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ARTICLE INFO ABSTRACT

Keywords: Polyaniline (PANI), which is a n-conjugated polymer, has stood out as a promising candidate for dihydrogen
7-conjugated polymers generation in photoelectrochemical (PEC) cells owing to its suitable optoelectronic properties and excellent
Carbon . . stability. Nevertheless, the PEC performance of this material is still far from adequate for technological appli-
;?};E:;:Zen water splitting cations. Herein, we have focused on improving the PEC performance of PANI films by combining this polymer

with multi-walled carbon nanotubes (MWCNTS) layers. Specifically, we have assessed the PEC activity of the in
situ polymerised PANI films onto FTO substrates coated with different amounts of MWCTNSs for the hydrogen
evolution reaction (HER). The FTO/MWCNTs/PANI films with the optimum deposited amount of MWCNTs (i.e.,
30 pL) featured a 2.4-fold increase of the cathodic photocurrent density response for the HER compared to that of
FTO/PANI film. Moreover, the FTO/(30 uL)-MWCNTs/PANI films exhibited good PEC stability, as observed by
the relatively low cathodic photocurrent density decay of up to 7% during 3720 s of stability test. Based on joint
analyses of physical and PEC characterisation, the improved PEC performance for the FTO/(30 pL)-MWCNTs/
PANI films were assigned to the combined contribution of the following factors: (i) enhancement of light ab-
sorption; (ii) possible improvement of excitons dissociation; (iii) minimisation of the electron-hole recombination
process; and (iv) facilitation of electrons transfer at the PANI|electrolyte interface for the HER. The enhancement
of PEC performance achieved in this work for the fully organic photocathode composed of MWCNTSs/PANI paves
the way to invest in additional modifications seeking to further improve the dissociation of excitons and the
interfacial transfer of charge carriers for the light-driven HER.

Among these systems, PEC cells have the advantage of possessing a
simpler system configuration with a lower fabrication cost compared to

1. Introduction

Harvesting solar energy in photoelectrochemical (PEC) cells has
been highly regarded as a sustainable approach to obtaining dihydrogen
(Hy) via solar-driven water splitting. Being a clean energy carrier, Hy can
potentially become one of the mainstream energy sources in the future,
due to its superior energy yield compared to conventional hydrocarbon
fuels [1]. In addition to PEC cells, it has also been reported alternative
approaches, such as electrolysers and hybrid devices (i.e., electrolysers
combined with photovoltaic cells), to obtain Hy via water splitting [2].

the electrolysers coupled to photovoltaic cells [2].

Considering the PEC cells system, H; can be generated from water
splitting and this process takes place on the photocathode (i.e., a p-type
semiconductor) via hydrogen evolution reaction (HER) under illumi-
nation. For a high performance of this reaction, it is expected, among
other requirements, that the photocathode features highly efficient
photon absorption over a wide range of the solar spectrum and provides
a fast transfer of the photogenerated carriers at the photocathode|
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electrolyte interface [3]. To meet these requirements, a variety of
inorganic semiconductor materials has been under consideration for Hy
generation in PEC cells. Some of the promising photocathode candidates
include, e.g., sulphides- and selenides-based semiconductors [4-8]. Be-
sides the inorganic semiconductors, carbon-based materials, such as
n-conjugated polymers, have also recently driven notorious interest due
to their electronic structure that can be more easily tuned to enhance
solar energy harvesting compared with inorganic semiconductors [9].
As Additional advantages of n-conjugated polymers compared to inor-
ganic semiconductors, polymers are comprised of earth-abundant ele-
ments, namely, C, N, O and H, and the fabrication of polymer-based
photoelectrodes is often less complex and involves low-cost methodol-
ogies at ambient conditions [9], which are desirable for large-scale ap-
plications. For PEC water splitting application, some of the n-conjugated
polymers feature the desirable following characteristics: (i) high ab-
sorption coefficient in the visible region of the solar spectrum; (ii) high
charge carrier mobility; and (iii) suitable energy levels of the lowest
unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) that favours the occurrence of HER and oxygen evolu-
tion reaction (OER), respectively, under illumination [3,10].

