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� PANI films were processed with a systematic modification of the processing conditions.

� The structural, optical and photoelectrochemical properties of the films are reported.
� Optimized PANI films constitute promising hole selective contacts for OPECs.
� Photocurrents 42 mA cm�2 at �0.5 V vs RHE for hydrogen generation are reported.
� Further stabilization strategies should be employed.
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In the present study, we have prepared Polyaniline (PANI) thin films by electrochemical polymerization
on ITO substrates in acidic medium at room temperature. We have followed a systematic modification of
both the precursor concentration as well as the number of electropolymerization cycles in order to
optimize the response of the films as hole selective contacts for organic photoelectrochemical cells. We
report the structural, optical and electrochemical properties of the PANI films aiming at providing such
optimized hole selective contacts. Our results clearly confirm that PANI acts as efficient hole selective
layer in these devices, with photocurrents of more than 2 mA cm�2 at �0.5 V vs RHE, and 0.3 mA cm�2

at 0 V vs RHE for hydrogen generation and further modifications should be focused on enhancing the
device stability for technological application.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Electrically conducting polymers (ECPs) such as, Polyaniline
(PANI), Polypyrrole (PPY), Polythiophene (PTh), Poly(3,4-ethyle-
nedioxythiophene) (PEDOT) etc.…, have attracted a great attention
for the last two decades due to their interesting semiconducting
properties. Among them, polyaniline (PANI) is one of the most
promising candidates as p-type semiconductor due to its excellent
environmental stability, ease of synthesis on different substrates,
low cost of the monomer (Obaid et al., 2014; Sai-Anand et al.,
2015), high absorption coefficient in the visible part and inter-
esting optical, electrochemical and electricals properties (Reda and
Al-Ghannam, 2012; Yusairie et al., 2012). Consequently, this
et al., Electropolymerized
ci. (2016), http://dx.doi.org/
material has been widely studied for different applications in
many domains such as electrochromic devices, rechargeable bat-
teries, protection of metals against corrosion (Chaudhari and Patil,
2011; Subathira and Meyyappan, 2010), organic light emitting
diodes (OLEDs) (Bejbouj et al., 2010; Park et al., 2015), organic
photovoltaic cells (OPVs) (Han et al., 2014) and dye-sensitized
solar cells (DSSCs) (Duan et al., 2015; Sonmezoglu et al., 2012; Taş
et al., 2016).

Its reversible redox chemistry allows PANI to have mainly three
distinguishable oxidation states. Its most common structure is
presented as Scheme 1a, where Y, (0rYr1), corresponds to the
ratio of the reduced unit and (1�Y) corresponds to the ratio of the
oxidized unit. The fully reduced form (Y¼1) is called leucoemer-
aldine base (LB, Scheme 1b), the half oxidized form (Y¼0.5) is
termed emeraldine base (EB, Scheme 1c) that can easily doped to
obtain the conductive emeraldine salt (ES) (Scheme 2) and the
polyaniline: A promising hole selective contact in organic
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Scheme 1. Different oxidation states of PANI: (a) polyaniline chain, (b) leucoemeraldine base, (c) emeraldine base and (d) pernigraniline base.

Scheme 2. The structure of doped PANI chain.
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fully oxidized form (Y¼0) is referred as pernigraniline base (PNB,
Scheme 1d). The delocalized π bonds available in the system are
responsible for the semiconducting properties. The π and π* or-
bitals constitute the conduction and valence band, respectively, of
PANI and its difference in energy corresponds to the band gap. This
value determines both the electrical and optical properties of the
semi-conducting polymer. The doped ES has also an energy band
called polaron band within the band gap caused by the introduc-
tion of polarons in the structure of PANI. This band can be a dis-
crete energy level or a continuum of energy depending on the
doping and final morphology of the material (Xia et al., 1995;
Bhadra et al., 2009).

