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Nanostructured iodine films with control the thickness which from 0- to 100- sweep-segments
successfully electrodeposited on PEDOT/ITO glass substrates using the cyclic voltammetry (CV)
method at room temperature. The formation mechanism of the iodine-PEDQOT film is monitored by CV
techniques, UV-visible spectroscopy, alternating current (AC) impedance spectroscopy, scanning
electron microscopy (SEM) and atomic force microscopy (AFM). CV and AC impedance spectroscopy
reveal that the iodine-PEDOT CEs have higher electrocatalytic activity for the I3 /I redox reaction and
a smaller charge transfer resistance than the PEDOT electrodes. It is found that iodine-PEDOT
increased the reactive interface, which supports charge transfer at the interface. With an optimum
iodine film thickness of 50 sweep-segments on PEODT CEs, a 19.5% improvement in the cell
efficiency (from 4.1 to 19.5%) is achieved.

Keywords: Dye-sensitized solar cells, lodine, PEDOT, N719 dye, Cyclic voltammetry,
Photoelectrochemistry, EIS, AC impedance.

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have attracted considerable attention due to their low
production cost and relatively high energy conversion efficiency [1-3]. DSSCs consist of a dye-
sensitized mesoporous TiO, film interpenetrated by a liquid electrolyte containing an iodine/iodide
redox couple [4-7]. In order to further improve the performances of DSSCs, extensive efforts are on-
going for each of its constituent components including nanocrystalline semiconductors [8], dye
molecules [9], electrolytes [10] and counter electrodes (CEs) [11, 12].

Among constituent components in DSSCs, the function of counter electrode is the electron
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transfer from the external circuit back to the redox electrolyte and catalyzing the reduction of the
triiodide ion (I37) [11]. Generally, platinum-coated transparent conductive oxide electrode is used as a

counter electrode due to its excellent electrocatalytic activity for the I5-/I- redox couple. However,

platinum is a noble metal and relatively expensive. Therefore, the cost of the platinum counter
electrode represents more than 40% of the whole DSSC cell cost regardless of its preparation method.
Furthermore, the slow dissolution of platinum counter electrode in the corrosive I5-/I- redox electrolyte

deteriorates the long term stabilities of DSSCs [12].

Poly(3,4-ethylenedioxythiophene) (PEDOT) has been widely investigated as an electronically
conducting polymer. It can be easily electrodeposited onto a surface by the electrooxidation of its
monomer [13-19].

A PEDOT film in its oxidized form has been found to have high conductivity and stability at
physiological pH [20, 21]. Recently, the PEDOT film always cooperated with other material as the
counter electrode used in DSSCs, such as graphene-PEDOT-PSS [22], -MWCNT-PEDOT [23],
PEDOT-PSS [24-26] and PEDOT-PSS-Pt [27]. However, the PEDOT film can be an efficient
mediator and enhance the efficiency of DSSC.

Redox mediators are small electroactive compounds that effectively shuttle electrons between
the analyte and electrode. lodine is an indispensable element to life and more research has focused on
the oxidation of iodide ion and the reduction of iodine on electrodes to achieve the quantitative
determination of iodine [16]. Regarding the behavior of iodide ion as a mediator, the electrochemical
oxidation of iodide ion is oxidized to iodine, and the iodine then reacts in a chemical reaction [16, 28-
34].

In this work, the reaction of iodine (electrogenerated from iodide ion by CV) which based on
PEDOT modified ITO electrode was used for the counter electrode of DSSC. The effects of CV
sweep-segments (S.S.) on electrode characteristics and surface morphology were investigated by SEM
and AFM.

Different sweep-segments of iodine modified on PEDOT/ITO were studied by UV-Vis. It was
observed that iodine-PEDOT/ITO successfully used as a counter electrode and significantly influenced
the performance of DSSCs. The photovoltaic performances of the devices were analyzed.

2. EXPERIMENTAL

2.1 Materials and chemicals

3,4-ethylenedioxythiophene (EDOT), P25 TiO, powder, N719 dye, 4-t-butylpyridine (TBP),
Triton X-100 solution and PEG 20000 were purchased from Sigma-Aldrich (USA). Indium tin oxide
(ITO) (7 © - cm™) was purchased from Merck Display Technologies (MDT) Ltd (Taiwan). Lithium
iodide (Lil, analytical grade), Potassium iodide and iodine (I, analytical grade) were obtained from
Wako (Japan). 60 um thick surlyn films were purchased from Solaronix S.A., Aubonne, (Switzerland).
Double distilled deionized water (DDDW) was used to prepare all the solutions.



