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An inexpensive poly(brilliant cresyl blue) (PBCB) is used as a substitute for platinum to construct the
counter electrode in dye-sensitized solar cells (DSSCs). The PBCB counter electrode with multi-
walled carbon nanotubes (MWCNT) approaches lower charge-transfer resistance and higher
electrocatalytic activity for the 137/1" redox reaction by controlling the PBCB formation on MWCNT in
the preparation procedure with more scan segments. The overall energy conversion efficiency of the
DSSC is reaching more higher with more scan segments prepared PBCB counter electrode.
Particularly, both the PBCB deposition amount and the efficiency are enhanced by MWCNT. This
photoelectric properties, simple preparation procedure and inexpensive cost allow MWCNT-PBCB
electrode to be a low cost counter electrode for DSSCs.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSC) have currently attracted widespread academic and
commercial interests for the conversion of sunlight into electricity because of their low cost and high
efficiency since reported by O’Regan and Grétzel [1-3]. In order to further improve the performance
of DSSC, extensive research has been conducted on each constituent of the solar cells such as
semiconductor nano-crystalline [4], dye molecules [5], electrolytes [6], and counter electrodes [7].

Counter electrode (CE) is a critical component of DSSC, which serves as a mediator for
collecting electrons from external circuit and reducing I3 ions to I ions so as to regenerate the redox
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couple. Platinized counter electrode has been widely used in DSSC so far, due to its high conductivity
and catalytic activity for reduction of I3 ions. However, platinized CE is restricted by high cost and
corrosion of platinum in the presence of I'/l3” redox in electrolyte [7], it is desirable to develop low-
cost and more stable materials such as carbon-based materials [8 — 13] (carbon black, graphite,
mesoporous carbon, carbon nanotubes) and conducting polymers including poly(3,4-
ethylenedioxythiophene) [14,15] and polyaniline (PANI) [16,17] as more economic alternatives to
platinized CE. As a well known conducting polymer, polypyrrole (PPy) has attracted more and more
research interests as a potential candidate for platinized counter electrode because of its facile
synthesis, high catalytic activity and considerable environmental stability [18,19].

Chemically prepared PANI CE mentioned above required complicated fabrication processes,
moreover, the instability of catalytic activity and adhesion to glass substrate were also inevitable. On
the other hand, electropolymerization method has been successfully employed to prepare
polythiophene derivative polymer film as CE of DSSC [14,20], and homogeneous and well adhesive
polymer film could be obtained on ITO (indium tin oxide) glass.

Carbon [21] and conducting polymer [22] were also proposed to be the catalyst for I3 reaction
in DSSCs, but these new materials are still in early stage of development. Because of its low catalytic
activity compared with platinum, it requires a thick porous film to obtain an acceptable catalytic effect,
and the mechanical stability is still in concerned. Recently, PVP-capped Pt nanoclusters deposited on
TCO glass as the counter electrode for DSSCs was developed by Wei et al. [23,24]. It showed the good
catalytic performance and ultralow Pt loading by using this cheap wet process to manufacture the
DSSC counter electrode. Carbon nanotubes (CNT) have been extensively used in electrode
modification for electrochemical studies [25-37].

In azine dyes brilliant cresyl blue (BCB) is a cationic quinine-imide dye with a planar rigid
structure with promising properties as a redox catalyst with features like fast rate of charge transfer and
ion transport [38-40]. The poly(brilliant cresyl blue) (PBCB), with good electrocatalytic properties,
can be easily synthesized by electrochemical polymerization of BCB. It has potential to be used as a
counter electrode material for DSSCs.

In this work, we plan a low cost counter electrode using an inexpensive BCB material
electropolymerized on MWCNT to enhance the activity for I3 reaction. The use of MWCNT and the
PBCB deposition amount are the main parameters to investigate regarding to the electrochemical and
spectrometric characteristics and the cell efficiency.

2. MATERIALS AND METHODS

2.1. Reagents

Brilliant cresyl blue (BCB), multi-walled carbon nanotubes (MWCNT), 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) (7Q - cm?) was purchased from Merck Display

Technologies (MDT) Ltd (Taiwan). Lithium iodide (Lil, analytical grade), potassium iodide and iodine
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(I, analytical grade) were obtained from Wako (Japan). 60 um thick surlyn films were purchased from
Solaronix S.A., Aubonne, (Switzerland). All other chemicals (Merck) used were of analytical grade
(99%). Double distilled deionized water was used to prepare all the solutions.

