Journal of

Materials

Accepted Manuscript

Chemistry A

Journal of

Materials Chemistry A

d sustainability

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 108 Toyirnal of Materials

o

>

o

)
o

w
b

Chemistry A

Cite this: DOI: 10.1039/c0xx00000x

WWW.rscC.org /XXXXXX

Journal of Materials Chemistry A

Dynamic Article Links »

Paper

Working Mechanism and Performance of Polypyrrole as Counter
Electrode for Dye-Sensitized Solar Cells

Shan Lu, “”* Shasha Wang, “ Ruobing Han,” Ting Feng,  Lingju Guo,“ Xuehua Zhang,** Dongsheng

Liu* and Tao He**

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

Many different materials have been being used as the alternative counter electrodes (CEs) for dye-
sensitized solar cells (DSSCs) mainly due to the high cost of Pt CEs. So far the majority of reported work
just focuses on the modulation of conductivity and morphology of the CEs. The working mechanism is
still unclear, specifically about the electrocatalysis. Here it is elucidated for the first time by using
polypyrrole (PPy) as the target material. The electrocatalysis is mainly comprised of formation of the
weakly and strongly bonded iodine species, and formation and reduction of the intermediates. This
mechanism may be valid for other CEs too. We envision that this work can help to better understand and

optimize the performance of DSSCs fabricated using alternative CEs.

1. Introduction

The DSSCs have been being widely studied due to overall low
cost, high theoretical energy conversion efficiency, concise
fabrication, and good flexibility.'® The CE plays an important
role in the DSSCs because it collects electrons flowing from
external circuit and catalyzes regeneration of the mediator
(usually I'/I;” redox couple). Hence, the CE materials should
have a low resistance and high electrocatalytic activity for I /I3
redox reaction.” The Pt CE remains the stalwart due to its high
catalytic activity and low charge transfer resistance.® However, its
high cost and low abundance have restricted the mass production
of DSSCs. Moreover, the dissolution of Pt in I'/I; electrolyte
deteriorates long term stability of the DSSCs.” Thus, Pt-free
materials with low cost and corrosion resistant have been
developed, mainly based on transition metal and carbon
materials.'® Recently organic conducting polymer has become
another promising alternative, such as polyaniline, polypyrrole,
poly(3,4-ethylenedioxythiophene), and their derivatives, due to
their diversity in structure, high conductivity, good chemical
stability, ready synthesis, non-toxic, low cost, and in favor of
large-scale (flexible) device fabrication.'>™*

So far the majority of research about the alternative CEs
mainly focuses on the modulation of morphology and
conductivity via changing the preparation protocol.'®** However,
the working mechanism 1is still unclear, specifically about
electrocatalysis of the mediator regeneration on the CEs, which is
critical for the design and development of the alternative CEs. As
a matter of fact, only the working mechanism of Pt CE has been
studied among all of the CEs.”® The I ions originate from the
electrolyte via diffusion or are generated on the Pt CE, which can
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be reduced therein. It is suggested that the I(Pt) intermediate may
be formed on the Pt CE.

Herein, the working mechanism of the alternative CEs is
studied by using polypyrrole (PPy) as the target material. The
PPy thin films can be porous in nature, which is in favor of ion
diffusion. Moreover, the existing states of counter ions on the
CE:s can be relatively easily determined using polymer, which can
help to probe the working mechanism. The proposed mechanism
is different from the one for the Pt CE. It may be valid for other
CEs too, not just for PPy CEs. This will provide a better
understanding about the application of alternative CEs in the
DSSCs, especially when I/I; redox couple is used as the
mediator.

