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ABSTRACT ARTICLE HISTORY

We demonstrated a room-temperature synthesis of nontoxic polar-solvent-soluble sulfonated Received 13 January 2022

polyaniline (SPAN). Polyaniline emeraldine salt (PANI ES) was used as starting material for Revised 18 April 2022

a simple moistureproof sulfonation in producing SPAN. The optimum condition was obtained at Accepted 21 April 2022

a CISOzH concentration of 30% in sulfuric acid for 72 h of sulfonation. FTIR and Raman spectra KEYWORDS

revealed that the sulfonic group (-SOsH) is covalently bonded to the PANI ES chain. Electrical Sulfonated polyaniline;

conductivity measurement of SPAN provides the conductivity value within the semiconductor sulfonic group; electrical

range. The obtained power conversion efficiency is twice higher than a graphite-based counter conductivity; counter

electrode due to the good electrocatalytic activity of SPAN. elc;ctrod”e; dye-sensitized
solar cel
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1. Introduction
(TiO,) became the most commonly preferred semicon-

Dye-sensitized solar cells (DSSC) have been widely inves-  ductor for photoanodes. It provides numerous advantages
tigated as the next-generation solar cell due to their mod-  in sensitized photochemistry and photo-electrochemistry:
erate efficiency of light-to-electricity conversion, simple it has a low-cost, widely available, withstand to acidic
device fabrication process, and low fabrication cost.[?) condition, nontoxic, and excellent biocompatibility as
Generally, there are three main components of DSSC:  materials that can be employed in both health care
a dye-sensitized nanomaterial film electrode, a redox elec-  and home applications. The conventional “state-of-

trolyte, and a counter electrode.”*! Titanium dioxide  the-art” dye is the ruthenium complex based dye, tris
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(2,2’-bipyridyl-4,4-carboxylate) ruthenium(II), also
known as N719, with the carboxylate as the chromo-
phore’s anchoring group to facilitate chemisorption to
the oxide substrate.”) The iodide/triiodide couple has
a good redox potential and provides rapid dye regenera-
tion and slow electron recombination; at the same time,
the couple has good solubility, high conductivity, and low
light absorption, as well as favorable penetration ability
into the mesoporous semiconductor film and long-term
stability. The iodide/triiodide pair has been the favored
redox couple since the beginning of DSSC development
because of their unique characteristics./®’ Because of its
low viscosity, excellent solubility, and chemical durability
(electrochemical window > 4 V), acetonitrile is regarded
the most suitable electrolyte for fundamental studies of
DssC.”!

The counter electrode plays a vital role in collecting
electrons and catalyzing the redox couple species’ reduc-
tion in electrolytes.[s’ 8-101 11y addition, it serves to transfer
electrons from the external circuit to regenerate the redox
couple in DSSC. Therefore, a high-performance DSSC
requires a highly catalytic and conductive counter elec-
trode. Currently, a transparent conducting oxide substrate
coated by a layer of platinum (Pt) is usually used as
a counter electrode of the DSSC to catalyze the I~ reduc-
tion to I'in the I'/I; redox couple electrolyte .'"'?!
However, Pt is one of the rare noble metals, which remark-
ably increases the fabrication cost of DSSC. Therefore,
many lower-cost alternative materials have been investi-
gated as the counter electrode in DSSC to replace Pt .**!
Several attempts on various carbon materials, like graphite,
have been carried out to reduce the production cost of
DSSC."*! Graphite is a potential electrode material due
to its high conductivity and corrosion resistance toward
couple-redox electrolytes. However, the conversion effi-
ciency of the DSSC based on the graphite electrode is
relatively low due to the insufficient catalytic activity for
I;~ reduction."”'® Graphite is usually blended with
another material with different functional groups to facil-
itate the redox reaction between the counter electrode and
I'/1;™ redox couple electrolyte. Therefore, the combination
of graphite and the conductive polymer is expected to
improve the counter electrode performances. Conducting
polymers are promising candidates as an additive for gra-
phite-based counter electrode materials in DSSC due to
their unique properties such as good stability and catalytic
activity for I;~ reduction.!'*°!