2.2. Apparatus

All electrochemical experiments were performed using CHI 1205a potentiostats (CH
Instruments, USA). The working electrode was glassy carbon electrode (GCE) using BAS GCE (with
diameter of 0.3 cm, geometric surface area of 0.07 cm? Bioanalytical Systems, Inc., USA).
Electrochemical experiments carried out with a conventional three-electrode system which consisted of
an Ag/AgCl (3 M KCI) as a reference electrode, a GCE as a working electrode, and a platinum wire as
a counter electrode. The buffer solution was entirely altered by deaerating with nitrogen gas
atmosphere. The electrochemical cells were kept properly sealed to avoid the oxygen interference from
the atmosphere. Prior to modification, the GCE was mechanically polished with BAS polishing kit
(Bioanalytical Systems, Inc., USA) and alumina powder (0.05 um) to mirror finish and ultrasonicated
in double distilled water for 3 min. Prior to the electrochemical experiments, the buffer solution was
deoxygenated with nitrogen for 10 min. UV-visible spectra were obtained using Hitachi U-3300
spectrophotometer (Japan).

2.3. Preparation of PBCB and PBCB-MWCNT electrodes

The PBCB modified electrode was prepared by the electropolymerization of BCB monomers in
neutral solution using bare GCE electrode. The electro-active system was electro-generated in situ
from BCB oxidation, the electrode applied in the potential range of -0.6-1.0 V (vs. Ag/AgCl) with
scan rate of 100 mV s™* and different scan cycles (or segments) in 0.1 M PBS (pH 7) containing 1x10™*
M BCB monomers. We focused on the scan segments of BCB electropolymerization to be an
important parameter for controlling PBCB film formation. So there are several scan segments
including 40, 120, 240, and 720 segments result in different PBCB films with representation of PBCB-
40seg, PBCB-120seg, PBCB-240seg, and PBCB-720seg, respectively.

The PBCB-MWCNT modified electrode was prepared by the electropolymerization of BCB
monomers in neutral solution using MWCNT-modified GCE (MWCNT/GCE). Prior to the
electropolymerization of BCB the GCE was firstly coated with MWCNT which was functionalized
with carboxylic group by acidic treatment. The electro-active system was electro-generated in situ
from BCB oxidation, the MWCNT/GCE electrode applied as the same PBCB formation process as
previous mentioned.

The modified electrodes including PBCB/GCE, PBCB/ITO, PBCB-MWCNT/GCE and PBCB-
MWCNT/ITO, with different scan segments were stored in the refrigerator at 4 “C for further study in

this work.
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3. RESULTS AND DISCUSSION

3.1. Different PBCB film formation on GCE and MWCNT/GCE

Approach a low cost counter electrode using active PBCB film is controlled by the scan
segments of BCB electropolymerization on bare GCE or MWCNT/GCE. Therefore, the PBCB film
formation involving the electropolymerization of BCB monomers was investigated by cyclic
voltammetry using GCE and MWCNT/GCE, respectively.

Current
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Figure 1. Cyclic voltammograms of PBCB film formation at MWCNT/GCE in pH 7 PBS containing
1x10™ M BCB. Scan rate = 0.1 Vs ™. Scan segments = 120.

Fig. 1 displays the consecutive cyclic voltammograms of BCB electropolymerzation in pH 7
PBS using MWCNT/GCE. There are two well-defined redox couples with formal potential of E*; = -
221 mV, E*, = 13 mV (vs. Ag/AgCl) observed for MWCNT/GCE. The redox couple 1 & 2 is
attributed to the reduced and oxidized forms of BCB monomer and PBCB polymer [40 — 42],
respectively. The redox peak current develops more higher as increasing the scan segments for using
MWCNT when compared with the case using bare GCE. This might indicate that the MWCNT
enhance the cathodic peak current for BCB monomer. It is similar to our previous result [43] and it
means that the MWCNT provides more surface areas to load more PBCB. It also provides a hint to
load more active PBCB species by controlling scan segments in the prepared process of PBCB film
formation. Therefore, the different scan segments are designed for different PBCB amounts deposited
on electrode surface especially on the MWCNT-modified electrode surface for further study.
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3.2. UV-Visible spectra characteristics of PBCB-MWCNT composites

The active species of BCB, MWCNT, PBCB, and hybrid matrix are characterized by UV-
Visible spectroscopy.

