorbance spectrographs as part of the characterisation of the cells. The 
shift and intensity of the absorption band at 540 nm due to reverse bias was investigated, 
over a scan range of 400 to 700 nm at a scan rate of 266.7 nm/min and a resolution of 1 nm. 
 
The FT-IR spectral data were collected on a Perkin Elmer Spectrum 100 FT-IR spectrometer 
interfaced with a Spectrum Spotlight 400 FT-IR imaging system. The changes in the NCS 
vibration band at 2100 cm

-1
 and C=O vibration bands at 1715 and 1354 cm

-1
 were monitored 

over 64 scans per sample at a resolution of 4.00 cm
-1

 in ATR (attenuated total reflectance) 
mode. 
 
The Raman signal is characteristic of a particular functional group. This function would enable 
us to study the degradation of the dye in the cell during reverse bias [3]. Raman spectra were 
obtained with Jobin Yvon Lab Ram HR800 spectroscopy at room temperature, and samples 
were excited using the 514.5 nm line. The spot size was 150 µm and the laser power was 
2 mW. The acquisition time per sample was 60 s. The microscope magnification was 10  
and the system was interfaced with an Olympus BX 41 camera. The three characteristic 
vibration bands at 1472, 1540 and 1610 cm

-1
 were used to indicate changes in the Ru – 

bipyridyl bonds. 
 
Particle and surface morphologies were studied by scanning electron microscopy using a 
JEOL JSM 7500F Field Emission Scanning Electron Microscope. The nano TiO2 that was 
synthesised in our laboratories was compared with the P25 that was obtained from Degussa 
South Africa. The surfaces of the cells were compared before and after the reverse bias 
experiments. 
 
The current-voltage (I-V) characteristics of the solar cells were monitored and recorded with 
the use of a mobile testing station for photovoltaics (MTSP purchased from Dyesol, Australia) 
and the solar simulator was obtained from Sciencetech (USA). The cells were scanned from -
0.1 V to 0.8 V which was plotted against the current. All measurements were done under 
irradiation of 1 sun (1 kWm

-2
). 
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The electrochemical measurements were carried out in the dark using a PGSTAT 12/30/230 
potentiostat. A two electrode configuration was used where the sensitised TiO2 was 
connected as the working electrode while the counter electrode (Pt), doubled as the reference 
electrode. The scan rate was 50 mV/s. The bias potentials ranged from -0.7 V to +0.7 V. 
 
 

3 RESULTS AND DISCUSSION 

3.1 Reverse bias and recovery 

The results of four identical cells that were subjected to different reverse bias voltages and 
the efficiencies were plotted against time are shown in figure 4. Reverse bias voltages of 1 V 
(blue); 2 V (Magenta); 2.5 V (black); and 4.5 V (brown) were used in the experiments. 
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Figure 4: Efficiencies plotted during subjection to different reverse bias voltages. 
Measurements were taken at 10-minute intervals. Note the similar results for 2 and 2.5 V. 
 
Under a reverse bias of 1 V, there is little reduction in the efficiency of the cell. The drop in 
efficiency from 5.1 to 4.8% is 0.3% (5.9% overall).  
Figure 4 shows that there was no meaningful difference when the cells were subjected to 
reverse bias voltages of 2 and 2.5 V. The results for the 2.5 V reverse bias experiments will 
therefore not be discussed further in this document. 
When the cell was subjected to a reverse bias potential of 4.5 V, the efficiency dropped to 0% 
in 50 minutes. 
 
A cell was subjected to a reverse bias potential of 2 V and the efficiency was measured at 
different time intervals to determine the rate of degradation. The regeneration was measured 
against time after the reverse bias voltage was removed. The efficiencies were plotted 
against time (see Figure 5). 
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Figure 5: A plot of efficiency vs. time for a cell that was subjected to a reverse bias of 2 V for 
500 minutes after which the cell‘s recovery was monitored. 
 
 
The efficiency of the cell decreased from 5.1% to 2% after 500 minutes. When the reverse 
bias potential was removed, the cell recovered partially to give a final efficiency of 2.9%. 
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Figure 6: The IV curves for the cells (negative voltages only).  
The blue line represents the cell that was not subjected to any reverse bias. The red line is 
the cell that was subjected to 2 V reverse bias. 
 