During the last decades, polyaniline (PANI) has been
one of the most intensively studied conducting poly-
mers. PANI provides numerous synthesis methods,
wide-range conductivity, good environmental stability,
and interesting redox properties.”’>*! The characteris-
tics of PANI are suitable for photovoltaic
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applications.'**** Several works have shown PANI
applications in DSSC to improve the carbon-based
electrode’s electrocatalytic  activity.[*°~2%]
However, PANI is not readily soluble in common non-
toxic polar solvents (i.e., water, alcohol, and ketone),
leading to further processing difficulties. Sulfonated
polyaniline (SPAN) is a self-doped water-soluble con-
ductive polyaniline derivative.'> 7% SPAN is
a primary model for the dopant and secondary dopant-
induced processability in PANI, in addition to its self-
doping nature .*) SPAN is a fascinating PANI deriva-
tive due to its extraordinary electroactive properties,
improved processability, and numerous potential
industrial applications.***>*”! Therefore, the unique
chemical reactivity, electroactivity, and excellent con-
ductivity lead to the broad application potentials, i.e.,
CO, sensors,*® Schottky diodes,'**! electron beam
resists,*?! anti-corrosion coatings,[39] and Bronsted
acid catalyst.'*”) However, there is no completed report
of SPAN usage as a counter electrode in DSSC. Direct
sulfonation in SPAN synthesis is challenging due to its
rapid reaction, highly exothermic, and high sensitivity
to humidity. Therefore, most controllable SPAN synth-
esis follows polymerization of metanilic acid or aniline/
metanilic acid mixture.***”) Commonly used sulfonat-
ing agents in direct sulfonation of polyaniline, i.e.,
emeraldine base, is fuming sulfuric acid.[15343537]

This work reports the detailed synthesis of SPAN
using a moistureproof sulfonation method. PANT’s con-
ductive form, the PANI emeraldine salt (PANI ES), was
used as the starting material. Chlorosulfuric acid (CISO;
H) in concentrated sulfuric acid (H,SO,) was used as the
sulfonating agent. The concentration of CISO;H in the
sulfonating agent and sulfonation duration were also
varied. The synthesized SPAN was then blended with
graphite to produce the counter electrode materials for
DSSC. We expect the photovoltaic performances of fab-
ricated DSSC could be improved using an optimized
SPAN:graphite blend counter electrode. SPAN is
expected to enhance the electrocatalytic activity of gra-
phite-based counter electrode.

counter

2. Experimental
2.1. Materials

Aniline, acetone, hydrochloric acid (HCI), graphite, and
sulfuric acid (H,SO,) were purchased from Sigma-Aldrich.
Chlorosulfuric acid (CISO3H) and ammonium persulfate
(APS) were obtained from Merck. All reagents with analy-
tical grade were directly used without further purification
except for aniline. Aniline was distilled to remove oligoani-
line impurities prior to the polymerization processes.
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The ruthenium complex dye, N719, was the commercially
available product obtained from Solaronix. The ITO elec-
trical conducting glasses (R, < 11 Q square™') were
obtained from Kaivo Optoelectronic Technology, China.

2.2. Synthesis of PANI emeraldine salt (PANI ES)

PANI ES was synthesized by the method that has been
reported before.*!) First, we dissolved 1.82 mL of aniline
in 50 mL of HCI 1 M as a first solution. Next, we
dissolved 5.71 g of APS in 50 mL demineralized water
as a second solution and put it in an ethylene glycol bath
with a temperature of 0°C for 1 h. After that, the first
solution was added to the second solution at the same
temperature under vigorous stirring for 24 h. Finally, the
reaction mixture was filtered, washed using acetone and
HCI, and then dried under a dynamic vacuum for 24 h.

2.3. Synthesis of sulfonated polyaniline (SPAN)

10 mL of CISO5H and concentrated H,SO, mixture was
added to 0.2 g of PANI powder until it dissolved, and the
color changed to dark red. The amount of CISO;H in
concentrated H,SO, was varied from 5 to 40% (v/v). The
duration of sulfonation was also varied for 24, 48, and
72 h at room temperature under constant stirring
(Table 1). The green paste separated on the bottom of
the flask was precipitated by the addition of plenty of
cold water. The precipitate was collected on a Buchner
funnel, washed by cold water and acetone, respectively,
and dried under a dynamic vacuum for 24 h.1**

2.4. Preparation of counter electrode and DSSC
fabrication

SPAN:graphite paste was made by mixing SPAN and
graphite with various compositions in a methylcellulose/
glacial acetic acid mixture. SPAN’s mass ratios to graphite
used in this work are 1:1, 1:2, 1:3, 1:4, and 1:5, respec-
tively. Each SPAN:graphite paste was deposited on
a synthetic graphite-coated glass substrate using
a common screen-print method as reported

Table 1. Variation of sulfonation duration and CISO;
H concentration used to synthesis SPAN in this study with its
corresponding sample code.