Among the n-conjugated polymers, polyaniline (PANI) has drawn
considerable attention for Hy generation via PEC water splitting due to
its adequate potential of the LUMO that enables the transfer of the
photogenerated electrons for the occurrence of the light-driven HER.
Other unique properties of PANI are the high absorbance coefficient
encompassing a wide spectral range (i.e., from visible to infrared re-
gion), non-toxic, and p-type conductivity [11], meaning that it can be
used as a photocathode in PEC cells. It is also important to mention the
chemical structure of PANI, whose general formula is
[(=bz—NH-bz—NH-),(—bz—N = qn = N-);_,],, where bz is the
benzenoid ring and qn is the quinoid ring. This molecular formula
changes with its oxidation state and three oxidation states can be found,
namely leucoemeraldine base (fully reduced) for x =1, emeraldine base
(half reduced and half oxidised) for x = 0.5, and pernigraniline base
(fully oxidised) for x = 0 [12]. The emeraldine base form of PANI can
also be converted into the emeraldine salt form of PANI via protonation
with inorganic or organic acids. Among these different oxidation states
of PANI, the emeraldine salt form stands advantageous for PEC cell
application due to its high electron transfer performance and narrow
optical bandgap [11].

Despite having suitable optoelectronic properties for PEC water
splitting, n-conjugated polymers in general feature poor dissociation of
the photogenerated excitons (i.e., bound electron-hole pairs) [13,14],
and such a dissociation process is a fundamental step for the generation
of free charge carriers (i.e., electrons and holes) to trigger the HER or
OER at the polymer|electrolyte interface. Another limiting factor is the
fast charge carriers’ recombination either at the surface or in the bulk of
n-conjugated polymers [14], which greatly compromises their PEC
performance. One way to improve excitons dissociation and minimise
recombination effect is via combining =n-conjugated polymer, e.g.,
graphitic carbon nitride (g-C3N4), with carbon nanotubes (CNTs) to form
a composite or a heterojunction [15]. The employment of CNTs stands
advantageously due to their unique properties, such as high specific
surface area, hollow structures, and good conductivity [16], which can
be beneficial in PEC cells. CNTs also stand advantageous compared to
other carbon-based materials such as graphene, which is CNTs unrolled
structure into graphene layers, because CNTs have larger surface area
than graphene [17], and this can contribute to improving PEC water
splitting. It is also important to mention that it has been demonstrated
that the combination of multi-walled carbon nanotubes (MWCNTS),
which is a variant of CNTs, with, for example, g-C3N4, can improve
photocatalytic Hp generation, and that was assigned to the effective
charge transfer process and increase of active sites available [18]. In
another study, Chen et al. [19] showed that the MWCNTs/g-C3Ny
composite favoured an increase in the charge carriers’ lifetime
compared to that of pure g-C3N4, which was beneficial for the
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enhancement of photocatalytic Hy generation.

Regarding the studies about fully organic photoelectrodes comprised
of CNTs/PANI films for light-driven HER, to the best of our knowledge,
this kind of system has not been endeavoured yet. Studies have been
focused on addressing the CNTs/PANI composite films in a wide variety
of applications, including, e.g., supercapacitors [20-22], thermoelectric
materials [23], and sensors [24]. It has been recently shown that
improvement of photocatalytic Hy generation can be achieved via the
employment of composites made up of PANI and inorganic materials,
such as Ti/Ti-W@PANI [25], Cu/BN@PANI [26], and TiO,-PANI-Au
[27]. Another study has also demonstrated improvement of PEC per-
formance for Hy generation on the ITO/PANI/P3HT:PCBM/TiOy/Pt
films, in which PANI films were obtained by electrochemical polymer-
isation [28].

In light of what has been presented, the main motivation of the
present work is to investigate the PEC performance of an organic pho-
toelectrode comprised of PANI films having an MWCNTs underlayer.
The MWCNTs layers and the PANI films were obtained by drop casting
and in situ chemical oxidative polymerisation of aniline, respectively,
which are both simple (not requiring sophisticated systems), econom-
ical, and scalable methodologies for films preparation. Herein, we have
specifically assessed the PEC HER performance of the FTO/MWCNTs/
PANI films featuring MWCNTs layers deposited with different amounts.
As will be shown, the presence of the MWCNTs underlayer led to an
improvement of PEC response for HER and good stability of the FTO/
MWCNTs/PANI films. Based on the physical and PEC characterisation
analyses of the films, the improvement of PEC performance was assigned
to the combined effect of different factors, namely enhanced light ab-
sorption, possible improvement of excitons dissociation and minimised
recombination process, and facilitation of electrons transfer at the PANI|
electrolyte interface for the HER.