 
The data from the graph (figure 6) was used to determine the different values for the 
exchange current density. This was compared with the curve of the cell before reverse bias. 
The Butler-Vollmer model is only valid in reverse bias (V<0)[4]. 
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Applying the experimental data to the simplified Butler-Volmer equation, the following values 
were calculated for J0 (exchange current density). The symmetry factor (β) was taken as 0.5. 
J0 is indicative of the rate of oxidation or reduction at an equilibrium electrode. J0 for the cells 
were determined as: 
 
Before reverse bias: 7.2 10

-11
 A/cm

2
; After 2 V reverse bias: 8.8 10

-13
 A/cm

2 

 
The reaction rate after the cell was subjected to a reverse bias potential of 2 V was about 
three times less than the cell before reverse bias. 
 
 

3.2 Efficiency measurements 
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Figure 7: IV curves for the cell during and after being subjected to a reverse bias of 2 V. The 
blue trace is the efficiency before reverse bias while the recovered is indicated by the 
magenta trace. The green trace represents the turning point before recovery. The slopes of 
the Isc and Voc are also indicated on the graph. 
 
 
The IV curves shown in figure 7 were obtained during the time that the cell was subjected to 
reverse bias. The blue traces are during reverse bias while the recovery is indicated by the 
magenta traces. Although there was a significant change in the Isc, the Voc showed only a 
small variation.  
The inverse of the slopes of the curve that indicates Rsh and Rs are shown in table 1. 
 
Table1: Shunt and series resistances as calculated from the IV-curves 

 Rsh (Ω) Rs (Ω) 

Before reverse bias 3324 4.3 

Minimum efficiency (turning point) 2517 7.6 

After recovery 3247 5.8 
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These values show the same trends that were found when the modelling was done for the 
equivalent circuits (see table 2). 
 
 

3.3 Impedance measurements 

0

1

2

3

0 1 2 3 4 5 6

log frequency (Hz)

lo
g

 I
m

p
e

d
a

n
c

e
 (

Ω
)

Before RB

After 2VRct = 100 Ω

Rct = 340 Ω

 

Figure 8: Bode plots of the cell before reverse bias (red) and after 2 V reverse bias (green). 

 

Note there is no significant change in the series resistance (Rs), indicated on the right hand 
side of the graph in figure 8. Both start at 1.4 Ω. After the cell was subjected to 2 V reverse 
bias, the charge transfer resistance (Rct) increased to 340 Ω.  

 

Figure 9: Nyquist plots of the cell before reverse bias (red), after 2 V reverse bias (blue). 
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The increase in impedance shown in figure 8 also correlates with the trends of increase in 
impedance that is depicted in the Bode plots (figure 8). Figure 10 shows the Nyquist plots as 
well as the equivalent circuits of the cells before and after reverse bias. 

 

 

 

Figure 10: Nyquist plots of the cells cell before (A) and after (B) reverse bias. The blue lines 
show the theoretical fit of the equivalent circuit in each case. 
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Figure 11: Equivalent circuit of a cell before and after reverse bias 

 

The equivalent circuits for both cases are essentially the same as shown in figure 11. The 
circuits give a good fit as shown in the Nyquist plots (figure 10). The calculated values of the 
components (before and after reverse bias) that are derived from these models are compared 
in table 2. 

The part of the circuit that is shown as R2, represents the charge transfer resistance for 
electron recombination at the TiO2/ITO interface in the cell while C1 represents the 
capacitance at the triple contact ITO/TiO2/electrolyte. 

C2/R4/Q1 represents the charge-transfer resistance (R4) due to the recombination of electrons 
at the TiO2/electrolyte interface, the chemical capacitance (C2) and constant phase element 
(Q1) due to a change in electron density. (The first indication that a constant phase element 
exists is that the centre of the semi circle in the Nyquist plot has shifted to below the x-axis.) 
This is evident in both plots in figure 9.  

