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Abstract 

In dye-sensitized solar cells recombination reactions at the TiO2 photoanode with electrolyte 

interface plays a critical role in the cell efficiency. Recombination of injected electrons in the 

TiO2 with acceptors in the electrolyte usually occurs on uncovered area of TiO2 surfaces. In this 

work, we report electropolymerization of polymer films on nanoporous TiO2 electrode surfaces 

using an ionic liquid as the growth medium. The choice of ionic liquid as the growth medium for 

this study is based on the insolubility of dye N719 in this electrolyte, so avoiding dye molecules 

detachment from the TiO2 photoanode surface over the entire potential range investigated during 

the electropolymerization. Consequently using this insulating and passivation polymer onto the 

open areas of a nanoporous TiO2 surface the photovoltaic device efficiency most improved by 

19%, furthermore, prevent detachment of dye molecules leads to an increase in stability of the 

dye-sensitized solar cells. 

 

Keywords: Electropolymerization, Recombination, Dye-sensitized Solar Cells, Passivation, 

Titanium Dioxide 
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1. Introduction 

Dye-sensitized solar cells (DSCs) have generated wide-spread attention in the about  

twenty years ago because of their low cost, relatively high efficiency and successful application 

future 
1–3

. The efficiency of DSCs is determined by the open circuit voltage (VOC), the short 

circuit current density (JSC) and the fill factor (FF). In a typical DSC, a major hurdle for 

advancement of DSCs is the electron recombination at the TiO2/electrolyte interface 
4–6

. The 

interface between the TiO2 photoanode and the electrolyte is important for the photovoltaic 

device efficiency. In respective photoelectrodes, the surfaces of the TiO2 electrode are not quite 

coated with the dye molecules. Thus, electrons in a mesoporous TiO2 film recombine with either 

oxidized species in electrolyte or oxidized sensitizer at the interfaces of TiO2 film and with a 

conducting substrate resulting in the loss of photovoltaic performance of DSCs. Therefore, 

several methods have been attempted to restrain this process by introducing additives to 

electrolytes, such as guanidinium thiocyanate and 4-tert-butylpyridine 
7–9

, forming an extra thin 

layer onto TiO2 
10–12

, incorporation coadsorbents on the TiO2 
13–15

 and surface passivation by 

polymerization 
16,17

.  

Polymer materials have unique properties which enable new applications in various fields 

18–21
. Electrochemical synthesis of polymer is an excellent method to prepare polymer film on the 

surface of electrodes. In electropolymerization method, experimental parameters can control film 

thickness of polymer and charge transport characteristics. The electropolymerization is 

commonly performed by constant potential or constant current methods. Potential sweep 

methods such as CVs correspond to a repetitive triangular potential waveform applied on the 

electrode. The latter method has been mainly used to obtain qualitative information about the 

redox processes involved in the early stages of the polymerization reaction, and to examine the 
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electrochemical behavior of the polymer film after electrodeposition 
22,23

. However applying 

electropolymerization on the TiO2 electrode stained with the dye sensitizer causes dye desorption 

from the TiO2 electrode in the aqueous or organic solvents. Therefore, a new strategy is needed 

that does not effect on the absorption of dye. 

Ionic liquids (ILs) are by definition ionic melts with a melting point below 100 °C and 

widely employed as solvents for green organic and electrodeposition of polymer 
24

, which 

indicates that significant enhancements in selectivity, yield and reaction rate 
25,26

. Ionic liquids 

with high ionic conductivities, catalytic properties, negligible vapor pressures and wide 

electrochemical windows have been obtained over a wide range of application 
27–30

. These 

properties are very important for variety of electrochemical processes, and it has been shown that 

it is possible to be appropriate electrolyte for electropolymerization 
31–33

. 