2. Experimental

Preparation of PPy CEs: The PPy thin films were prepared at
room temperature by electrochemical polymerization on FTO
substrates (1.2 x 1.5 cm?, 14 Q o) with a CHI 660D potentiostat
(CH Instrument) under a constant bias of 0.75 V for 80 s in an
aqueous solution containing 0.1 M pyrrole monomer, 10 mM Lil
and different concentrations of TsOH (0.1, 0.5, 1.0, and 2.0 M).
The respective pH value of the polymerization solution is 1.53,
098, 0.75, and 0.63, respectively. Electrochemical
polymerization is used because it has many advantages such as
controllable initiation and termination of polymerization, low-
temperature and fast process. The TsOH and Lil are used as
supporting electrolyte. Moreover, TsO™ is one of the most popular
doping anions.** Since I'/I; redox couple is the most popular
mediator in the DSSCs, the introduction of iodine species into the
PPy is used to probe the working mechanism of the CEs. A Pt
sheet (1 x 1 em?) and a saturated calomel electrode (SCE) were
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used as counter and reference electrode, respectively.
Fabrication of DSSCs: The sandwich-type DSSCs
fabricated. TiO, photoanode was prepared on FTO by using
doctor-blade technique with TiO, paste (13 nm, Wuhan Geao Co.,
Ltd.), followed by sintering at 70, 125, 325, 375, 450, and 500 °C
for 7, 10, 15, 10, 15, and 10 min, respectively. Then they were
treated with 20 mM TiCl, aqueous solution at 70 °C for 30 min
and were sintered again at 450 °C for 30 min on a hot plate. After
being cooled down to 80 °C, they were immersed for about 12 h
in a mixture solution of acetonitrile and t-butanol (volume ratio of
1:1) containing 0.5 mM D149 dye and 1 mM deoxycholic acid.
The resultant dye-sensitized (D149) TiO, film was used as
working electrode and an as-prepared PPy film was used as CE in
DSSCs. The electrolyte solution in the DSSCs contains 50 mM I,
0.1 M Lil, 0.6 M 1-methy-3-propylimidazolium iodide (DMPImlI),
0.5 M 4-tert-butylpyridine (TBP) and 3-methoxypropionitrile (3-
MPN).

Characterizations and measurements: The surface morphology
and thickness of PPy films were studied by FE-SEM Hitachi S-
4800. The absorption spectra were collected with an UV/Vis/NIR
spectrophotometer, Perkin-Elmer Lambda 750. Electrochemical
impedance spectra (EIS) of the DSSCs with different PPy CEs
were obtained in dark using CHI660D electrochemical station
under a range of 0.01 Hz ~ 100 kHz. XPS spectra were obtained
on an AXIS ULTRA PP instrument (Kratos) and the data were
analyzed using Vision2 software. Electrochemical properties of
the films were characterized by cyclic voltammetry (CV)
measurements with a CHI660D electrochemical station in
acetonitrile electrolyte containing 0.1 M LiClO,4, 10 mM Lil and
1 mM I,. The effective electrochemical active surface area was
evaluated by double-layer capacitance using the same electrolyte
as CV, which was performed with a small amplitude triangle
wave linear scan wusing. The photocurrent-voltage (J-V)
characteristics of the DSSCs were measured with a solar
simulator (Model 69907, Oriel) and a Keithley source meter
(2420) under illumination of AM 1.5G light with an intensity of
85 mW cm 2.

were

3. Results and discussion
3.1. Photovoltaic performance of DSSCs based on PPy CEs
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Fig. 1 J-V curves of DSSCs assembled with PPy thin film CEs prepared
with 0.1 M pyrrole, 10 mM Lil and different TSOH concentration of 0.1,
0.5, 1.0, and 2.0 M, respectively.

Fig. 1 shows photocurrent-voltage (J-V) curves of the DSSCs

4s based on different PPy CEs. It is found that the open circuit
voltage (Voc) and fill factor (FF) increase with increasing
concentration of TsOH used for the preparation of PPy CEs;
while the internal resistance (Ryoc) decreases, except a slight
increase at 1.0 M. In addition, it is noted that the max V in this
work is lower than some results reported previously, which may
be because the dye used here is D149, instead of the popular
N719 for the TiO, photoanodes. The short circuit current density
(Jsc) first increases with increasing concentration of TsOH, while
it decreases again and hardly changes when the concentration is
ss 1.0 M and above. A similar trend is also observed for the Jg¢
derived from the results of monochromatic incident photon-to-
current conversion efficiency (IPCE) measurements (Supporting
Information). The power conversion efficiency (PCE) increases
with the increase of TsOH concentration, except a slight decrease
at 1.0 M. The highest PCE of 5.10% is obtained for DSSC based
on PPy CE prepared with electrolyte solution containing 2.0 M
TsOH. All these have been explained in light of the morphology,
conductivity and electrocatalytic properties of the CEs. The
working mechanism is proposed accordingly. In addition, the PPy
films exhibit relatively good stability since only slight change can
be observed after cyclic voltammetry (CV) scanning at both room
temperature and 80 °C (Supporting Information), indicating the
PPy films can be used as the CEs for the DSSCs.