2. Methods and materials

2.1. Reagents

distilled under dinitrogen (N2) prior to use, and all the other reagents
were used as received. The main chemical reagents employed in this
work were hydrochloric acid (HCl, Synth, 37%), ammonium perox-
ydisulphate (APS) ((NH4)2S20g, Neon, > 98.0%), MWCNTs (Shenzhen
Nanotech Port, > 97%, length and diameter of 5-15 pm and 20-40 nm,
respectively), and sodium sulphate (NaySO4, Synth, 99.0%). All the
aqueous solutions were prepared with ultra-purified water (resistivity of
18.2 MQ cm) from a Milli-Q® system.

The aniline (CeHsNH,, Sigma-Aldrich, > 99.5%) was vacuum

2.2. Preparation of FTO/MWCNTs coatings

The MWCNTSs were first pre-treated using a solution of concentrated
sulphuric and nitric acids in the volumetric proportion of 3:1 v/v. The
mixture was stirred for 12 h at room temperature with subsequent
filtering and washing of the MWCNTSs. At last, the MWCNTs were dried
in an oven for 12 h at 70 °C. Once the MWCNTSs were pre-treated, a
suspension of it was prepared by adding 1.0 mg of MWCNTs into 1.0 mL
of dimethylformamide (DMF) and then stirred in an ultrasonic bath for
30 min. The pre-treatment with the acidic mixture, also known as
oxidative treatment, aimed to chemically functionalise the MWCNTSs
with functional groups of carboxyl, hydroxyl and/or ketone [29], which
provides better dispersibility of the MWCNTs in DMF [30]. Additionally,
the chemical functionalisation of MWCNTs aimed to enhance the
interaction between MWCNTs and PANI [29].

The MWCNTSs coatings were obtained by placing an aliquot of 10, 30,
or 50 pL of the MWCNTs suspension on FTO substrates (Sigma-Aldrich,
surface resistivity of ~ 7 Q/sq), which was previously cleaned as re-
ported somewhere else [31]. The FTO substrates containing the different
MWCNTs aliquots were then left to dry out at room temperature to form
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the MWCNTSs coatings.
2.3. Preparation of FTO/MWCNTs/PANI films

The in situ preparation of the PANI films consisted of placing the
MWCNTs-coated FTO substrates in an upright position into a solution
comprised of 10 mL of 0.2 mol L~ HCl and 91 pL of 0.1 mol L™! distilled
aniline. At this stage, the temperature of the system was maintained at
0-5 °C (an ice bath was used to control the temperature) and then 10 mL
of 0.1 mol L™! APS was added slowly into this solution under stirring.
Once elapsed 1 h of the polymerisation reaction onto the substrate, the
films were dipped in 0.1 mol L™! HCI and then thoroughly rinsed with
ultra-purified water. For the sake of comparison, PANI films were also
prepared on bare FTO substrate by following this procedure.

2.4. PEC measurements of FTO/MWCNTs/PANI films

The PEC measurements aimed to evaluate the photoelectroactivity of
the FTO/MWCNTSs/PANI films for Hy generation via light-driven water
splitting. It was employed as the analysis parameter, the cathodic
photocurrent density signal generated by the films since it is directly
proportional to the amount of Hy generated. This parameter was ob-
tained via chronoamperometry measurements at —0.5 V vs. Ag/AgCl/
Clgsat. kcry and under chopped or constant illumination. The illumination
source was a UV LED (ThorsLabs M365LP1) with a wavelength of 365
nm, and an irradiance of ca. 100 mW cm 2.

To further understand the PEC performance of the films, electro-
chemical impedance spectroscopy (EIS) experiments were carried out
for the films polarised at —0.5 V vs. Ag/AgCl/Clgar. kc)y and under
constant UV illumination. The impedance spectra were recorded at a
frequency range from 100 kHz to 0.2 Hz and an amplitude of 10 mVgys.
The ZView (version 3.1c) software was employed to model the imped-
ance spectra into an equivalent electric circuit.