In this work, we developed a method to deposit a passivation layer of poly anthranilic acid 

(PAA) on the open areas of TiO2 surface via electropolymerization in 1-Methyl-3-

octylimidazolium hexafluorophosphate) [OMIM-PF₆]. The main object of this study was to 

introduce an electrochemical method for insulating and passivation open areas of a nanoporous 

TiO2 in dye-sensitized solar cells. To the best of our knowledge, no study has been published so 

far reporting the surface passivation of N719-sensitized nanocrystalline TiO2 electrode via 

electropolymerization method. It was found that the thin insulating PAA layer on TiO2 surface 

decreased the electron recombination and thereby improved the photovoltaic device efficiency, 

as illustrated in Scheme 1. Furthermore, polymer passivation layers prevent desorption of N719 

dye and improvements in the stability of the devices. Therefore, we investigated the effects and 

optimal conditions for electropolymerization of insulating PAA layer on the mesoporous TiO2 

surface on the photovoltaic performance of DSCs. 
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2. Experimental 

2.1. Materials 

The N719 dye and FTO glasses were purchased from Dyesol. 4-tert-butylpyridine, 

guanidinium thiocyanate, TiCl4, H2PtCl6 and 1-Methyl-3-octylimidazolium hexafluorophosphate 

were reagent-grade from Sigma Aldrich. Acetonitrile, ethanol, solvents and reagents were of pro-

analysis grade from Merck (Germany). The electrochemical experiments were performed by an 

Autolab potentiostat/galvanostat (PGSTAT-302 N, Eco Chemie, Netherlands). All potentials 

reported were versus the Ag/AgCl/KCl (3.0 M) electrode. Impedance measurements were 

performed with a potentiostat/galvanostat (IVIUM, Compactstat). The frequency range is 0.01-

100 kHz, and the magnitude of the modulation signal is 10 mV. The spectra were measured with 

an external potential of −0.72 V in the dark. 

Scanning electron microscopy (SEM) was used to examine the morphology of photoanode 

film (TESCAN SEM system). Infrared spectra were run on a Shimadzu model 8,300 Fourier 

Transform Infrared spectrophotometer. Ultraviolet–visible (UV–Vis) spectra were obtained by an 

Optizen 3220 UV UV–Vis spectrophotometer. The photovoltaic performances of the DSCs were 

measured under AM 1.5 simulated sunlight illumination (Luzchem-Solar) by a 

potentiostat/galvanostat (IVIUM, Compactstat). 

 

2.2. Fabrication of DSCs devices  

The platinized counter electrodes were prepared on a cleaned FTO-glass by ethanol  

solution of H2PtCl6 (2 mg of Pt in 1 mL of ethanol) followed by heating at 400◦C for 20 min 
34

. 

The FTO glass plates were sequentially cleaned by ultrasound in 0.1 M HCl, acetone and ethanol 

(15 min for each step) and finally rinsed with distilled water. The TiO2 paste was prepared by 
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hydrolysis of TiCl4 according to previously reported methods
34

. A TiO2 layer was fabricated on 

the FTO glass plates using doctor blade method and by sintering at 500 °C for 30 min. To 

sensitize the photoanode, when the TiO2 layer was cooled to 80 °C, it was immersed in 0.3 mM 

N719 dye solution in a mixture of tert-butyl alcohol and acetonitrile (volume ratio, 1:1) and kept 

at room temperature for 18 h. 

The electropolymerization of anthranilic acid was performed in a three-electrode 

electrochemical cell with TiO2 electrode sensitized with N719 as working electrode, Ag wire and 

a platinum sheet as the counter electrode and the reference electrode, respectively. Before 

formation of polymer, the TiO2 photoanode were immersed in the electrolyte for 5 min leaving 

the mesoporous film soaked fully. The synthesis of PAA layer was carried out by cyclic 

potential-scanning method between −0.2 and 1.2 V at 100 mV s
–1

in OMIM-PF₆ containing 10.0 

mM anthranilic acid (AA) at various cycle number (0-12 cycle). The amount of the deposit layers 

was controlled through the number of voltammetric scans. After the electropolymerization, the 

working electrode was taken out and rinsed vigorously with acetonitrile and chloroform to 

remove any soluble materials. The TiO2 photoanode was then dried under vacuum for 30 min 

before further application. 