3.2. Morphology of PPy thin films

The morphology of the PPy films was observed by SEM images
(Fig. 2a-f). The presence of TsOH and I ions in the
polymerization solution can influence the topographic feature of
the PPy films. The bulk film is comprised of dense PPy
nanoparticles, regardless of the presence of I" ions. The surface of
75 PPy film polymerized without I" ions is relatively flat and smooth
(Fig. 2e), while some granular protuberance are formed on the
film surface when I" ions are used. It is suggested that the
electrochemical and chemical oxidization can contribute
concurrently to the polymerization due to the presence of both
so doping anions and oxidative iodine species in the solution (Fig.
2g). The former occurs at the interface of electrolyte and solid
(FTO substrate in the beginning and PPy film later), while the
latter takes place where the oxidative iodine species exist. The
observed change in solution color before and after polymerization
ss is ascribed to the consumption of iodine species via both
processes. In the initial stage, the electrochemical polymerization
plays a major role and results in the formation of a relatively
dense thin film adjacent to the substrate. The films exhibit similar
morphology when the TsOH concentration is relatively low, such
90 as 0.5 M and below. The small granular particles observed at
moderate concentration (such as 1.0 M) disappear when it
increases to 2.0 M. This is because the polymer particles formed
electrochemically and chemically interweave with each other,
leading to the formation of a porous structure atop the initial
ss dense film. A porous network is almost completed at 2.0 M.
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Fig. 3 Absorption spectra of as-prepared PPy films polymerized with 0.1
M pyrrole, 10 mM Lil and different concentrations of TsOH.

15 The conductivity of as-prepared PPy films was studied by vis-
NIR absorption spectra (Fig. 3). The peak at around 380 nm is
ascribed to the presence of I3~ species in the film. The peak at
around 480 nm is associated with m-n* electron transition of
conjugated PPy chains, which can be attributed to the doping of

20 TsO™ and/or iodine species.25 The peak in NIR region from 850 to
1550 nm represents the electron transition from valence band to
bipolaron band of the conjugated PPy chain, which reflects the
delocalized polarons of PPy chains.®® A red shift of the NIR
absorption corresponds to a longer conjugation length of PPy

»s chain and a more delocalized polarons. Thus, the conjugation

length of PPy chain increases with the increasing concentration of

TsOH, especially from 1.0 to 2.0 M. The ratio of the absorption

peak in the NIR region to absorption peak around 480 nm can be

used to represent the doping degree (i.e., conductivity) of PPy

chains with TsO™ and iodine species.27 A higher ratio represents a

higher doping level of PPy chains, contributing to a higher

conductivity. Since the ratio generally increases with the

increasing concentration of TsOH (1.19, 1.37, 1.51, and 1.60),

introduction of a higher concentration of TsOH results in a higher

35 conductivity of PPy films. In addition, it is noted that a noise-like
fluctuation at NIR region can be observed in the spectra,
specifically at a relatively high concentration of TsOH (such as
0.5 M and above). This is possibly due to the interference and/or
diffraction of light, which is closely to the film morphology. It