The chronoamperometries and impedance spectra were recorded in a
potentiostat/galvanostat (Autolab PGSTAT302 N) controlled by the
Nova software (version 1.10.4) and using a three-electrode cell config-
uration containing a quartz window. The working electrode was the
MWCNTs/PANI films deposited onto the FTO substrate (geometric area
of ~ 1.0 cmz). The counter and reference electrodes were a platinum
plate (geometric area of ~ 1.2 cm?) and an Ag/AgCl/Clgat. ke electrode,
respectively. All the potential values presented in this work are with
respect to this reference electrode (unless specified by another reference
electrode). The PEC experiments were performed in an electrolyte
comprised of 0.5 mol L™ NaySOy4 at pH 2.0 (pH adjusted with diluted
H,S04) saturated with No.

2.5. Physical characterisation of FTO/MWCNTs/PANI films

The morphological characterisation of the films was performed using
a high-resolution field emission scanning electron microscope (FE-SEM,
Zeiss Supra™ 35). This analysis was also carried out, for some of the
films, on an FEG (Jeol JSM-6701F). The absorbance and reflectance
spectra of the films were recorded in an ultraviolet-visible-near-
infrared (UV-vis-NIR) spectrophotometer (Varian Cary 5).

A Raman spectrometer (Bruker Senterra) was employed for the
structural characterisation of the films. The excitation source was a laser
beam having a wavelength of 532 nm and a power of 5 mW. Each
spectrum was obtained with a resolution of 3-5 cm ! and an integration
time of 5 s. Additional structural characterisation of the films was per-
formed using a Fourier transform infrared (FTIR) spectrometer (Thermo
Nicolet Nexus 670) containing an attenuated total reflectance (ATR)
accessory.

3. Results and discussion

Before delving into the evaluation of physical and PEC
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characterisation of the FTO/MWCNTs/PANI films, it is important to
mention that the in situ polymerised PANI films obtained on FTO sub-
strates featured a green colour (Fig. 1a). As widely documented in the
literature [11,24,32], PANI films having this colour imply the formation
of the emeraldine salt form of PANI, or more specifically in this work,
PANI in the form of emeraldine hydrochloride which could assume
either polaronic or bipolaronic structure [33] (see Fig. 1b). For the PANI
films in situ grown on MWCNTs-coated FTO substrates, these films were
dark green (Fig. 1a), which is also characteristic of the emeraldine salt
form of PANL. In terms of the polymerisation mechanism of PANI films
on a solid surface via the chemical oxidation of aniline, it is believed that
it may involve the following three main steps: (i) adsorption of aniline
oligomers, which is formed by the oxidation of aniline in an acidic
aqueous medium having, e.g., APS; (ii) nucleation, i.e., the adsorbed
oligomers react to form the first PANI chain, also known as a nucleus of
the future film; and (iii) film growth, which is characterised by the
formation of other PANI chains due to the auto-accelerated polymeri-
sation of aniline [34]. This process means that new oligomers are formed
and adsorbed close to the nucleus and subsequently react to form new
PANI chains. The PANI film formation is a result of the proliferation of
the PANI chains along the surface, and the PANI chains are usually
oriented perpendicularly to the surface of the substrate [34]. Regarding
specifically the in situ grown mechanism of PANI films on FTO sub-
strates, to the best of our knowledge, this mechanism has not been
studied yet. However, based on reported studies for PANI films grown on
glass [35], which share similarities with the mechanism described pre-
viously, we believe that the mechanism for the formation of PANI films
over FTO-coated glass substrates may occur probably in a similar way.
For the mechanism of the in situ formation of PANI films over the
MWCNTs layer, to the best of our knowledge, it has not been investi-
gated yet. Studies have shown that the formation of the MWCNTs/PANI
system is due to the electrostatic interaction and n-n stacking between
the aromatic structure and the graphite surface [36]. It is important to
mention that a detailed analysis of the in situ growth mechanism of PANI
films on FTO and FTO/MWCNTs substrates is beyond the scope of this
work, as our primary aim was to obtain the FTO/MWCNTSs/PANI films
and apply them for Hy generation via solar-driven water splitting.

Prior to present the results of the PEC water splitting application, we
initially fully characterised the in situ obtained PANI films on bare and
coated FTO substrates with different amounts of MWCNTs (i.e., 10, 30,
and 50 pL). The physical characterisation of the films is presented as
follows.