In the last years, there has been an increasing interest in the
study of PANI as hole selective layer in organic optoelectronic
devices, particularly organic photovoltaic cells. This interest arises
from the fact that this layer is not yet optimized since the material
should fulfill many requirements: i) to adjust the energetic barrier
between active layer and electrode (allow Ohmic contact), ii) to
form a selective contact for one specific sort of carriers, iii) to
determine polarity of the device, iii) to control surface properties
to alter the morphology of the active layer, iv) to hidden chemical
or physical reaction between electrode and active layer (i.e. im-
proving interfacial stability), and v) to improve the optical ab-
sorption of the active layer (acting as optical spacer or introducing
plasmonic effects) (Yip and Jen, 2012; Steim et al., 2010). In this
context, PANI is a great candidate to fulfill many of these
Please cite this article as: Belarbi, E., et al., Electropolymerized
photoelectrochemical cells. Chem. Eng. Sci. (2016), http://dx.doi.org/
requirements due to its superior stability compared to other
semiconductor polymers and the tunability of the electrical
properties.

Despite the large number of applications, where PANI has been
tested, there are only few reports addressing the generation of
fuels, taking benefit of the electrocatalytic properties of this ma-
terial (Croissant et al., 1998; Mascaro et al., 2004). Another inter-
esting approach, which has been exploited in the last few years,
relates to the production of solar fuels with organic photoelec-
trochemical cells (OPECs). Compared to inorganic devices, usually
synthesized by means of high vacuum/high temperature condi-
tions, these devices take full advantage of the versatility and po-
tential of organic semiconductor materials to provide a real low-
cost alternative for the generation of solar fuels (Esiner et al., 2013;
Haro et al., 2015; Thompson and Frechet, 2008). These devices
consist of an organic semiconductor material with excellent light
harvesting efficiency (in general a P3HT:PCBM bulk heterojunction
film is employed) sandwiched by proper selective contacts, com-
patible with the relevant electrochemical potentials in order to
carry out the desired reactions at the semiconductor/solution in-
terface. The main approach to provide efficient and robust devices
involves the optimization of hole and electron selective contacts to
deliver maximum photocurrents, but also long-term stability for
real life application. The target of this study is to take advantage of
the excellent p-type semiconducting properties of PANI to develop
a hole selective layer for cost-effective OPEC. Furthermore, PANI
polyaniline: A promising hole selective contact in organic
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can be obtained by electrochemical polymerization, which pro-
vides an excellent control of the film thickness (by in-situ mon-
itoring the charged passed with the potentiostat) and reduces
pollution problems. Here, the method of aniline electro-oxidation
by continuous cycling between two potentials was used, which
provides a firmly adhered film on the electrode surface and fur-
thermore, the film can be reduced or oxidized to control its con-
ductivity. The final goal is optimizing a synthetic route to provide
an excellent, low-cost hole selective contact, which can be easily
synthesized in any laboratory and implemented as hole selective
contact in organic photoelectrochemical devices. All in all, this
study contributes in the advance of all-solution processable de-
vices for the photoelectrochemical production of solar fuels.
2. Materials and experimental method

2.1. Materials

For the preparation of the PANI layers, aniline monomer (Al-
drich, 99.5%) freshly distilled was used. The following reagents
were used for the preparation of the electrolytic solutions, H2SO4

(Sigma-Aldrich, 95-98%) and Na2SO4 (Aldrich, 98%) which were
solved in double-distilled water.

The organic active layer was prepared with P3HT (Lumines-
cence Technology Corp.) and PC60BM (Solenne, 99.5%). P3HT:
PCBM blends were prepared from dry o-dichlorobenzene (1:1,
34 mg/ml) and were stirred at 70 °C for 16 h before sample pre-
paration. For TiOx layer were used titanium isopropoxide (Aldrich,
97%), ethanol (Panreac PA, absolut), isopropanol (Aldrich, 99.5%),
and hydrochloric acid (Sigma-Aldrich, 37%). For the preparation of
the electrolytic solutions, Na2SO4 (Aldrich, 98.0%) and H2SO4

(Fluka, 99.0%) were solved in milli-Q double-distilled water.