No. Sample code Duration (h) CISOsH concentration (% v/v)
1 SPAN 24 h 24 20
2 SPAN 48 h 48 20
3 SPAN 72 h 72 20
4 SPAN 5% 72 5
5 SPAN 10% 72 10
6 SPAN 20% 72 20
7 SPAN 30% 72 30
8 SPAN 40% 72 40

elsewhere.*?! The detailed schematic of the screen-print
method performed in this study is depicted in Figure S1.
The fabricated counter electrode was then heated at 120
°C for 15 min. With an active area of 0.81 cm?, the
photoanode was prepared by screen printing TiO, paste
on the ITO glass substrate, followed by sintering at 500 °C
for 1 h. The thickness of the active layer of both the
fabricated counter electrode and photoanode was
around 20 pm obtained by Mitutoyo Surftest SJ-210
Profilometer.?®! Next, the obtained TiO, photoanode
was immersed into a 5 x 10 * M Ruthenium complex
dye (N719) solution for 20 h. The electrolyte used in
this study was the I"/I;” redox couple solution in acet-
onitrile. All components were assembled like
a sandwich and held using two binder clips.

2.5. Characterizations

FTIR spectra were acquired using a ZnSe ATR crystal-
equipped Bruker Alpha FTIR spectrometer operated at
4 cm™" spectral resolution and 32 scans. Raman spectro-
scopy measurements were carried out using a Bruker
Senterra Raman spectrometer equipped with a diode
laser at 785 nm and 1 mW of laser power that focused
on samples’ surface using an Olympus long-working-
distance MPlan semiapochromat objective lens (50x) for
the 30s. The Raman spectrometer was equipped with an
Andor iDus DU420A CCD detector operating in a deep-
cool mode at —80 °C. To determine the SPAN’s electrical
conductivity in the form of a pellet, we used an LCR
meter Agilent E4980A with 1 V of applied signal ampli-
tude and 20 kHz - 100 kHz of working frequencies. The
degree of sulfonation was determined by calculating the
sulfur-to-nitrogen atomic ratio from the Energy
Dispersive X-Ray Spectroscopy (EDXS) using an SEM
JEOL-JSM-6510LV. Current density-voltage (J-V) mea-
surements of DSSC were performed using a Keithley
2400 source meter under the illumination of
a Newport ORIEL S013A solar simulator (AM 1.5 G,
100 mW cm2). All characterizations were performed at
an ambient temperature of 20 °C with less than 60%
relative humidity.

Based on the J-V curve, we can obtain photovoltaic FF
parameters using the following Eq. 11**

_ Py _ Ju X Vi
Jsc X Voc  Jsc X Voc

Jsc is the short-circuit current density, V¢ is the open-
circuit voltage, ], is the current density at the maximum
power, and V), is the maximum power voltage. Fill
Factor (FF) is how “square” the J-V curve is. Power
conversion efficiency (PCE) can be calculated using the
below formula (Eq. 2)

FF

(1)
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PCE = PM 5 100% 2)
Pin
where P;, is the light power incident from the solar
simulator. The photograph of solar simulator instru-
mental setup is shown in Figure S2a, while the schematic
of the setup is depicted in Figure S2b. The DSSC proto-
type prepared in this study is also shown as the inset in
Figure S2b.