40 may be also caused by some defects induced by the porous
structure of PPy films.
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Fig. 2 SEM images of as-prepared PPy films polymerized in aqueous 2
solution containing 0.1 M pyrrole, 10 mM Lil, and different TSOH % -1.5
s concentration of (a) 0.1; (b) 0.5; (c) 1.0; and (d) 2.0 M. Insets correspond -
to the respective zoom-in images. The (e) is the one prepared with 0.2 M ch -3.0
TsOH without addition of iodine species, while (f) is side view of film =
(d). The (g) is schematic diagram of formation of PPy thin film, not to 3 4.5 \ \ \ \ \ \
scale. ~ 03 00 03 06 09 1.2
10 3.3. Conductivity and electrocatalytic activity of PPy thin Potential (V vs. SCE)
films
Fig. 4 CV curves of I /I;” redox couples on the as-prepared PPy films
3.0 polymerized with 0.1 M pyrrole, 10 mM Lil and different concentrations
45 of TsOH. The scan rate for CV is 50 mV-s .
o 25 The electrocatalytic activity of PPy films was studied first by
g CV technique. Two pairs of redox peaks can be observed in the
_‘g 2.0 spectra (Fig. 4). One is at ~—0.05 and ~ 0.45 V, and another is at
3 ~ 0.55 and ~ 0.75 V. The former corresponds to the redox of
3 15 so I'/I; couples, and the latter is the redox of 15 /I, couples.28 The
< absolute value of peak current density for the oxidation of I is
0.1 M always slightly higher than that of the corresponding reduction of
1.0f I;” for the same PPy electrode. So the oxidation of iodide is easier
300 660 960 12.00 15.00 1800 than the reduction of iodine on the surface of PPy electrodes,
Wave length (nm) ss possibly because the I3~ ions interact with PPy deeply inside the

polymer chains.?® Thus, it is important to improve the reduction

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—oo0 | 3
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capability of iodine species on PPy electrode that has a great
impact on the CE performance, which is dependent on the
overpotential of PPy CEs. The value of open circuit voltage of
PPy electrode (NOT the cell Voc) was used to evaluate the
overpotential approximately, which is 103.5, 94.5, 89.6, and 86.5
mV, respectively, for the respective TsOH concentration of 0.1,
0.5, 1.0, and 2.0 M. For comparison, it is 83.0 mV for Pt
electrode. So the overpotential of PPy CEs decreases with
increasing concentration of TsOH, resulting in an enhancement of
10 the reduction capability of iodine species on PPy CEs. Moreover,
the current density for both reduction and oxidation peaks of
I'/I;7 couples, as well as the peak area corresponding to
coulometric charge of electrochemical reaction, increases with
increasing TsOH concentration. Thus, the PPy films prepared at
15 high TsOH concentrations exhibit better electrocatalytic activity.
In addition, the reduction-peak potential shifts to more negative
values with increasing TsSOH concentration, which agrees with
the trend for the Vo of DSSCs.

w
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20 Fig. 5 EIS of DSSCs with different CEs measured under frequency of
0.01 Hz ~ 100 kHz. Inset shows the equivalent circuit and the calculated
values for Rs and Ret.

It is noted that the EIS can afford the information about
resistance of charge transfer (Rct) at the interface between the
2s electrode and electrolyte, which is closely related to the
electrocatalytic activity too and is thus studied here (Fig. 5). The
Rct reflects the one for the whole device, i.e., including both
working and counter electrodes. It is noted that theoretically two
semicircles should be observed in the EIS curve. One corresponds
30 to the process at the interface between counter electrode and
electrolyte (at high frequency) and another is the one between
photoanode and electrolyte (at low frequency).”>>° Although in
our work a small semicircle at high frequency can be observed
(see Supporting Information), here it is not used for simulation as
it is not well shaped. Since the TiO, photoanode is the same for
all of the DSSCs, in addition, the change in Rct can be mainly
attributed to the change in PPy CEs, which is thus used to
evaluate the electrochemical reaction resistance of a counter
electrode in real working conditions. It is found from Fig. 5 that
40 the Ret decreases with the increase of TsOH concentration. So
the charge transfer at the interface between PPy CE and
electrolyte and, thereby, the electrocatalysis can be generally
promoted by increasing TsOH concentration. This change trend
agrees well with the above results of CV.
s In addition, the amount of effective active sites in film taking

3
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part in the electrocatalytic reactions, rather than the surface area,
can also be used to describe the electrocatalytic property, which
is evaluated by the value of double-layer capacitance of the
interface between PPy film and electrolyte.>’ The one for the Pt
electrode is used as the reference. The respective ratio between
these two is 2.47, 2.57, 2.84, and 3.84 for the TsOH concentration
of 0.1, 0.5, 1.0, and 2.0 M, respectively. So the ratio increases
with increasing TsOH concentration. A high ratio means a large
amount of active sites in the film and, accordingly, more active of
ss the electrocatalytic activity. This agrees well with the above
conclusion.