Fig. 2A shows the UV-Visible spectra of these active species dissolved in 0.1 M PBS (pH 7).
It’s obviously to see that the obvious absorption peaks at 579 nm and 631 nm represented for BCB
monomer similar to previous results [44,45]. By examining the structure of BCB, it is noted that BCB
provides electrostatic interaction, z-z interaction, dipole-dipole interaction, and hydrogen bonding
[44]. No chemical reaction due to no new absorption peak appears in the mixing BCB and MWCNT
solution. It also means that the BCB can stay stably with MWCNT in the hybrid composite.

3 BCB + MWCNT (pH 7 PBS)
A -~ BCB (pH 7 PBS)
— MWCNT (pH 7 PBS)
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Figure 2. Absorption spectra of active species: (A) dissolved in PBS solution and (B) formed on ITO
electrode surface. (a) MWCNT, (b) PBCB-120seg, (c) PBCB-120seg-MWCNT, and (d)
PBCB-240seg-MWCNT modified ITO electrodes were prepared in 0.1 M PBS (pH 7).

Fig. 2B shows the UV-Visible spectra of active PBCB species formed on bare ITO and
MWCNT/ITO prepared in 0.1 M PBS (pH 7) with different scan segments. The absorption peaks are
measured and shown in Table 1. It’s obviously to see that the hybrid composites almost maintain the
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spectroscopic properties of original single components except of slightly red shift in the absorption
peaks. This might be due to the slight pH effect caused by the difference between the species dissolved
in PBS solution and coated on ITO. Furthermore, more PBCB amount controlled by scan segments is
proved due to the much higher absorption intensity.

The observation of well-defined and the persistent absorption peaks indicate that these active
species exhibit spectra characteristics on the electrode surface.

Table 1. Absorption peaks of active species examined by UV-Visible spectroscopy.

Solution (pH 7 PBS) MWCNT No obvious peaks
BCB 579, 631
BCB + MWCNT 579, 631

Film modified on ITO MWCNT/ITO 321, 392
PBCB-120seg” 371, 607, 656
PBCB-120seg®-MWCNT 372,602, 654
PBCB-240seg®-MWCNT 377,599, 651

#seg: the scan segment for preparation of PBCB.

3.3. Electrocatalytic properties of PBCB and PBCB-MWCNT films
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Figure 3. Cyclic voltammograms of (a) PBCB-720seg-MWCNT, (b) PBCB-120seg, and (c) PBCB-
120seg-MWCNT, obtained in acetonitrile solution containing 0.1 M LiClO4, 10 mM Lil, and 1
mM I,. Scan rate = 100 mVs™.
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The electroactive species, PBCB and PBCB-MWCNT, were investigated for the
electrocatalytic reaction of I,/13” and I37/I" transfer processes.

Fig. 3 shows the voltammograms of different modified electrodes including (a) PBCB-720seg-
MWCNT/GCE, (b) PBCB-120seg/GCE, and (c) PBCB-120seg-MWCNT/GCE prepared in pH 7 PBS.
Compared to the PBCB modified electrode without MWCNT (as shown in curve b), the much obvious
redox couples of I,/l3" and I3/I" transfer processes are found at both PBCB and MWCNT-modified
electrodes as shown in curve a & b. This means that the rich surface areas contributed by MWCNT to
lower charge-transfer resistance and higher electrocatalytic activity. Particularly, the hybrid composite
prepared with higher scan segments shows the more closed peak-to-peak separation and more
reversible processes. It indicates that the electron transfer is becoming fast at higher PBCB deposition
amount on MWCNT/GCE. This is one of the methods approaching to a low cost counter electrode for
dye-sensitized solar cells.

3.4. DSSCs photovoltaic properties using PBCB and PBCB-MWCNT films

DSSCs photovoltaic properties were investigated by PBCB and PBCB-MWCNT films with
different PBCB deposition amount prepared by scan segments including 40, 120, and 240 segments,
respectively.