2.2. Electropolymerization of the PANI layer

All the electrochemical measurements were performed, with a
PGSTAT-30 Autolab potentiostat, in a single compartment of three
electrode cells on ITO substrates as working electrode and platinum
and an Ag/AgCl (KCl, 3 M) as a counter electrode and a reference
electrode, respectively. Polyaniline was electropolymerized from
aqueous solution containing different concentrations of the mono-
mer (10�2, 2 �10�2 and 4 �10�2 M) and H2SO4 (0.1 M) as electrolytic
mediumwith different number of cycles (4, 5, 6, 8 and 10 cycles) in
a potential range between �0.2 V and 1.2 V vs the Ag/AgCl elec-
trode, applying a scan rate of 20 mV/s.

2.3. Assembly of organic photoelectrochemical (OPEC) devices

Organic photocathodes were prepared in the configuration ITO/
PANI/P3HT:PC60BM/TiOx/Pt. The ITO/PANI electropolymerized
layers were employed as hole selective contact. Then, the P3HT:
PCBM blend was deposited on top of PANI at 1200 rpm for 60 s,
and the sample was introduced in a Petri dish and was allowed to
dry over a period of 2 h. After this time the active layer was
thermally treated at 130 °C for 10 min. The device is taken outside
the glovebox. The TiOx solution (Haro et al., 2015) was filtered
through a nylon filter (0.45 μm pore size) and was spin-coated on
the active layer in air at 1000 rpm for 60 s and kept in the ambient
at room temperature for 2 h. A thermal treatment at 85 °C for
10 min was observed to be beneficial for the device performance.
Thin platinum layer was sputtered by using a BALTEC (SCD 500)
sputter coater by using a current of 50 mA for 2–5 s while keeping
the distance between Pt source and substrates at ∼5 cm at a base
pressure of 5�10�3 mbar. This provides a Pt thickness of ∼0.5 nm
according to the calibration curve provided by the manufacturer.
Please cite this article as: Belarbi, E., et al., Electropolymerized
photoelectrochemical cells. Chem. Eng. Sci. (2016), http://dx.doi.org/
2.4. Characterization techniques

The optical properties of the PANI layers were characterized by an
UV–vis spectroscopy using a Varian Cary 300 Bio spectrophotometer.
The PANI films on ITO substrates and produced OPEC devices were
characterized by a JEOL JEM-3100F field emission scanning electron
microscope (FEG-SEM). Photoelectrochemical characterization of the
OPEC devices was performed in a three-electrode configuration,
where a graphite bar and an Ag/AgCl (KCl, 3 M) were, respectively,
used as counterelectrode and as reference. The electrolyte was
Na2SO4 0.1 M and we added to the solution H2SO4 until pH 2 was
reached. The area of the electrodes was 0.5 cm2. The electrodes were
illuminated directly to the substrate while the electrode is in contact
to the electrolyte using a 300W Xe lamp. The light intensity was
adjusted to 100 mW cm�2 using an optical power meter 70310 from
Oriel Instruments where a Si photodiode was used to calibrate the
system. All potentials have been referred to the RHE electrode:
ERHE¼EAg/AgClþ0.210þ0.059 �pH. Linear sweep voltammetry (5 mV/
s) and chronamperometric measurements (stability tests) were per-
formed with a PGSTAT-30 Autolab potentiostat under chopped light.
Electrochemical impedance spectroscopy (EIS) measurements of the
PANI layer were performed in a 0.1 M Na2SO4 solution, acidified to
pH 2 with H2SO4, using the Autolab apparatus under illumination
conditions.
3. Results and discussion

3.1. Electrochemical polymerization of PANI

As mentioned before, the only conductive form of PANI is
emeraldine salt, which can be obtained from emeraldine base (see
Scheme 1), by doping the polymer with strong acids. In our case, in
order to improve the electrical properties of this polymer, the
choice of a sulfuric acidic environment (0.1 M H2SO4) was dictated
by the low conductivity of PANI in neutral or basic conditions. This
phenomenon is due to the presence of polarons and the reduced
form of PANI under these conditions (Bhadra et al., 2009; Winther-
Jensen and MacFarlane, 2011). The doped PANI structure with
H2SO4 is shown in Scheme 2.