3.1. Physical characterisation of the films

Regarding the morphological analysis of the FTO/MWCNTs/PANI
films, we have initially assessed the morphology of the MWCNTs films
with different amounts deposited on FTO substrates. As shown by the
scanning electron microscopy (SEM) micrographs in Fig. 2, the (10 pL)-,
(30 pL)-, and (50 pL)-MWCNTs films featured fibre-like structures, and
the maximum width of these fibres ranged from 25 to 45 nm (see the
histograms in Fig. 2). It is important to mention that the scale bar length
of the SEM micrograph for the FTO/(30 pL)-MWCNTs film is different
compared to the other samples because two different brands of scanning
electronic microscopes were employed. Nevertheless, this did not
compromise the comparison of SEM micrographs of the different sam-
ples, since, as expected, all the films featured similar values of MWCNTs
maximum width.

Concerning the SEM analyses of the PANI films (Fig. 3), the PANI
films deposited over FTO substrates featured, in terms of morphology,
closely packed structures of granular or round-shaped agglomerations as
well as clusters formation having irregular size and shape. Different
from the morphology observed for PANI films deposited on bare FTO
substrates, the PANI films grown on MWCNTs-coated FTO substrates
featured fibre-like structures, and such structures were observed for all
the amounts of MWCNTs employed to coat the FTO substrates. The
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Fig. 1. (a) Photographs of FTO/PANI and FTO/MWCNTs/PANI films, and (b) polaronic and bipolaronic chemical structures of PANI in the form of emeraldine

hydrochloride.
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Fig. 2. SEM micrographs with magnifications of 5000 and 50,000 times (inset figure) and histograms of MWCNTs width distribution for MWCNTs films with
different amounts deposited on FTO substrates.



A.A. Correa et al.

Fig. 3. SEM micrographs with a magnification of 50,000 times for PANI films
grown on bare and coated FTO substrates with different amounts of MWCNTSs.

maximum width of the fibres ranged approximately between 170 nm
and 310 nm for the PANI films obtained on FTO coated with different
amounts of MWCNTs (Figure S1 in the support information). Another
interesting feature of the FTO/MWCNTs/PANI system is that the PANI’s
fibres appear to be arranged in a way that resembles pores and this was
not observed for the FTO/PANI system. It is also noted the PANI films
deposited on FTO substrates coated with different amounts of MWCNTs
seem to have a rougher surface compared to the PANI films grown on
FTO substrates (see Figure S2), and this may be due to the presence of
wriggly PANI chains spread out on the FTO/MWCNTs/PANI films
surface.

In addition to the morphology characterisation, we have also ob-
tained the UV-vis-NIR spectra (see Fig. 4) to optically characterise the
film that provided the optimum PEC performance (as will be shown
later), namely FTO/(30 pL)-MWCNTs/PANI film. For the sake of com-
parison, we have also recorded the UV-vis-NIR spectra for the FTO/
PANI and FTO/(30 pL)-MWCNTs films. As shown in Fig. 4a, the absor-
bance spectrum of the FTO/PANI film featured a broad band centred at
ca. 710 nm and a shoulder band at ca. 430 nm. The former one is
assigned to the © — polaron transition [37], whilst the latter one is
attributed to the polaron — =n* transition [37], which suggests the
occurrence of the PANI emeraldine salt [38,39]. It was also noted an
absorption region in the range of 350 and ca. 400 nm and that is ascribed
to the n — ©* transition in the aromatic rings [38,40]. Regarding the
absorbance spectrum of the FTO/(30 pL)-MWCNTs/PANI film, it was
not noted additional bands, nevertheless, a slight blue shift was
observed for the band assigned to the n — polaron transition, which
could have been due to the increase of interaction energy between the
PANI film and the MWCNTs layer [41,42]. Concerning the nature of this
interaction, we believe it is associated with the n-t interaction between
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probably the quinoid rings of the PANI and the n-conjugated structure of
the MWCNTs [43,44]. Still regarding the absorbance spectrum of the
FTO/(30 pL)-MWCNTSs/PANI film, it is critical to note that the FTO/(30
uL)-MWCNTs/PANI film featured an absorbance increase in a wide
range of the UV-vis-NIR region (i.e., from 350 to 1300 nm) compared to
that of FTO/PANI film. This improvement is possibly linked to the
porous structure of the FTO/(30 pL)-MWCNTs/PANI film (Fig. 3), which
may have provided more chances for light absorption via the multiple
reflections and scattering of the incident light within the porous struc-
ture of this film [45]. Concerning the absorbance spectrum of the
FTO/(30 pL)-MWCNTs film, we have not observed absorbance bands in
the region of 350-1800 nm, which means that the MWCNTs did not
significantly contribute to the absorption of light and such a phenome-
non is exclusively governed by the PANI. To further evaluate the light
absorption effect, transmittance (the inset of Fig. 4a) and reflectance
(see Fig. 4b) spectra of the films have also been recorded. One notices
that both transmittance (from 350 to 1317 nm) and reflectance (from
350 to 797 nm) decreased in values for the FTO/(30 pL)-MWCNTs/PANI
film compared to that of FTO/PANI film, which further verifies that the
FTO/(30 pL)-MWCNTs/PANI film favours light absorption.