Int. J. Electrochem. Sci., Vol. 6, 2011 3940

2.2. Apparatus

All electrochemical experiments were performed using a CHI 750a potentiostat (CH
Instruments, USA). Electrochemical impedance studies (EIS) were performed using a ZAHNER
impedance analyzer (Germany). UV-visible spectra were obtained using Hitachi U-3300
spectrophotometer (Japan). The atomic force microscope (AFM) images were recorded using a
multimode scanning probe microscope (Being Nano-Instruments CSPM-4000, China). Field emission
scanning electron microscope (FE-SEM) images were recorded using a HITACHI S-4700 (Japan).

2.3 Preparation of Photoanode and Photocathode

9 g P25 TiO, powder with 0.1 ml Triton X-100, 1g PEG 20000 and 18 ml DDDW were mixed
well in a dried agate mortar for one hour. The final mixture was stirred for an additional 2 days to
obtain the desired TiO; paste. The above obtained TiO, paste solution was spin-coated on an ITO glass
substrate at 1000 rpm for 10 s and 2000 rpm for 30 s. The formed film was annealed at 450 °C for 1
hour in atmosphere. The PEDOT modified glassy carbon electrodes (PEDOT/GCE) were prepared
through the EDOT electropolymerization by cyclic voltammetry [14, 16, 20-21]. An ITO glass was
ultrasonically washed with acetone and double-distilled water for 10 min acted as the working
electrode in the three-electrode system (Pt wire auxiliary electrode and Ag/AgClI reference electrode)
was immersed in the above solution. CV was carried out using a CHI1750a electrochemical workstation
(CH Instruments, USA) to electrodeposit iodine onto the PEDOT/ITO glass and various thicknesses of
0-, 10-, 20-, 50-, and 100-sweep-segments (S.S.) [35]. The PEDOT/ITO electrode was immersed in
1x10° M potassium iodide solution overnight as an experimental control group (immersion-iodine-
PEDOT/ITO). The above electrodes were separated by a 60 um thick surlyn film and sealed together
by heating. A thin layer of electrolyte was introduced into the inter electrode space. The electrolyte
contains 0.1 M Lil, 0.05 M I, and 0.5 M 4-tertbutylpyridine (TBP) in dehydrated acetonitrile.

3. RESULTS AND DISCUSSION

3.1 The micromorphology of iodine-PEDOT films

Based on the different electrodeposit sweep-segments of iodine films onto PEDOT/ITO, the
morphology of these films were studied by SEM. Fig. 1A shows a SEM micrograph of PEODT/ITO
surface, the PEDOT/ITO surface provided a network structure surface. Fig. 1B shows 10-S.S. of iodine
film modified on PEDOT/ITO surface of a network structure of 5 um. The 20-, 50- and 100-S.S. of
iodine film surface as shown in Fig. 1C, D and E, the electrode surface provide a diamond-like shape.
Fig. 1F showed the PEDOT/ITO immersed in 1x10™ M potassium iodide solution overnight and the
iodine film was successfully adsorbed on PEDOT/GCE surface. Compared with the different sweep-
segments of iodine films electrodeposit onto PEDOT/ITO surface (Fig. 1B, C, D and E), the
morphology was totally different.
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Fig. 2 showed the AFM images of different sweep-segments of iodine films onto PEDOT/ITO
surface and furnished the comprehensive information. The AFM parameters have been evaluated for
1000x1000 nm surface area.
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Figure 1. SEM images of (A) PEDOT/GCE, (B) 10-S.S. iodine-PEDOT/GCE, (C) 20-S.S. iodine-
PEDOT/GCE, (D) 50-S.S. iodine-PEDOT/GCE, (E) 100-S.S. iodine-PEDOT/GCE, (F)
immersion-iodine-PEDOT/GCE.

The surface morphology of iodine-PEDOT/ITO was examined by using the tapping mode.
Figure 2 showed the 2D magnified view of (A) PEDOT/ITO, (B) 10-S.S. iodine-PEDOT/ITO, (C) 20-
S.S. iodine-PEDOT/ITO, (D) 50-S.S. iodine-PEDOT/ITO, (E) 100-S.S. iodine-PEDOT/ITO and (F)
immersion-iodine-PEDOT/ITO. From Figure 2, we can see the existence of iodine film in obvious
manner with the average size range of (A) 30 to 50 nm, (B) 50 to 80 nm, (C) 50 to 90 nm, (D) 50 to 80
nm, (E) 80 to 120 nm and , (F) 100 to 120 nm. More importantly, the surface roughness factors (R,) for
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the PEDOT/ITO, the 10-S.S. iodine-PEDOT/ITO, the 20-S.S. iodine-PEDOT/ITO, the 50-S.S. iodine-
PEDOT/ITO, the 100-S.S. iodine-PEDOT/ITO and immersion-iodine-PEDOT/ITO are 2.89, 33.9,