PANI was electropolymerized onto ITO substrates with different
concentrations of the monomer and different number of electro-
polymerization cycles. The thickness of the as synthesized PANI
layers was characterized by contact profilometry and the obtained
results are compiled in Table 1. The different PANI layers are labeled
as X.Y, where X denotes the number of electropolymerization cycles
and Y is the concentration of the monomer ( �10�2 M). Un-
fortunately, the thickness of the samples with the lowest tested
concentration (10�2 M) and lowest number of electropolymeriza-
tion cycles (sample 4.2) could not be properly evaluated by contact
profilometer.

Further structural characterization was carried out by SEM and
Fig. 1 shows the top-views of PANI layers with different processing
conditions. Only samples with 10�2 M and 2 �10�2 M monomer
concentration were tested, since higher monomer concentration
(4 �10�2 M) led to films too thick as selective contacts. In terms of
morphology, there seems to be minor differences between the
different layers synthesized with the same precursor concentra-
tion and as the number of electropolymerization cycles increase,
the definition of the grains seems to decrease. This behavior has
been explained by Guo and Zhou (2007) as “gel effect” in which
one part of the oligomers is oxidized to PANI and the others
converted into gel, after interaction between the dopant and ani-
line monomer, to form the nanofibers of PANI. With the presence
of the gels, the amount of the nucleation sites decreased to favor
the one dimensional growth (Wang et al., 2012).
polyaniline: A promising hole selective contact in organic
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Table 1
Thickness of the PANI layers electropolymerized on ITO substrates measured by
contact profilometry. Sample code is X.Y, where X is the number of electro-
polymerization cycles and Y is the concentration of the monomer ( �10�2 M).

Sample Thickness (nm)

4.1 –

5.1 –

6.1 –

4.2 –

5.2 55.0
6.2 213.3
4.4 149.4
5.4 156.0
6.4 201.5
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The electrochemical behavior of PANI layer was investigated by
cyclic voltammetry in a potential range between �0.2 V and 1.2 V
vs the Ag/AgCl electrode, applying a scan rate of 20 mV/s (Fig. 2).
Again, both the concentration of monomer in the solution main-
taining the concentration of acid (i.e. changing monomer:doping
agent ratio), and the number of electrolymerization cycles were
changed.

Fig. 2(a) shows the cyclic voltammograms of the growth of
PANI, on ITO electrode, from H2SO4 aqueous acidic solution con-
taining 2 �10�2 M of monomer with different number of cycles (4,
5, 6, 8 and 10 cycles). The cyclic voltammetry curves showed the
presence of 3 different oxidation states. The peak at around 0.3 V
corresponds to the conversion between leucomeraldine state (LB)
and emeraldine salt state (ES), the one at 0.5 V refers to further
oxidation and the anion doping process of PANI and the last one
that appearing at 0.9 V corresponds to the conversion between
emeraldine salt state and pernigraniline state (PNB) (Motheo et al.,
1998; Wang et al., 2013). In the oxidized state, conducting poly-
mers like PANI are charge-balanced, «doped» with counter anions
(‘p-doping’) and have a delocalized π-electron band structure
(Yusairie et al., 2012).

The current density increases with both the number of cycles
and the concentration of monomer as shown in Fig. 2(b), which
relates to the growth of the electroactive polyaniline films on the
ITO substrate, directly increasing the thickness of the PANI layer
during the successive cycles performed (Alonso et al., 2009), in
good correlation with the information provided by Table 1. The
increase of the current density can be explained by its pro-
portionality to the concentration of the monomer as dictated by
the Randles–Sevcik equation (Neghmouche and Lanez, 2013):

⎛
⎝⎜

⎞
⎠⎟= n FAC

nFsD
RT

i 0.4463 1/2p

where ip is the peak current, n is the number of electrons, F is
Faraday constant, T is the temperature in Kelvin, R is the gas
constant, A is the surface area of the working electrode, D is the
diffusion coefficient of the electroactive species, C is the bulk
concentration of the electroactive species (the monomer) and s is
the scan rate of voltammograms.