3. Results and discussion
3.1. Synthesis of SPAN

SO; is a very reactive electrophilic sulfonating agent that
reacts vigorously with any organic compound contain-
ing nucleophiles or electron donor groups. Sulfonation
of organic compounds is a challenging task to perform
and control due to its highly exothermic and rapid
reaction, releasing approximately 380 kJ per kg of
reacted

S0,.1** Historically, the SO; reactivity problem has
been approached by decreasing the reaction tempera-
ture, diluting, and complexing the SO; to reach
a moderate reaction rate. Common diluting or complex-
ing agents are commercially available, like dioxane (SO5)
, ammonia (sulfamic acid), hydrochloric acid (chloro-
sulfuric acid), water or sulfuric acid (fuming sulfuric
acid or oleum), and dry air (air/SOj; film sulfonation).-
[31145-47 Controlling the ratio of SO; to the raw organic
material is essential in achieving the quality of the
desired product in any sulfonating agents. These pro-
cesses also require heat management or reaction tem-
perature control, maintaining the product quality from
any undesired thermal degradations. Therefore, most
sulfonation processes were carried out at low reaction
temperatures, i.e., near 0 °C or below.

Chlorosulfuric acid (CISO3;H) is widely used to pro-
duce alcohol sulfates, alcohol ether sulfates, dyes, and
dye intermediates.'*”) CISO;H is a rapid, efficient, and
stoichiometric reagent to perform any sulfonation reac-
tions grace of the attached chloro- group, an excellent
leaving group.!***") However, it will be immediately
hydrolyzed and inactive in the presence of water mole-
cules, i.e., moisture. To avoid this, we usually add
a nonpolar solvent, like chloroform (CHCI;), to prevent
the moisture from incorporating into the CISO;
H solution. However, we used a unique approach in
this study, where the concentrated sulfuric acid (H,
SO,) was introduced to dissolve CISOsH, then the solu-
tion acted as the sulfonating agent. This new type of
sulfonating agent provides several advantages compared
to the conventional CHCI; system. First, PANI readily
dissolves in this very acidic system because the
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concentrated sulfuric acid can protonate PANI almost
completely, forming a soluble protonated PANI that is
easier to be sulfonated. Second, a very acidic condition
makes the aromatic rings in PANI relatively more basic,
causing the sulfonation reaction to being carried out
more selectively. Third, the concentrated sulfuric acid
is very hygroscopic, consuming any moisture immedi-
ately, maintaining the diluted chlorosulfuric acid to be
always reactive. Fourth, the sulfonation using this type
of sulfonating agent can be carried out at room tem-
perature because PANI is an unreactive and stable aro-
matic system that cannot be substituted easily.

3.2. Molecular structure investigation

Figure la presents the sulfonation process of PANI to
obtain SPAN in this study. FTIR measurements were
performed to characterize synthesized PANI and SPAN
(Figure 1b), revealing their functional groups. A broad
absorption band typical of the conducting form of PANI
is observed at wavenumber above 1600 cm™'. The main
characteristic absorption peaks of PANI and SPAN are
associated with the stretching of C-H out-plane bending
vibration (804 cm™!), N=Q=N, Q=N"*-B, and B-NH*-B
(1130-1150 cm™"), C~N." stretching vibrations in the
polaronic structure (1214-1250 cm™ ),
C-N (1298 cm™'), and C=C from benzenoid rings
(1500 cm™) and quinonoid rings (1570 cmfl).[40’51’52]
These peaks relatively shifted to the lower wavenumber
for SPAN. The ~ sign denotes the bond intermediate
between the single and double bonds. Four new peaks
occurred in SPAN, which is corresponded to the sym-
metric and asymmetric stretching of S=O (1064 and
1011 cm™), which overlap with a broad, intense absorp-
tion extending from 850 to 1100 cm ™', stretching of
S-O (700 cm ™), and C-S (598 cm™!).[1540:53:54]

Figure 1c shows the Raman spectra of PANI and
SPAN, which confirms the FTIR results. These two
molecules’ main characteristic bands are associated
with the peak observed at 1619 and 1585 cm™' repre-
senting C=C stretching vibrations in benzenoid and
quinonoid rings. The peak with a maximum at
1503 cm ™" corresponds to the N-H deformation asso-
ciated with the semiquinonoid structures. The band at
1354 cm™' provides information on the C~N." vibra-
tions of delocalized polaronic structures. The other
peaks are the stretching vibration of C-H (1167 cm™Y),
bending vibration of C-N-C (818 cm™'), and C-N=C
(716 cm™), in-plane deformation of benzenoid rings
(586 cm™') and amine groups (522 em ™). Two new
features occurred in the Raman spectra of SPAN, which
are corresponded to the sulfonic group represented by
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Figure 1. (a) Schematic representation of sulfonation reaction of PANI ES using chlorosulfuric acid. (b) FTIR and (c) Raman spectra of
synthesized PANI and SPAN, respectively. New peaks are formed after the sulfonation process, corresponding to the sulfonic group’s