R3 and R5 represent the electron transport resistance in the TiO2 layer. C3/Q2/R6 represents 
the capacitance and charge transfer resistance as well as the constant phase element at the 
electrolyte/platinum interface in the cell. 
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Table 2: Numerical values (based on the model of the Nyquist plot) of the different 
components of the cells before and after reverse bias. 

 Before reverse bias After reverse bias of 2 V 

R1  4.73 Ω 4.73 Ω 

C1 1.00 pF 1.00 pF 

R2 12.8 mΩ 15.4 mΩ 

R3 4.73 Ω 4.73 Ω 

C2 22.8 µF 1.00 pF 

R4  46.8 Ω  146 Ω 

Q1 4.40 10
-4

 7.98 10
-4

 

n1 0.833 0.827 

R5 4.73 Ω 4.73 Ω 

C3 10.6 µF 1.00 pF 

Q2 4.46 10
-4 

7.97 10
-4 

n2 0.834 0.829 

R6 61.3 Ω 208 Ω 

 

R1, R3 and R5 are the series resistance components of the cell and showed no change before 
or after reverse bias of 2 V. The major differences appear to be with the charge transfer 
resistance (R2, R4 and R6) that indicates that physical changes took place inside the cell as 
well as at the counter electrode.  

 

The charge transfer resistance at the electrolyte/platinum interface increased from 61 Ω to 
208 Ω. Work that was done by Milkevitch et al. [5] indicated that the platinum catalyst can be 
irreversibly oxidised at voltages of 1.72 V and 1.61 V. The value of the constant phase 
elements Q1 and Q2 doubled while the value of n only increased slightly from 0.827 to 0.833 
which relates to 0.5° change in the phase. The capacitance inside the cell (C2 and C3) has 
decreased significantly while the capacitance at the working electrode stayed constant. 
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3.4 UV-vis measurements 
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Figure 12: UV-Vis results of a cell before and after reverse bias. Note the peak shift from 540 
to 525 nm. 

 
When a reverse bias potential of 2 V was applied to the cell the absorption band at 540 nm 
shifted to 525 nm with a reduction in absorptivity (figure 12). This absorption band is due to 
the metal-to-ligand charge transfer (MLCT) from the Ru metal centre to π* orbitals on the 
pyridyl ligand. The molecule is stabilised by the delocalising effect of the electron donating N-
C-S groups. The band shifted to higher energy (blue shift) which resulted in lower cell 
efficiency. 
The absorbance decreased from 0.68 to 0.47 (30%). The decrease in cell efficiency was 42% 
(from 5.1% to 2.9%) which suggests that this is not the only parameter that changed during 
the reverse bias. 
It was previously determined by Murakoshi et al., [6] that the absorption shifts to lower 
energies when the complexes are attached to the semiconductor surface. The band shifts 
were ascribed to the interaction between the dye molecule and the TiO2 surface through the 
carboxylic groups. This leads to the possible conclusion that some of the dye was desorbed 
from the TiO2 during the reverse bias experiments.  
The blue shift could therefore be a combination of the breaking of bonds between the dye 
and the TiO2 and the depletion of the N-C-S groups. It was confirmed by FT-IR and Raman 
that there is no evidence of bond breaking between the TiO2 and the dye therefore the shift 
has to be due to the depletion of the N-C-S groups. 
 

3.5 Raman measurements 



11 

 
Figure 13: Raman spectra of a cell that was subjected to a reverse bias voltage of 2 V. Note 
the peak shifts in the original spectrum before reverse bias, after 2 V reverse bias (before and 
after recovery). Note the absence of peaks at 1713 cm

-1
.  

 
 
The absence of the characteristic C=O stretch band at 1713 cm

-1
 is an indication that there 

are no free C=O groups in the cell. This proves that the dye is not desorbed from the titanium 
dioxide surface. FT-IR spectroscopy measurements also indicated that no desorption of the 
dye from the TiO2 film occurred. During the application of reverse bias potentials, the peaks 
at 1540 and 1472 cm

-1
 shifted by 5 and 4 cm

-1
 respectively to higher energy while the energy 

of the band at 1610 cm
-1

 was essentially unchanged (figure 13). After reverse bias and 
recovery (2 V), the 1472 cm

-1
 band returned to the original value but the peak initially at 1540 

cm
-1

 remained displaced by 4 cm
-1

 to higher energy. The irreversible change to the band at 
1540 cm

-1
 suggests that the adsorbed dye has undergone a change directly associated with 

the bipyridyl ligand. 
 