The optical properties of different H2SO4 doped PANI films
electropolymerized under different conditions are shown in Fig. 3.
In order to evaluate the effect of the monomer:dopant agent ratio
on the optical properties to optimize the HSL, the UV–vis spectra of
three samples obtained with solutions of different concentrations
of aniline were measured. Two clear absorption bands can be
observed. The band located at around 350 nm can probably be
related to the π–π* transition centered on the benzoid rings, and a
second broad band from 500 nm to 700 nm, can be assigned to the
polaron/bipolaron transitions caused by the interband charge
transfer from benzoid to quinoid rings confirmed the doped
polyaniline state (Wang et al., 2013; Ashokan et al., 2015). On the
Please cite this article as: Belarbi, E., et al., Electropolymerized
photoelectrochemical cells. Chem. Eng. Sci. (2016), http://dx.doi.org/
other hand, according to Nekrasov et al. (2000) the intense band at
350 nm (3.3 eV) is characteristic of the protonated forms of
emeraldine salt, while the large one located from 500 nm to
700 nm, which appears when the potential range of electro-
polymerization increases up to 0.6 V, is a superposition of three
important bands marked at �570, �665 (1.86 eV), and 755 nm.
These latter bands are relative to donor–acceptor interaction be-
tween the quinoid fragments and the counter anion (which is
HSO4

� in our study), exciton transitions in quinoid rings and the
localized polarons, respectively. We believe that the latter inter-
pretation by Nekrasov et al. is more accurate, since it describes
more precisely the different transition states occurring during the
film growth.

As can be seen in Fig. 3, the increase of the monomer con-
centration increases the intensity of the absorbance band located
at 350 nm, which is directly related to the increase of the film
thickness. However, the intensity of the second band present at
4450 nm decreases. This decrease may be due to the growing rate
of the end product formation, which occurs after increasing the
monomer concentration and leads to the continuous decrease of
the amount of intermediates (Malinauskas and Holze, 1998; Zhang
et al., 2011). Similar results were obtained for different numbers of
electropolymerization cycles.

In order to gain further insight into the intrinsic electronic
properties of the synthesized PANI films, we carried out im-
pedance spectroscopy (IS) measurements in three-electrode con-
figuration in an aqueous solution for different applied voltages
under illumination (see Section 2). The Nyquist plots (�Z″ vs Z′)
systematically showed a semicircular shape and consequently we
used the basic Randles' circuit (Rs�RctC) to fit the experimental
data. The fitted resistances and capacitances are plotted in Fig. 4.
The series resistance shows a factor 10 reduction when moving
from 4 cycles to 5 or 6 cycles, which can be directly related to the
quality of the improvement of the ITO/PANI contact (Fig. 4a).
Further increase of the number of cycles to 8 and 10, leads to much
higher series resistances, in the order of 100Ω cm2. It is inter-
esting to note that slightly lower series resistances are measured
in the dark (not shown), compared to measurements under illu-
mination. The charge transfer resistance of the different films in-
creases with the number of cycles, although at the more cathodic
potentials, all values seem to converge (Fig. 4b). On the other hand,
the capacitance of the films (Fig. 4c) increases from 4 to 5 and
6 cycles. This behavior is consistent with the chemical capacitance
of PANI and can be related to a full coverage of the ITO surface at
5 cycles. Subsequently, after 8 and 10 cycles, the capacitance seems
to be dominated by the double layer capacitance (around
10�5 F cm�2). From these measurements, the films with 5 elec-
tropolymerization cycles seem to combine the best properties to
perform as hole selective contact in photovoltaic/photoelec-
trochemical devices, since these conditions provide full coverage
of the ITO surface with low resistance.

From the above fundamental characterization of the PANI films
synthesized with different conditions, we selected the sample
with 2 �10�2 monomer concentration and different electro-
polymerization cycles and used these layers as hole selective
contact in organic photoelectrochemical cells, with architecture
ITO/PANI/P3HT:PCBM/TiOx/Pt. Due to the choice of selective con-
tacts carried out, this device works as a photocathode driving the
photogenerated electrons to the solution and the photogenerated
holes to the contact. The photoelectrochemical performance of the
devices under chopped illumination (j–V curve) is showed as
Fig. 5a. The optimum device (with 5 electropolymerization cycles)
can deliver an outstanding photocurrent of more than 2 mA cm�2

at �0.5 V vs RHE, and 0.3 mA cm�2 at 0 V vs RHE. Moreover, the
obtained behavior is reproducible as showed in Fig. 5b, where the
results of two identical devices are showed.
polyaniline: A promising hole selective contact in organic
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Fig. 1. Top view of different PANI layers on ITO substrates (a) 4.1, (b) 4.2, (c) 5.1, (d) 5.2, (e) 6.1 and (f) 6.2. Sample code is x.y, where x is the number of electropolymerization
cycles and y is the concentration of the monomer ( �10�2 M).