characteristic vibrational mode (-SOsH).
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Figure 2. (a) The evolution of FTIR absorption peak at 1064 cm™', corresponding to the symmetric stretching vibration of S=0, against
the sulfonation duration. (b) The relationship between A;q64/A1136 With the sulfonation duration. (c) Raman spectra show the evolution
of the in-plane deformation of benzenoid rings. (d) ls;4/ls13 and Raman shift of benzenoid ring in-plane deformation with the
sulfonation duration.
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stretching vibration of S=O (peak at 467 cm™ ') and
C(aryl)-S (shoulder at 1215 cm™). All results indicate
that the sulfonation process has been successfully car-
ried out.

3.3. Variation of duration

We investigate the effect of PANT’s sulfonation duration
by using a solution of 20% (v/v) CISO;H in concentrated
H,SO, as a sulfonating agent. We observed the sulfona-
tion process in 24, 48, and 72 h. Figure 2a shows the peak
evolution at 1064 cm™' of FTIR spectra, which corre-
sponds to the symmetric stretching vibration of S=O.
This peak is not fully formed at SPAN 24 h and 48 h
indicating that the sulfonic group does not completely
attach to the PANI chain. However, this peak was
observed clearly and more intense in SPAN 72 h than
others, as presented in Figure 2b., showing the ratio
between the absorbance of peaks observed at
1064 cm ™ and 1136 cm ™" (A;gsa/A;136) With the sulfo-
nation duration. The peak at 1136 cm™" corresponds to
the C-H bending and stretching (18b),°") which
remains unchanged during the sulfonation reaction.
Figure 2c shows the peak evolution at 574 cm™' in
Raman spectra, corresponding to the benzenoid rings’
in-plane deformation. This peak intensity decreases with
sulfonation duration and even becomes lower than the
peak at 518 cm ™', associating with the amine groups.!*”
Figure 2d presents the relationship curve between the
Raman intensity ratio of peaks observed at 574 cm ™" to
518 cm ' (Is;4/Is;5) and sulfonation duration. The

POLYMER-PLASTICS TECHNOLOGY AND MATERIALS 1569

decrease of I574/15,5 is due to the increase of the sulfonic
group number attached to the PANI chain affecting the
benzenoid rings’ in-plane deformation. As the duration
of sulfonation increases, the number of the sulfonic
group attached to the PANI chain increases, causing
the benzenoid ring’s deformation to become more
rigid. It also causes the peak at 574 cm™' to shift to
higher-value or blue-shifted around 6-15 cm™
(Figure 2d). Therefore, we can conclude that the sulfonic
group has been successfully introduced into the PANI
chain after 72 h.

The presence of the sulfonic group in the polymer
backbone also affects the electrical conductivity of
SPAN. A sulfonic group is an electron-withdrawing
group in an aromatic system that reduces the system’s
electron density and decreases the sample’s conductivity
value. Figure 3a shows the conductivity profile of the
synthesized SPAN as a function of frequency. We noted
that the SPAN’s electrical conductivity decreases nearly
ten times than PANI as we introduce the sulfonic group
(Figure 3b). This behavior is observed in a SPAN of 48 h.
The origin of the lower conductivity can be attributed to
the decreased interchain diffusion of the charge carriers.
The typical charge carriers’ interchain diffusion is
induced by the increase of the polymer chains separation
due to the side groups’ presence and also due to the
lower crystallographic order (hence the reduced coher-
ence) among the chains.!”®! However, SPAN’s conduc-
tivity increases after 72 h of sulfonation. The higher
conductivity after 72 h is due to the increase in the
attached sulfonic groups to the PANI chain, leading to

(a) 012 |@
107

£ 5
= 7]

< N 0.08 |
g T
> 3
o ®
-§ 107 >
=

8 B 0.04 |
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5
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Figure 3. (a) Frequency response profile and (b) electrical conductivity value at 50 Hz of synthesized SPAN with various sulfonation
duration. (c) The intermolecular interaction between SPAN chains through hydrogen bonding. (d) The solubility of synthesized SPAN
with different sulfonation duration in water. () SPAN 72 h also demonstrates good solubility in ethanol.
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the intermolecular interactions among SPAN chains
(Figure 3c). This type of interchain interaction may
play an essential role in increasing the three-
dimensionality of the charge and spin motion, increasing
conductivity."*”!