40.6, 56.3, 45.5 and 32.4 nm, respectively, as shown in Table 1.
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Figure 2. AFM images of (A) PEDOT/GCE, (B) 10-S.S. iodine-PEDOT/GCE, (C) 20-S.S. iodine-
PEDOT/GCE, (D) 50-S.S. iodine-PEDOT/GCE, (E) 100-S.S. iodine-PEDOT/GCE, (F)

immersion-iodine-PEDOT/GCE.
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Table 1. Comparison surface roughness of different sweep-segments iodine film on PEDOT/ITO.

lodine Parameters

(sweep segments) Ra (nm) RMS (nm)  Avg. hight (nm)  Avg. size (nm)
0 2.89 6.95 4.30 47.97
10 33.9 40.8 42.28 82.86
20 40.6 58.2 58.30 81.9
50 56.3 71.6 56.05 78.57
100 45.5 524 38.75 88.41
Immersion 32.4 441 73.68 119.26

It is well known that more rough surface exhibits more catalytic reduction activity on the I'/l5
redox couples [16, 36]. From the above results, conducting polymer network structure provided a
substrate for successful electrodeposit the iodine film onto the PEDOT/ITO surface.

3.2 Transmittance spectra and XRD analysis with various CEs

In this study, the iodine-PEDOT-CEs were prepared by electrodepositing iodine film on
PEDOT/ITO substrates, and the electrodeposit sweep-segments were varied from 10 to 100.
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Figure 3.Typical UV-vis transmittance spectra of (A) immersion-iodine-PEDOT/ITO, (B) 10-, (C)
20-, (D) 50- and (E) 100-sweep segments iodine-PEDOT/ITO.



Int. J. Electrochem. Sci., Vol. 6, 2011 3944

As shown in Fig. 3, the transmittance of iodine-PEDOT-CE increases with the sweep-segments
of iodine in the range of 320 and 680 nm, except 50-sweep-segments. This might be the PEDOT
modified electrode can determine iodide with good linear current response by cyclic voltammetry [16]
and the 50-sweep-segments of iodine is the optimal condition for DSSC. Although high transparent
iodine-PEDOT-CE is favorable for a back-illuminated DSSC, its catalytic ability is also to be taken
into account from the viewpoint of efficiency of the cell.

(113)
(202)

My EPOT )7 | 09 224y (E)1008.8.

mw (D)508.S.

(C)208.S.

. I » A h (B)10S.S.

Ww (A) Immersion

I | I | I I I
10 20 30 40 50 60 70 80 90

20

Figure 4. XRD spectra of (A) immersion-iodine-PEDOT/ITO, (B) 10-, (C) 20-, (D) 50- and (E) 100-
sweep segments iodine-PEDOT/ITO.
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The effect of different electrodeposited sweep-segment of iodine film modified on PEDOT/ITO
was investigated using XRD and the results are shown in Fig. 4. Fig. 4A-E showed the XRD patterns
of immersion-iodine-PEDOT/ITO, 10, 20, 50 and 100 sweep-segments iodine film modified on
PEDOT/ITO. For iodine patterns, the peaks were found in 30.84°, 35.84°, 51.29" and 60.67" for (202),
(113), (400) and (224). For PEDOT patterns, the peak was found in 21.44° respectively. All these
XRD peaks clearly validate the presence of iodine-PEDOT on the ITO surface.

3.3 Electrocatalytic activity for I3 /1" and I,/I3 with various CEs

Fig. 5 showed the overlaid CVs recorded for various electrodeposition times of iodine on the
PEDOT/ITO and the cathodic peak current (I,c) of a CV represents the electrochemical activities.

Current density / mA cm”
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Figure 5. Cyclic voltammograms of electrodes based on Pt film and immersion, 0-, 10-, 20-, 50- and
100-sweep-segment (S.S.) iodine films on PEDOT/ITO, in an acetonitrile solution with 0.01 M

Lil, 0.001 M 1, and 0.1 M LiCIQy, initial E=+1.6 V, highE= +1.6 V, low E =—0.4 V, scan
rate=50 mVs 1.

The absolute I,¢’s of the CVs showed increases with increasing deposition sweep-segments of
iodine. These results suggest that the catalytic current of iodine-PEDOT layer for I3 reduction
increases with the increase of deposition sweep-segments. Compared with various iodine-
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PEDOT/ITO, PY/ITO and PEDOT/ITO, the bare ITO showed an I, value close to zero, revealing that it
has no catalytic current for the reduction of I3 . Two cathodic peaks of CV were represented the
reduction reactions in redox reaction (1) and (2) [16].