N719 dye-containing photoelectrodes (electrode A) were employed for comparison of 

photovoltaic properties with the electrodes containing PAA (electrode B). The DSCs devices 

were assembled using a working (electrode A and B) and counter electrodes and onto a 

sandwich-type cell by heating with a 35 µm thick thermal adhesive film (Surlyn, Dyesol). Then a 

liquid electrolyte composed 0.6 M BMII, 0.03 M I2, 0.5 M 4-tertbutylpyridine and 0.10 M 

guanidinium thiocyanate in a mixture of acetonitrile and valeronitrile (volume ratio, 85:15) were 

injected into the cells 
35

. The organic solvent is a basic component in electrolytes; it gives an 
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environment for redox couple dissolution and diffusion. Generally, no single solvent can 

simultaneously fulfill all the requirements for ideal solvents in DSSCs. Therefore, for optimal 

DSCs performances, the mixed solvents are often used. A mixed solvent of acetonitrile and 

valeronitrile is considered as the best electrolyte 
2
. The redox couple is a key component of the 

DSSCs. The iodide/triiodide has been demonstrated as the most efficient redox couple for 

regeneration of the oxidized dye. When BMII incorporated into electrolyte, IL can be both the 

source of iodide and the solvent itself. Additives are another component in electrolyte. 4-

tertbutylpyridine and guanidinium thiocyanate could enhance Voc and electron lifetime, 

respectively 
3
. 

 

Insert Scheme 1 

 

3. Results and discussion  

3.1. Electropolymerization and Materials Characterization 

Figure 1A represents cyclic voltammograms in the course of polymerization of AA at 9 

times of potential scanning in OMIM-PF₆. As can be seen, the first cycle of the 

electropolymerization of AA shows one anodic peak (Ep = 0.38 V), which correspond to the 

oxidation of AA to its radical cation and its cathodic peak near 0.21 V. In the second cycle, 

indicating the occurrence of an oxidation peak at 0.41 V, and cathodic peak at 0.23 V. These 

peaks may be related to the transformation from quinoid structure to aromatic state. A 

mechanism of copolymerization of PAA is proposed in Figure 1S. As shown in figure 1, with 

increasing the potential scanning cycle, the anodic and cathodic peak currents increased. This is 

indicative that the thickness of the insulating PAA layer on the mesoporous TiO2 surface 

increased. Furthermore, the potential of oxidation peak was shifted to negative potentials due to 
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the increase of the charge transfer resistance in the PAA layer and the over-potential is needed to 

overcome the resistance 
36

.  

In order to obtain more details on the electropolymerization of AA, cyclic 

voltammograms of TiO2 electrode and TiO2 electrode stained with the N719 was performed in 

the absence (curve a, c in Fig. 1B) and the presence of AA (curve b, d in Fig. 1B). Cyclic 

voltammetry of TiO2 electrode with N719 adsorbed exhibits one anodic and the corresponding 

cathodic peak, which correspond to the conversion of Ru (II) to Ru (III) and vice versa within a 

quasi-reversible one-electron process (curve c, figure 1B) 
37

. At the first cycle of 

electropolymerization (curve d, figure 1B), there is broader oxidation peaks with current onset at 

about 0.38 V, which is corresponding to the oxidation of the N719 on nanoporous TiO2 surface 

and monomer AA to its cation radical.  