Figure 3d shows the solubility of synthesized SPAN in
water (1 mg mL™") with various sulfonation duration.
SPAN starts to dissolve after 72 h, due to the sulfonic
group being completely attached to PANI chains. The
sulfonic group is vital in increasing SPAN’s polarity,
causing it to be soluble in some nontoxic polar solvents.
Besides in water, the synthesized SPAN is also soluble in
ethanol, as shown in Figure 3e.

3.4. Variation of concentration

We also investigate the effect of different concentrations
of CISO3;H used. Figure 4a shows the peak evolution at
1064 cm™" in the SPAN FTIR spectra synthesized using
CISO;H with a concentration from 5 to 40%. This peak
represents the sulfonic group attached to the polymer
chain. This peak intensity increases significantly until
the CISO;H concentration of 20% and remains relatively
constant at higher CISO;H concentration. Similar beha-
vior is also observed in Raman spectra for the evolution
of peak intensity at 467 cm™! (Lygy), representing the
S=0 stretching mode (Figure 4b). This peak intensity
also increases then saturates with  CISO;

H concentration, supporting the FTIR results.
Figure 4c presents the relationship curve between
stretching vibration of S=O represented by Ajpss/A1136
obtained by FTIR and I, obtained by Raman as
a function of CISO;H concentration. This situation indi-
cates that the system saturates when using CISO;
H concentration higher than 20%, which means that
no matter if we add more CISOs;H, the number of
sulfonic groups attached to PANI is still the same. The
different CISO5;H concentration used in this study affects
the solubility of SPAN. Figure 4d shows the solubility of
1 mg mL ™" of SPAN in water, and it increases as the
CISO5;H concentration increases. It is observed that
SPAN 20 to 40% are soluble in water while the others
are not. SPAN’s solubility depends on the amount of the
sulfonic group attached to the polymer backbone, which
can be determined by the peak intensity of the S=O
group’s stretching vibration in FTIR spectra.
Therefore, we can conclude that the solubility results
are in good agreement with FTIR and Raman results
(Figure 4c).

The electrical conductivity of SPAN is also affected by
the different CISO;H concentrations used. The green pro-
tonated SPAN has conductivity on a semiconductor level.
This value is many orders of magnitude higher than com-
mon polymer (10 S cm™") but lower than typical metals
(10* S cm™). Figure 5a shows the conductivity profile of
the SPAN with various CISO;H concentrations. The
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Figure 4. The evolution of (a) FTIR peak absorbance at 1064 cm™
H concentration. (c) Relationship curve between stretching vibration of S=0 represented by A;oss/A1136 Obtained by FTIR and l,4;
obtained by Raman as a function of CISOsH concentration. (d) The solubility of synthesized SPAN using different CISOsH concentrations

in water.

1 1

and (b) Raman intensity at 467 cm™ as a function of CISOs3
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conductivity graph indicates three regions: dispersion in
the low-frequency area, an intermediate plateau, and con-
ductivity dispersion at the high-frequency region. Thus,
conductivity is independent of frequency in the low-
frequency region (like a straight line), generally known as
the hopping frequency.The increasing value of SPAN 5 and
10% conductivity with frequency rise is due to the disor-
dering of cations between neighboring sites, the presence of
space charge, and the formation of excess charge carriers
(polaron and bipolaron).””! On the other hand, this phe-
nomenon is not observed in SPAN 20, 30, and 40%, which
have the opposite behavior.