I +26 >3 (1)
3l +2e 22I5 2

This lack of reactivity is consistent with the poor photovoltaic performance of the DSSC. The
reduction peaks of 10-200-sweepsegment iodine-PEDOT electrodes occurred in the range of 0 to +1.2
V (belonging to 13 +2e =>3I"). The peak potential separations (4E,) of I3 /1" (I5/15) for 0-, 10-, 20-,
50- and 100-sweep-segments iodine-PEDOT and Pt electrodes were 323 (104), 300 (103), 289 (105),
287 (97.1), 285 (101) and 301 mV (92.3 mV), respectively (Fig. 5). The 4E, (>>0.059 V/n, n = 2 for
I3, n = 2/3 for I,) indicated that all of the above-mentioned electrode reactions were kinetically
controlled and irreversible [35]. The lower 4E, of Pt and the 50-sweep-segment iodine film indicated
that they were more electrochemically active relative to the others.
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Figure 6. Photocurrent density-voltage curves of DSSCs based on CEs of Pt film and immersion, 0-,
10-, 20-, 50- and 100-sweep-segment (S.S.) iodine films on PEDOT/ITO, respectively. The
measurements were recorded under 100 mW cm %, AM 1.5.



Int. J. Electrochem. Sci., Vol. 6, 2011 3947

These findings demonstrate that two inverse effects should be given by the film that increased
the active interface and electronic transport resistance in the film. The decrease in interfacial charge
transfer resistance (Fig. 7) and the increase in peak current density (Fig. 5) were predominantly
correlated with an augmented active interface with increasing thickness (Fig. 2 and Table 1). The
increase in electronic transport resistance in the film decreased the electrode reaction rate and
accelerated electronic recombination in the DSSC [35], inducing decreases in solar cells photovoltaic
performance for the 100-sweep-segment electrodes.

3.4. Photoelectric performances of DSSCs

Fig. 6 showed photovoltaic performances of DSSCs with different electrodeposition times of
iodine thickness, measured at 100 mW cm 2 light intensity and illuminated from the CE side.

Table 2. The photovoltaic parameters of DSSCs based on CEs of different sweep segments iodine film
on PEDOT/ITO.

lodine film Jsc Voe FF
(swee segments) (mA cm™) V) (%)
0 14.28 0.673 52.77 5.07 8.94 8.82
10 15.49 0.680 50.17 5.28 9.15 8.39
20 15.80 0.676 51.03 5.54 6.58 9.27
50 17.19 0.679 51.88 6.06 6.18 10.55
100 16.94 0.676 51.07 5.84 22.32 1.47

Table 2 showed the corresponding open-circuit voltage (Voc), short-circuit current density (Jsc),
fill factor (FF) and cell efficiency (n) for DSSCs with different iodine electrodeposition times. The Jg
value increased with the iodine film thickness up to 50-sweep-segment and decreased at 100-sweep-
segment. Form 50- to 100-sweep-segments, the gradually decrease of Jic may be attributed to the
decrease in transmittance with the increase of iodine thickness. When the iodine film thickness
increased to 100-sweep-segment, the cell performance was decreased. The best cell efficiency of
6.06% was achieved at the iodine film thickness of 50-sweep-segment.

3.5. AC impedance spectra of DSSCs

EIS technique was used to study the charge transfer resistances of the cells, which were in
consistency with the results obtained from the photovoltaic characteristic. Fig. 7 illustrated the EIS
data of the solar cells base on different iodine film thickness (sweep-segments) on PEDOT/ITO. The
ohmic serial resistance (Rs) in the equivalent circuit corresponds to the overall series resistance. In
general, the impedance spectrum of a DSSC showed three semicircles in the frequency range of 100
mHz to 1 MHz. The first, second and third semicircles correspond to the charge transfer resistances at
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the CE (Rc1), at the TiO,/dye/electrolyte interface (Rc2) and to the Warburg diffusion process of I /I3
in the electrolyte (Rgifr), respectively. A very thin spacer was used in our device. Therefore, the Rgif
was not obvious, and it was overlapped by Rgt,.
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Figure 7. AC impedance spectra of DSSCs based on CEs of Pt film and immersion, 0-, 10-, 20-, 50-
and 100-sweep-segment (S.S.) iodine films on PEDOT/ITO, respectively. The measurements
were recorded under 100 mW cm 2, AM 1.5.

The corresponding values of R¢; and R, were shown in Table 2. The lower R values with
the increase of iodine film thickness up to 50-sweep-segment due to the higher catalytic ability of the
iodine-PEODT film, but decreased at the 100-sweep-segment. The above result indicated the iodine
film thickness of 50-sweep-segment on PEDOT/ITO is the optimal condition for DSSC.

4. CONCLUSION

Various iodine films on PEDOT/ITO CEs for DSSCs were successfully demonstrated as a
means of increasing the efficiency of DSSC. The information of various iodine films were monitored
by CV, AC impedance, UV-vis spectroscopy, SEM and AFM. It is confirmed that the optimal
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thickness of iodine film on PEDOT/ITO is 50-sweep-segment for high-performance DSSCs and
showed a 19.5% improvement of conversion efficiency under full sunlight of 100 mW cm?(AM 1.5)
conditions.
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