Fig. 4 illustrates the photocurrent-voltage curves of the cells with PBCB-120seg, PBCB-
40seg-MWCNT, PBCB-120seg-MWCNT, PBCB-240seg-MWCNT, and Pt counter electrodes,
respectively. The open-circuit voltage (V,c), short-circuit photocurrent density (Js), fill factor (FF) and
efficiency (i) of the cells are listed in Table 2. Energy conversion efficiency of the DSSCs using the
PBCB-MWCNT composite film with different PBCB amount can be used as a counter electrode with
the performance values of Js. and V.. approaching to those of the DSSCs with Pt counter electrode.
However, the difference of fill factors between PBCB-MWCNT and Pt limited the performance.

Compared to PBCB film (PBCB-120seg), the addition of a small amount of MWCNT (PBCB-
120seg-MWCNT) effectively affected the efficiency of the cells with about 10 times. This is mainly
due to that the high specific surface area providing high catalytic activity toward reduction of iodine
[46]. To investigate the effects of PBCB content on the performances of DSSCs, a series of counter
electrodes were prepared by different PBCB content in the PBCB-MWCNT hybrid composite by
controlling scan segment in the PBCB preparation. As the PBCB deposition in the mixture increased
from 120 to 240 scan segments, the energy conversion efficiency of the DSSC was increased from
0.23% to 0.33% (as shown in Table 2). However, further increasing the scan segment in the PBCB
preparation procedure showed little affect on the energy conversion efficiency of the cells. These
results indicate that a deposition limit of PBCB. In our result, a limit of scan segments (related to
PBCB deposition amount) is 300 segments and 450 segments for using a bare electrode and a
MWCNT-modified electrode, respectively. Although the efficiency is low currently, it is still valuable
to understand the important information for this hybrid composite modified counter electrode. First,
the MWCNT is necessary to use due to its large active surface area. Second, the MWCNT modified
electrode can load more PBCB deposition amount on the counter electrode. Third, the efficiency is
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increasing while the active species deposition is increasing. It is approaching to a low cost counter
electrode by increasing PBCB deposition on MWCNT modified electrode.
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Figure 4. J—V characteristics of DSSCs employing Pt and PBCB (prepared under 0.1 M PBS

containing 1x10* M BCB monomer controlled by different scan segments: 40, 120, 240
segments with/without MWCNT) counter electrodes measured under AM 1.5, 100 mW cm™
front-and rear-illumination. The active area is 0.25 cm?.

By above results, one can conclude that the PBCB-MWCNT is a good electroactive species as
catalyst to be one of the material options with lower electron transfer resistance and higher current
response. And the scan segments of PBCB preparation which is able to adjust the PBCB deposition
amount and it is the important control parameter to approaching to a low cost counter electrode.
Therefore, we propose this is the method to approaching a low cost counter electrode for dye-
sensitized solar cells.

Table 2. Cell performance of the DSSCs with different counter electrodes.

PBCB-120seg” 0.19 0.56 16.44  0.02
PBCB-120seg®*-MWCNT 244 0.60 1352 0.23
PBCB-240seg®*-MWCNT 3.30 0.62 1225 033
Pt 16.27 0.71 48.54  5.61

%seg: the scan segment for preparation of PBCB.
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4. CONCLUSIONS

In summary, the PBCB and PBCB-MWCNT composites can be prepared by BCB
electropolymerization on bare electrode and MWCNT-modified electrode. They are active for 1o/l3
and I37/1" redox processes especially for PBCB-MWCNT composite. The MWCNT provides more
active surface area for the reaction and more space to load PBCB deposition amount. The observation
of well-defined and the persistent absorption peaks indicate that the PBCB-MWCNT active species
exhibit more PBCB deposition amount by the higher intensity of spectra characteristics for the PBCB-
MWCNT electrode through more scan segments in the PBCB preparation procedure. Particularly, the
PBCB deposition amount can be increased by increasing the scan segments in the PBCB preparation
procedure result in the increase of cell efficiency. Although the efficiency is low currently, it is still
valuable to understand the important information for this hybrid composite modified counter electrode.
First, the MWCNT is necessary to use due to its large active surface area. Second, the MWCNT
modified electrode can load more PBCB deposition amount on the counter electrode. Third, the
efficiency is increasing while the active species deposition is increasing. It is approaching to a low cost
counter electrode by increasing PBCB deposition on MWCNT modified electrode.
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