We can determine SPAN’s average sulfonation
degree by comparing the sulfur and nitrogen atom
percentage from the EDXS analysis results
(Figure 5b). Sulfur and nitrogen atoms represent the
sulfonic group and polyaniline itself, respectively. The
maximum conductivity was obtained at SPAN 5% due
to the least number of the sulfonic group attached to
PANI. It decreases at 10% and then increases, reach-
ing the second maximum at 30% before it decreases.
The fluctuation conductivity is due to the strong
intramolecular interactions between sulfonic group
and cationic radical nitrogen atoms or hydrogen
bonding through space to form five or six-member
rings, which are energetically favorable configurations
(see Figure 5 ¢ and d). Such molecular arrangements
can localize the positive charge around the nitrogen

atoms.[35]

3.5. Counter electrode properties

Figure 6a shows the morphology of SPAN 30%, indicat-
ing that SPAN’s surface is porous and has an agglomer-
ated granules structure ranging from 100 to 500 nm.
Granules are formed by the agglomeration of polymers
interacting with each other using hydrogen bonding.!**
We can obtain another structure or morphology of
SPAN by using other synthesis methods.*"! Figure 6b
shows the surface morphology of the fabricated graphite
counter electrode using the screen print method. It has
plate-like morphology composed of several layers.
Figure 6¢ shows the surface morphology of PANI:gra-
phite blend counter electrode where PANT’s particles
have covered the graphite resembling a group of
Islands. SPAN:graphite blend counter electrode yields
a more fine surface morphology than PANI (Figure 6d),
indicating that SPAN and graphite are well blended and
covered the graphite. We also investigate the interaction
between SPAN:graphite blend counter electrode and
electrolyte solution wusing Raman spectroscopy
(Figure 7). Some changes are observed after adding
electrolyte solution to the counter electrode. Raman
intensity at 1506 and 1619 cm™', corresponding to the
N-H deformation associated with the semiquinonoid
structures and C=C stretching vibrations in benzenoid,
respectively, increased with electrolyte solution addi-
tion. Due to SPAN’s oxidative doping reaction by the
electrolyte, intramolecular redox reaction occurs in the
quinonoid unit. It leads to the semiquinone dicationic
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Figure 6. SEM images of (a) SPAN 30%, fabricated counter electrode using (b) pure graphite, (c) PANI:graphite blend and (d) SPAN:

graphite blend.

radical formation followed by the charge delocalization.
Finally, the polysemiquinoid structure was formed."*"!
The graphite E,z, mode in Raman spectra is blue-shifted

SPAN:Graphite
Counter Electrode
+ electrolyte

Intensity (a.u.)

SPAN:Graphite
Counter Electrode

500 1000 1500 2000

Raman Shift (cm™)

Figure 7. Raman spectra of fabricated SPAN:graphite counter
electrode before and after electrolyte addition for SPAN 30%.

(1586 cm™) by about 6 cm™! compared to that found in
Raman spectra of counter electrode only (1580 cm™).
The blue-shifted Raman mode at around 1580 cm™" is
due to the I, intercalated graphite species in SPAN:
graphite blend counter electrode. We also investigated
the structure of SPAN 30%:graphite blend counter elec-
trode using XRD, however the XRD pattern is dominated
by the graphite peaks overcoming the SPAN structural
features despite of their considerable concentration, i.e.,
25% (w/w) (please see Figure S3).

3.6. Photovoltaic performance

We made a DSSC prototype using SPAN 30% as an
additive in the graphite-based counter electrode
(Figure 8a) regarding the structural and electronic
properties characterizations. Please see the inset in
Figure S2b for the photograph of the DSSC proto-
type. We varied the mass percentage of SPAN 30%
against graphite to obtain the optimum composition.
The current density-voltage (J-V) curve of DSSC
(Figure 8b) shows that the SPAN 30% acts as an
additive in the counter electrode, which increases
the efficiency performance of DSSC with respect to
the graphite counter electrode. The DSSC perfor-
mance improved due to its porous morphology with


http://repository.unej.ac.id/
http://repository.unej.ac.id/

(a)

Photoanode

ITO coated glass

Redox couple electrolyte (I-/1;7)
SPAN/graphite blend (1:3)

Counter

Synthetic graphite
Synthetic graphite Electrode

Glass substrate

Electrolyte

POLYMER-PLASTICS TECHNOLOGY AND MATERIALS . 1573

10
(b) Graphite
—— SPAN:Graphite (1:1)
st —— SPAN:Graphite (1:2)

——— SPAN:Graphite (1:3)
—— SPAN:Graphite (1:4)
—— SPAN:Graphite (1:5)

Current Density (mA/cm?)