 

Insert Figure 1 

 

Figure 2S shows the FT-IR spectrum of PAA, TiO2 and PAA on TiO2 between 500 and 

4000 cm
−1

. The peaks at 3418, 2920, 1693, 1603, 1510, 1498, 1451, 1348, 1249, and 1070 cm
−1

 

generally appear in the FT-IR spectrum of PAA. These peaks are in good agreement with the 

literature data 
38

. Therefore, the bands were almost similar to PAA indicating the absence of any 

kind of chemical interaction between the PAA and the photoanode. 

The effect of electropolymerization process on the amount of dye loading on TiO2 was 

investigated by ultraviolet–visible spectroscopy (Fig. 2). It is clear the dye adsorption of 

electrode B showed similar amount of dye with that of the bare TiO2 (without 

electropolymerization). These results suggest that the electropolymerization process did not 
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effect on the amount of N719 adsorbed to DSCs with N719 dye alone (electrode A) and with 

PAA (electrode B). The similar shape of the absorption spectra before and after the 

electropolymerization have been shown the N719 molecules do not participate on the 

electrochemical polymerization of PAA. Therefore, electropolymerization process of PAA on the 

TiO2 electrode surface does not have any influence on the molecular structure of the N719 dye.  

 

Insert Figure 2 

 

In the following, in order to investigate characteristics of OMIM-PF₆ as a electrolyte, the 

electropolymerization was also carried out in conventional electrolyte such as acetonitrile 

solutions as shown in figure 3S and its effect on the optical absorption of dye was compared with 

that in OMIM-PF₆ (see figure 4S). As can be seen, the main absorption band at 530 nm is 

observed in all three spectra. The electropolymerization of the electrode B in OMIM-PF₆ does 

not lead to a significant change in color, and indeed the UV/Vis spectrum of the sample after 

electropolymerization still shows a strong band for the N719. But the electropolymerization in 

acetonitrile, new weaker absorption bands appear at 440 nm and 660 nm. Desorption of the N719 

dye into 0.1 M KOH followed by UV/Vis analysis confirms that 29% of the dye molecules is 

detachment from the TiO2 photoanode surface or converted. 

TEM was used to study the topography of TiO2 electrodes before and after 

electropolymerization (Fig 3a-d). Figure 3a, b show TEM images of TiO2 nanoparticles covered 

with PAA films. The polymer film (PAA) grew on the surface of TiO2 particles by about 1 nm 

thickness, demonstrating that the PAA formed via electropolymerization on the surfaces of the 

nanocrystalline TiO2 particles. SEM images of electrode B and electrode A also clearly 

demonstrated polymer film growth (Figure 5S, Supporting Information).  
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Insert Figure 3 

 

After electropolymerization on the mesoporous TiO2 film, PAA has covered within the 

pores of a TiO2 film and compact PAA layers have been formed on the TiO2 electrode surface 

prevented the electrolyte from a direct contact with the TiO2 surface. Furthermore, the PAA film 

does not significantly affect the mesoporous structure of the TiO2 photoanode. These results 

demonstrated that the electropolymerization produced the polymer film encapsulating TiO2 

nanoparticles. 

 

3.2. Photovoltaic Performance 

The influence of the polymer films on nanoporous TiO2 electrode surfaces on 

photovoltaic performance was measured under AM 1.5 solar conditions. PAA can be promptly 

deposited on TiO2 through electropolymerization, and its thickness can be well controlled by 

cycle number. DSCs with PAA film at various cycle numbers were fabricated and characterized 

(Figure 4 A; and figure 6S, Supporting Information). In device A, TiO2 photoanode sensitized 

with the N719 dye alone give rise to photovoltaic device efficiency (η) of 6.38 % (Jsc＝14.20 

mA cm
−2

, VOC＝744 mV), as shown in figure 4B. The photovoltaic device performance of DSCs 

is sensitive to the cycle number of the electropolymerization. The VOC and JSC values increase 

after three, six and nine cycles of electropolymerization (Figure 4 A), showing an optimum 

efficiency of 7.6% after nine cycles. It is noteworthy that in the presence of PAA [9 cycles], JSC 

and VOC yielded a 10.5% and 4.7% improvement, respectively. Both the VOC and JSC values 

decrease with the further increase in the cycle number of the polymerization. The decrease in 
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efficiency with increasing PAA thickness may be due to the decreased electron injection yield as 

reported in the literature 
39

. The dark current (Inset of figure 4B) decreases with deposit a 

passivation layer of PAA, indicating that the recombination between electrons in TiO2 

photoanode and tri-iodide ions being retarded by the polymer film (recombination reaction in 

Scheme 1), which may be attributed to the blocking effect of insulating film on the TiO2 surface. 