w
=

3.4. Existing states of iodine species in PPy thin films

The above discussions can (partly) explain why the device
performance changes with the change of TsOH concentration.
o But the working mechanism of CEs is still not clear. XPS spectra
were thus collected and corresponding qualitative analysis results
of as-prepared PPy films were shown in Table 1 (more details
refer to Supporting Information). The characteristic binding
energy at ~ 400.4 eV (N1s), 168.1 eV (S2p), and 616.0~636.0 eV
(I3d) originates from the N in the pyrrole rings, S in the TsO™
counter-anions, and I in the iodine species that existing in PPy
films, respectively. So both TsO and iodine species are
successfully doped/adsorbed in the polymer chain, which agrees
with the above vis-NIR absorption results. The respective number
70 of TsO™ counter ions per 10 pyrrole units (Sp) is 1.95, 2.88, 3.24,
and 3.31 when the concentration of TsSOH is 0.1, 0.5, 1.0, and 2.0
M, respectively. That is to say, the amount of doped TsO™
increases sharply at low concentration of TsOH, and then
gradually tends to a constant when the concentration further
75 increases from 1.0 to 2.0 M. Hence, the saturation doping is ~ 3
TsO™ ions per 10 pyrrole units, similar to the value given in the
literature.**

o
a5

Table 1 XPS qualitative analysis results of as-prepared PPy films.
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Area percentage of Lzas» XPS spectra

%
[TsOH]  [Lil] (%) No/Su/lo
N Sp Ip
° (TsO") (o

0.1 M 01'3[1 19.4 355 36 10-1.95:1.64
0.5M 01'\9[1 14.0 37.9 ss 10:2.88:0.83
1L0M 01'3[1 12.9 36.3 73 10:3.24:0.78
20M 01'3[1 8.7 40.0 94 10:3.31:0.91

It is noted that CV treatment can be used to imitate real working
conditions of a CE in a DSSC cell. More important, the existing
states of iodine species in the PPy films can be determined using
XPS spectra. Four pairs of doublet peak can be observed in the
spectra after deconvolution (Fig. 6 and Supporting Information),
regardless of with electrochemical treatment or not for the PPy
film, which are attributed to different existing states of iodine in
the films. The binding energy of the I34s, peak is ~618.6 eV
(peak;), ~620.7 (peak,), ~622.3 (peak;), and ~623.9 (peak,),
respectively. The peak; and peak, are ascribed respectively to I
and I;” weakly bonded (or adsorbed) to PPy chains (PPy...I" and
PPy...I3"), possibly via van der Walls interaction, m-electron
interaction, and the like.?® 32 The peak; and peak, are attributed

%
S
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respectively to the I and I3~ strongly bonded to PPy chains (i.e.,
as doping counter anions, PPy—I" and PPy-I;") mainly via the
electrostatic interaction. The corresponding percentage of peak
area is denoted as S;, S,, S; and S,, respectively (Table 2). The
S, decreases monotonously with the increasing TsOH
concentration, whereas S; and S, increase monotonously. As for
S,, it first increases with the increasing TsOH concentration, then
decreases slightly at 1.0 M, and eventually increases again at 2.0
M. Thus, the introduction of TsOH is in favor of the formation of
both strongly bonded PPy-I" and PPy-I;™ species, and possibly
also for the formation of weakly bonded PPy...I;", while inhibits
the formation of weakly bonded PPy...I". As the value of (S,+S,)
is always much higher than that of (S;+S;) at the same TsOH
concentration, the majority of iodine species exist in the oxidation
state (PPy-I5~ and PPy...I3") than the reduction state (PPy-I" and
PPy...I'). Specifically, the amount of PPy...I;” species (S,) are
always much higher than the others at the same concentration,
followed by the PPy...I" species (S;). So lots of I5~ species can be
pre-stored as PPy...I;” in the as-prepared PPy thin films.

o

s

@
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. |\ Peakysy Peakq(Sq)
Peak3(S3)
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. f3d3z 3572 :
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13d5/2

.. P e
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Binding Energy (eV)
Fig. 6 L3432 and Ligs» XPS spectra of PPy film polymerized with 0.1 M
TsOH (a) without and (b) after CV treatment; (c) PPy film was
25 polymerized with 2.0 M TsOH without CV treatment. CV treatment was
carried out with a potential window between 1.3 and 0.5 V in
acetonitrile solution containing 0.1 M LiClO4, 10 mM Lil, and 1 mM L.
The starting and end potential is —0.5 V.
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Table 2 Area percentage of Ligs» XPS spectra of as-prepared PPy films
polymerized with different TSOH concentration.