0.0 0.2 04 0.6

Figure 8. (a) Schematic illustration of fabricated DSSC. (b) Current density-voltage (J-V) curve of DSSC using SPAN:graphite blend as
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Table 2. Photovoltaic parameters of fabricated DSSC using SPAN:
graphite counter electrodes with various compositions com-
pared to commercial platinum (Pt) counter electrode.

Counter Jsc Voc PCE  Average PCE

No. Electrode MAcm™) (V) FF (%) (%)

1 Graphite 5.51 0.61 0219 087 0.86+0.01

2 SPAN:Graphite 573 046 0354 1.05 1.04+0.01
(1:1)

3 SPAN:Graphite 4.27 0.61 0486 1.42 1.40 £ 0.02
(1:2)

4 SPAN:Graphite 7.56 053 0432 195 1.93+0.02
(1:3)

5 SPAN:Graphite 4.27 0.56 0.377 1.01 1.00 £ 0.01
(1:4)

6 SPAN:Graphite 433 048 0395 093 0.92+0.01
(1:5)

7 PANI:Graphite 5.05° 0.60° 0.447* 1.50° -
(1:3)

8 Pt° 11.00°  071° 0.741° 578° -

dSunarya et al.?”!
PKusumawati et al.'*"!

a large surface area, providing more places to con-
duct the electrolyte redox cycle. Moreover, SPAN has
a better electrocatalytic activity (noted by higher FF
values) than graphite, which can be quantified by the
small Rcr (Charge Transfer Resistance) value for the
I;7/I" reduction process.[Go]

Table 2 shows that the counter electrode with the
mass ratio of SPAN to graphite 1:3 produces the highest
efficiency (PCE) of 1.95%and photocurrent density
(Jsc) of 7.56 mA cm 2. We can conclude that this is
the optimum composition, attaining an outstanding
balance between electrical conductivity provided by
graphite and electrocatalytic activity provided by
SPAN. Here, SPAN serves as a better electrocatalyst
in the blend, providing a synergy effect between
conducting polymer and graphite in the counter

electrode, even with respect to PANI. SPAN:
Graphite (1:3) blend counter electrode excels
PANI:Graphite (1:3) blend counter electrode in
both PCE and Jsc (see Table 2). However, this effi-
ciency value is still about three times smaller than
the efficiency of DSSC using a Pt-based counter
electrode. Nevertheless, our result is still acceptable
concerning the manual DSSC fabrication method
carried out in this study (i.e., screen printing, liquid
immersion).

4. Conclusion

We have synthesized a nontoxic polar-solvent-soluble
sulfonated polyaniline (SPAN) having metallic proper-
ties with a conductivity of 1.48 x 107> S cm™". Electrical
conductivity measurements revealed that SPAN has the
conductivity value within the semiconductor range
(107 to 107> S cm™'). SPAN was directly prepared
from polyaniline emeraldine salt (PANI ES) by
a simple moistureproof sulfonation method at room
temperature. PANI ES was dissolved in a sulfonating
agent, a chlorosulfuric acid solution (CISO;H), in con-
centrated sulfuric acid (H,SO,) with various concentra-
tions. This study’s optimum condition to synthesize
SPAN is a 30% (v/v) CISOsH in concentrated H,SO,
for 72 h of sulfonation. The number of sulfonic groups
(-SOsH) attached to polymer chains determines the
SPAN’s solubility, as shown by the S=O vibrational
stretching mode at 1064 cm™' in FTIR spectra and
467 cm™" in Raman spectra. The synthesized SPAN has
a porous morphology that can increase the electrocata-
Iytic activity of the counter electrode. Therefore, SPAN
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can be used as an additive in the graphite-based counter
electrode for DSSC application marked by the increase
of FF, Jsc, and PCE value. The photovoltaic performance
increases due to a perfect combination between the
high-conductive graphite and the electrocatalytic-active
SPAN. The future studies should be further addressed
on the issues of the SPAN interactions with graphite
facilitating electrocatalytical activity through the charge
transfer between them, understanding the effect of
SPAN on the photoelectrical up conversion processes,
and designing alternative fabrication method of SPAN:
graphite composite to enhance the charge carrier trans-
port efficiency and to improve the stability of the PV
cells.
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