The increase in VOC and JSC after electropolymerization of PAA can be attributed to this decrease 

in recombination rate. 

Insert Figure 4 

 

In order to further understanding of the role of the deposit a passivation layer of PAA on 

the higher VOC, EIS were used to gain data about the interfacial electron transfer processes. The 

EIS Nyquist plot, shown in figure 5, exhibits two arcs or semicircles for the charge transfer 

resistance at the counter electrode/electrolyte interface at high frequency and TiO2 

electrode/electrolyte interface at lower frequencies 
40

. 

 

Insert Figure 5 

 

Rct was estimated to be 74 Ω for the DSCs with bare TiO2 electrode (device A) and 153 Ω 

for DSCs with deposit a passivation layer of PAA on TiO2 electrode, meaning electron 

recombination resistance increased in the presence of  PAA layer on TiO2 photoanode, thus 

resulting in higher VOC. Thus, the insulating PAA layer on TiO2 electrode can reduce the charge 

recombination. Consequently, the electron recombination in DSCs without PAA is faster than 

that forms an insulating film of PAA on the TiO2 surface. Electron lifetime (τ), as remarkable 
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parameter to estimate the electron recombination rate, is usually derived by Rrec and Cµ (τ = Rct * 

Cµ) from EIS 
41

. The insulating film of PAA on the TiO2 surface also increased the electron 

lifetime from 35.2 ms to 79.3 ms. This increase electron lifetime is accompanied with an 

increasing in the electron transfer resistance, indicating that the PAA film decreases the electron 

capture by electron acceptors in electrolyte. The increased electron lifetime mainly accounts for 

the increased VOC. Therefore, this property can be attributed to that the PAA layer of yields 

insulating layer between the conduction band electrons and triiodide ions in the electrolyte, 

which could reduce the recombination of electrons in TiO2 film with acceptor species in the 

electrolyte. 

To investigate the role of the PAA layer on the changes in the surface trapping sites and 

to reveal the change in VOC, CVs experiments were carried out on electrode A and B (Figure 

6A). Higher density of trap states at the surface of mesoporous TiO2 film may induce higher 

recombination rate of electrons and lower VOC. The cyclic voltammograms can be affected by the 

presence of coordinatively unsaturated Ti species on the surface of TiO2 
42

. 

 

Insert Figure 6 

 

The capacitive currents of the TiO2 electrode (electrode A) and TiO2 coated with PAA 

layer (electrode B) displayed gradual onsets under a forward bias (Figure 6B) 
4
. The current 

increases much more slowly for the TiO2 coated with PAA layer (electrode B) than that for the 

TiO2 electrode (electrode A) in CVs. The onset is about -0.78 V for electrode sensitized with 

N719 dye alone, whereas in the presence of the PAA layer on the TiO2, it moves to -0.82 V, 

indicating that the edge of conduction band of TiO2 moved negatively toward the vacuum level. 
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This shift is due to insulating PAA layer on TiO2 surface. Moreover, the slope (dQ/dV) of TiO2 

electrode was large, and the slope decreased after electropolymerization of PAA (TiO2 coated 

with PAA layer).  

These results indicate that coverage of the TiO2 by PAA layer can reduce the density of 

surface trap states. The surface of the TiO2 electrode is not quite coated with the dye molecules; 

therefore, there are some uncovered areas of directly in contact with the electrolyte. In the 

presence of PAA as insulating film covered these surface areas, resulting in a decrease in trap 

states.  