Area percentage of Lis» XPS spectra (%)

Concentration of

2) S1+ S2+
TsOH S1 S2  S3 sS4 53 4
0.1 M¥ 194 355 3.6 25 230 38.0
0.5 M? 140 379 58 26 198 40.5
1.0 M¥ 129 363 73 35 202 39.8
2.0 M? 87 40.0 84 43 17.1 443
0.1 MY 58 490 52 2.0 11.0 51.0

? and *: before and after the CV treatment.

The existing states of S, and S; increase obviously after CV
treatment, while S; and S, decreases greatly (Table 2). So the
increased weakly-bonded I;” species are mainly from the weakly-
bonded I species as S1 decreases from 19.4% to 5.8% after CV
treatment and S4 decreases from 2.5% to 2.0%. Moreover, the
value of each existing state for the sample prepared with 0.1 M
TsOH and after the electrochemical treatment is similar to that for
the sample prepared with 2.0 M TsOH without the CV treatment
(Fig. 6b, c, Table 2). That is to say, similar to the case for the
PPy film prepared at a high TsOH concentration, large amount of
iodine species (specifically the weakly-bonded 15~ species) are
formed in the film after electrochemical treatment (i.e., operation
cycles of a real DSSC). This implies that the pre-stored PPy...I5~
in the as-prepared PPy thin film can participate in the
electrochemical reduction occurring on the CEs when the film is
assembled as a CE in a DSSC. This will lead to an easy and fast
interfacial ion-exchange and/or charge transfer and, therefore, an
improvement of the cell performance. Furthermore, it suggests
that the active sites in polymer and, thereby, the electrocatalytic
activity of the CEs are mainly determined by the weakly-bonded
species (both PPy...I;” and PPy...I"), while the conductivity of
resultant polymer is due to the strongly-bonded doping species.

3.5. Working mechanism of the CEs

In the electrolyte of DSSCs, iodine species exist mainly in the
form of triiodide (I3") via the reaction between I, and I" (Equation
1), which can be reduced into I" on the CEs. This is manifested
by the observed yellow color of the polymerization solution (Fig.
2g). Electrons can transfer from the I ions in electrolyte to the
photooxidized dye during cell operation (i.e., dye regeneration).
The working mechanism of the CEs can thus be proposed (Fig.
7).

Totally three steps are involved in the electrocatalytic process.
The first is formation of weakly and strongly bonded iodine
species at the active cites during the cell operation (Equation 2-
5). The second is the formation of electric neutral PPy...I,
intermediates, which is realized mainly via the dissociation of
PPy...I;” and PPy-I5~ (Equation 6 and 7) and possibly via direct
adsorption of I, molecules on the N center in PPy too (Equation
8). The last step is the reduction of PPy...I, into the reduction
intermediate of PPy...I on the CEs (Equation 9), which can be
further reduced (Equation 10), resulting in the release of I" ions
into the electrolyte. These released I” ions can form the I3~ ions
again (Equation 1) and/or form the PPy...I" (Equation 3) and
PPy-I" (Equation 4). There is also a chance for PPy—I;” to de
dissociated into PPy—I" and I, (Equation 11). The PPy-I" can be
produced by the reduction of PPy...I too (Equation 12). Thus, the

This journal is © The Royal Society of Chemistry [year]
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PPy-I species increase upon the cell operation, while the PPy-I5~
species decrease (Table 2). In addition, many of the PPy...I”
species can change into PPy...I; during the cell operation
(Equation 13), which then take part in the electrocatalytic process
s again. This explains why the PPy...I" species decrease greatly
upon the cell operation, while the PPy...I;” species increase
obviously (Table 2). It is suggested that the formation of weakly-
bonded species may be widely present for the CEs prepared with
different types of materials, not just for PPy CEs, which
10 determines the electrocatalytic activity of the CEs. Thus, the
reactions participated by the weakly-bonded species can take
place on different CEs. Moreover, Equation 2, 6, 9, and 10 may
represent the major reactions occurring on these CEs. It is noted
that the mechanism proposed herein is different from the one for
15 the Pt CE (adsorption and oxidation of I", and production of I,
and 1;").” Furthermore, the polymer exhibits unique properties as
a CE material. For instance, the strongly bonded species are
formed (Equation 4 and 5), which can modulate the CE
conductivity and contribute to the electrocatalysis too (such as
20 Equation 7). The resultant PPy...I;” species can be pre-stored in
the film due to the polymer nature as well as the porous structure
of film, while the latter is also in favor of the ion diffusion.