 

3.6 FT-IR measurements 

The FT-IR measurements showed n No evidence could be found of any desorption of the dye 
carbonyl group from the TiO2. If there were any isolated (not bound to TiO2) carbonyl groups, 
vibrational bands at wavenumbers 1354 and 1715 cm

-1
 should become evident. This however 

is not the case. The strong bands at 1375 cm
-1

 and 1635 cm
-1

 indicate bonded carbonyl 
groups. Therefore with the FT-IR spectral data we can state that there is no disengagement 
of the dye from the TiO2 (figure 14). This is also confirmed by results that were obtained by 
Kuang et al.[7]. 
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Figure 14: FT-IR spectrum of the dye after being subjected to a reverse bias voltage of 2 V. 
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Figure 15: The FT-IR spectrum of the cells before and after a reverse bias (RB) voltage of 
2V. Note the decrease of the intensity of the CN peak at 2100 cm

-1
. 

 
  
The spectra in figure 15 show the effect of the 2 V reverse bias on the N-C-S group in the 
dye. The N-C-S stretching band is slowly depleted. It seems as if the thiocyanate ion ligand is 
sensitive to the oxidizing effect of the reverse bias on the N-C-S groups. It was suggested by 
Greijer et al., [8] that a compound analogue to the I3

-
 forms: 

 
I2 + SCN

-
   I2SCN

- 

 
This strongly correlates with the decrease in intensity and blue shift in the UV–Vis absorption 
bands and is attributed to the destabilising effect of the depleting N-C-S group.  
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3.7 SEM measurements 

SEM photos (magnification for both were 30.00 K X) were obtained before and after the 
reverse bias potential of 2 V as shown in figure 16. No obvious changes or differences could 
be detected. This confirms that the morphology did not change due to the reverse bias. The 
surface porosity of the two films does not show any visible or obvious change.  
 
 

     
Figure 16: SEM micrograph of the TiO2/dye of a cell before and after reverse bias. 
 
 

4 CONCLUSIONS 

We have shown that a reverse bias potential of 2 V resulted in a 42% loss in cell efficiency.  
Raman spectroscopy showed the partial recovery of the cell at 2 V reverse bias. The 
appearance of a vibration band at 1713 cm

-1
 would be evidence of the breaking of the 

chemisorbed bonds between the dye and the TiO2 film (dislocation of the dye and the TiO2). 
This was not the case and it was also backed up by FT-IR measurements showed no peaks 
at 1715 cm

-1
 and 1354 cm

-1
 which is characteristic of free carbonyl bonds. 

FT-IR however did show the depletion of the N-C-S vibration band at 2100 cm
-1

. 
This work has shown that Raman and FT-IR spectroscopy are complementary techniques 
that provided structural information of the dye and dye/semiconductor system. 
 
Potentiometric measurements show a significant increase in the charge transfer resistance at 
the counter electrode which indicates a decrease in the catalytic activity of the Pt. This backs 
the theory of Milkevitch et al.[9] that there is partial oxidation of the Pt that acts as a catalyst 
for the regeneration of the Iodide. It was shown by FT-IR that the change was in the dye and 
not the TiO2/dye bond.  
The values of Rs and Rsh that were obtained from the IV curves of the cell under reverse bias 
showed the same trends that were obtained from the Nyquist plots, Bode plots and 
equivalent circuits. 
 
It can therefore be stated with confidence that the changes in the cell after being subjected to 
a reverse bias potential of 2 V for 500 minutes are attributed to changes on the N-C-S groups 
on the Ru dye as well as the Pt on the counter electrode. 
The morphology of the TiO2 film on the glass substrate does not change when a cell is 
subjected to a reverse bias potential of 2 V. 
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