The photovoltaic performances (JSC, VOC and η) of the devices were measured under 

thermal aging experiments at 60 °C in the dark conditions to measure the effect of the polymer 

layer covering the TiO2 nanoparticles on the long-term stability (Figure 7S, Supporting 

Information). After 600 h, η and JSC of electrode A dropped by more than 34% and 31%, 

respectively. During the whole aging process, a relatively small extent in VOC was noted. This 

poor stability is due to detachment of N719 dye molecules from the surfaces of TiO2 photoanode. 

On the other hand, electrode B, which included an polymer layer covering the TiO2 particles, 

showed excellent stability, remaining over 94% of its initial η. The decrease in JSC was 8%, 

which indicated that the stability of N719 molecules on the electrode B due to the presence of the 

PAA layers on TiO2 electrode. This film insulates the N719 and decreased detachment of N719 

molecules from the surface of the mesoporous TiO2 electrode (Figure 8S, Supporting 

Information). 

 

4. Conclusions 
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In summary, we successfully deposit a passivation layer of PAA on TiO2 nanoparticles 

surface using electropolymerization of the AA. A polymer film can remarkably improve the 

photovoltaic device performance of DSCs. The photovoltaic device performance is dependent to 

the thickness of the PAA, which can control through the number of voltammetric scans. These 

findings open the way for using an electropolymerization as a coating method in DSCs. The 

choice of ionic liquid as the growth medium is based on the insolubility of dye in this electrolyte, 

so avoiding dye molecules detachment from the TiO2 photoanode surface over the entire 

potential range investigated during the electropolymerization. This method can be used for other 

dye molecules which insoluble in this electrolyte. The polymer film effect on the photovoltaic 

device performance of DSCs due to the passivation of the TiO2 surface, negatively shift of the 

conduction band of TiO2, decreases of the electron combination and retardation of detachment of 

N719 molecules from the surfaces of mesoporous TiO2 photoanode.  
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Legends for the Figures and Table: 

 

Scheme 1 Schematic representation of the charge-transfer processes in the presence of PAA 

insulting layer at the mesoporous TiO2 film /electrolyte interface of DSCs. well as show the 

effects of PAA insulting layer on the electron recombination and VOC. 

 

Figure 1 (A) CVs recorded during the polymerization of 10.0 mM AA at 9 times of potential 

scanning in OMIM -PF₆, (B) CVs of TiO2 electrode (a) and N719/ TiO2 electrode (c) in OMIM 

PF₆, (b) as (a) + 10.0 mM AA and (d) as (c) + 10.0 mM AA. 

 

Figure 2 The UV-Vis spectra of the N719 dye from the TiO2 photoanode without (electrode A) 

and with PAA layer coated (electrode B). 

 

Figure 3 TEM photographs of TiO2 particles encapsulated with polymer film (a and b) and bare 

TiO2 particles (c and d). 

 

Figure 4 (A) Detailed cycle number evolution of photovoltaic parameters of electrode B. (B) The 

I-V results of the electrode sensitized with N719 dye alone (device A) and with PAA film 

(device B [9 cycle]), Inset: In the dark condition. 

 

Figure 5 The EIS Nyquist plot of the device with N719 alone (device A) and with PAA film 

(device B) under the dark condition.  
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Figure 6 (A) CVs of TiO2 (electrode A) and TiO2 coated with PAA layer (electrode B) the scan 

rate is 0.05 Vs
-1

. (B) Energy levels at the photoanode/ electrolyte interface. 
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Figure 6 
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Graphical abstract 

 

 

 

 

 

We introduce an electrochemical method for insulating and passivation open areas of a 

nanoporous TiO2 in dye-sensitized solar cells, which can effectively decrease the recombination 

rate of electrons. 
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