L+l o1 M
PPy+I; <> PPy---I] ©
» PPy+1" <> PPy---I" ®
PPy+1” <> PPy-1 @
PPy+1; <> PPy-1I; ©
PPy---1; &> PPy---L,+ 1" ©)
PPy-1I; <> PPy---1,+1" @
w PPy+1, <> PPy- -1, ®)
PPy---I,+¢ <> PPy---I+1 ©
PPy---I+e” <> PPy+1" (10)
PPy-I; <> PPy—-1"+1, an
PPy---I+¢ <> PPy-I" (12)
3 PPy +1, <> PPy---1] (13)

Fig. 7 Schematic diagram of the proposed working mechanism of PPy
CEs in DSSCs.

The observed performance of DSSCs can thus be explained.
40 When TsOH concentration is relatively low (such as 0.5 M and
below), the porous structure, conductivity and active sites
(electrocatalysis) of PPy films increase with the increase of its
concentration (Fig. 8), resulting in an increase in the PCE of
DSSCs based on the PPy CEs. Here the pre-stored PPy...I5”
45 species may play a minor role. Once the concentration further
increases to ~ 1.0 M, the PCE of resultant DSSC decreases
possibly mainly due to the decrease in the amount of (pre-stored)
PPy...I5” species, though the conductivity and active sites of the
polymer still keep increasing slightly (Fig. 8). When the TsOH
50 concentration increases to ~ 2.0 M, the active sites increase
greatly and the polymer conductivity also increases (Fig. 8).
Furthermore, the amount of (pre-stored) PPy...I;~ species
increases obviously at 2.0 M TsOH. Therefore, the PCE of the
resultant DSSC increases. Further study is needed for the
ss influence of film porosity on the DSSC performance when the
TsOH concentration is relatively high (such 1.0 M and above). In
addition, it is noted that the V¢ value of a DSSC is determined
by the concentration of electron acceptors in the electrolyte.™
Both the oxidized dye and I3 can act as such acceptors. A PPy
o CE with a high electrocatalytic activity is in favour of the I3~
adsorption (both weakly and strongly) on the PPy CE, which can
be reduced efficiently thereafter, resulting in a decrease in the
concentration of I~ in the electrolyte. Therefore, the V¢ can be
improved for a PPy CE with higher catalytic activity.”> This may
s explain why the Vo increases slightly with increasing TsOH
concentration used for the preparation of PPy CEs (Fig. 1).

TSOH [M]

52
S48
O 44
o

4.0

4.0
() R
3 35
Q) .
230
15 .
<25

TsOH M1

Fig. 8 The relationship between the PPy properties and the cell
performance based on PPy CEs with different TsOH concentration.

7 Conclusions

In summary, we have demonstrated that the performance of the
DSSCs based on PPy CEs is determined by the morphology,
conductivity and electrocatalytic properties of the PPy films. The
morphology is controlled by the concurrent electrochemical and
75 chemical polymerization. The conductivity is mainly influenced
by the strongly-bonded species. The electrocatalysis of the CEs is
mainly determined by the weakly-bonded species, as well as the
strongly-bonded species. In addition, some I3~ species can be pre-
stored in the as-prepared polymer films, which can take part in
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the reduction of I/I; redox couples later in a cell. The
electrocatalytic mechanism of the CEs for I3~ reduction in DSSCs
is proposed for the first time. Totally three steps are involved, i.e.,
formation of the weakly and strongly bonded iodine species,
formation of intermediates, and reduction of the intermediates as
well as release of the I" ions. This mechanism may also be valid
for other CEs. Our results may have practical applications for the
synthesis of alternative CEs. It may become even more
interesting for the fabrication of (large-scale) flexible devices.
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