E. Belarbi et al. / Chemical Engineering Science ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 5
In a recent study a direct relation between the onset potential
for H2 evolution and the work function of the hole selective layer
(HSL) has been demonstrated (Bourgeteau et al., 2016). In this
context, the work function of PANI is around 4.5–4.8 eV depending
on the doping state (Abdulrazzaq et al., 2015). Therefore, the value
of the onset potential for H2 evolution around 0.1 V vs. RHE could
be expected, although it can be improved until 0.3–0.4 eV. This
Please cite this article as: Belarbi, E., et al., Electropolymerized
photoelectrochemical cells. Chem. Eng. Sci. (2016), http://dx.doi.org/
sets a possible limitation for this system, although we believe that
it can be counterbalanced due to the advantages that the use of
PANI involves, in terms of simplicity and reproducibility of the
synthetic method, as well as the tunability of the optical and
electrical properties. Moreover, the method proposed here allows
assembling a hole selective layer to different nanostructured
substrates, opening new perspectives in the design of organic
polyaniline: A promising hole selective contact in organic
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Fig. 2. (a) Cyclic voltammogram of PANI layer recorded in 2 �10�2 M of aniline monomer and (b) anodic and cathodic peak density current vs sweep cycles at different
concentrations of aniline monomer, in 0.1 M H2SO4 and at a scan rate 20 mV/s.

Fig. 3. UV–vis absorption spectra of PANI films doped H2SO4 (0.1 M) at different
concentrations of monomer and a constant number of cycles (5 cycles).
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photocathodes for solar fuel production.
Finally, the stability of the device was evaluated through

chronoamperometric tests at 0 V vs RHE with chopped illumina-
tion (Fig. 5c). After one hour testing, the photocurrent is decreased
Fig. 4. (a) Series resistance (Rs), (b) charge transfer resistance (Rct) and (c) capacitance (C
electropolymerization cycles under illumination.

Please cite this article as: Belarbi, E., et al., Electropolymerized
photoelectrochemical cells. Chem. Eng. Sci. (2016), http://dx.doi.org/
70%, indicating that further stabilization strategies should be em-
ployed in order to fully exploit the capabilities of this device.
Notably, after the measurements no delamination of the film is
observed. The observed low stability is similar to that obtained
with cross-linked PSS:PEDOT hole selective layer when the same
ESL/catalyst was used (Haro et al., 2015). In that study, the stability
was remarkably improved when a thicker electron selective layer
was deposited, but increasing electron conductivity problems
within the ESL. For this reason, the mechanisms of loss of perfor-
mance and the development of protective electron selective layer
are currently under investigation in our lab.
4. Conclusions

Based on a systematic modification of the synthesis parameters
for the electrodeposition of PANI layers, we have showed that PANI
can efficiently act as hole selective layer in organic photoelec-
trochemical cells for hydrogen generation from proton reduction.
Remarkable values of more than 2 mA cm�2 at �0.5 V vs RHE, and
0.3 mA cm�2 at 0 V vs RHE have been obtained for the optimized
device, although further modifications should be carried out in
order to enhance the stability of the layers for technological
application.
) of the PANI films with 2 �10�2 M precursor concentration and different numbers of
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Fig. 5. (a) j–V curves of ITO/PANI/P3HT:PCBM/TiOx/Pt devices for hydrogen generation with different PANI layers obtained with 2, 4, 5, 6, 8 and 10 electropolymerization
cycles (monomer concentration 2 �10�2 M). (b) j–V curves of two identical ITO/PANI/P3HT:PCBM/TiOx/Pt devices with the optimum PANI layer (sample 5.2) and
(c) Chronoamperometric test at 0 V vs RHE of a representative ITO/PANI/P3HT:PCBM/TiOx/Pt device for hydrogen generation. The PANI layer corresponds to sample 5.2.
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