Additional characterisation of the FTO/(30 pL)-MWCNTs/PANI film
as well as the FTO/PANI and FTO/(30 pL)-MWCNTs films has been
performed via ATR-FTIR spectroscopy. For comparison purposes, we
have also recorded the ATR-FTIR spectrum of the FTO substrate. As
displayed in Fig. 5, the bands displayed within the wavenumber region
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Fig. 5. ATR-FTIR spectra of FTO/(30 pL)-MWCNTs, FTO/PANI and FTO/(30
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of 400 and 1250 cm ™! are characteristics of the SnO, from the FTO. For
such a region, the bands centred at ca. 480 and 762 cm ™! are assigned to
the Sn—O and Sn—O-Sn vibrations of SnO5 [46], and the band centred at
ca. 900 cm ! is attributed to the Sn—OH vibration mode [47]. PANI has
also presented bands in the ATR-FTIR spectra, which have become more
evident under the presence of the MWCNTs. Regarding the ATR-FTIR
spectrum of the FTO/(30 pL)-MWCNTs/PANI film, the bands centred
at ca. 1580 and 1493 cm™! are ascribed to the C=C stretching of the
quinoid and benzenoid rings, respectively, of PANI [48-50]. The pres-
ence of these bands confirms the formation of PANI in the emeraldine
salt form of PANI [49,51,52], which is consistent with the observations
of the absorbance spectra (Fig. 4a). It was also noted other bands centred
at ca. 1379 and 1306 cm™! attributed to the C-N stretching of the
quinoid and benzenoid units, respectively, of PANI [50,53]. Concerning
the ATR-FTIR spectrum of the FTO/(30 pL)-MWCNTs film, it has no
observed bands for this material in the wavenumber range of 400 and
1780 cm ™.

To complement the analyses of the ATR-FTIR spectra, we have also
obtained the Raman spectra of the FTO/(30 pL)-MWCNTs, FTO/PANI,
and FTO/(30 pL)-MWCNTs/PANI films. As shown in Fig. 6, the Raman
spectrum of the FTO/(30 pL)-MWCNTs film featured two typical bands
at 1350 (D mode) and 1580 cm ™! (G mode). The D band (disorder band)
is assigned to the A;g symmetrical stretching originating from the
disordered carbon structure and defects of CNTs, and the G band
(graphitic band) is attributed to the tangential phonon modes [54].
Regarding the Raman spectra of the FTO/PANI and FTO/(30
pL)-MWCNTs/PANI films, it was noted that these spectra featured a
similar profile. Moreover, these spectra presented a band at ca. 1336
cm™! which is assigned to the C-N*" stretching of the bipolaron struc-
ture [39,55,56], thereby confirming the presence of emeraldine salt
form of PANI as also observed by the absorbance (see Fig. 4a) and
ATR-FTIR spectra (Fig. 5). It should be remarked that the emeraldine
salt form of PANI can have a polaronic or bipolaronic structure (see
Fig. 1b) [33], and these two structures can also coexist in the polymer
[55]. Herein, we believe that the bipolaronic form is the major structure
of the obtained PANI films since most of the bands of the Raman spectra
of both FTO/PANI and FTO/(30 pL)-MWCNTs/PANI films were assigned
to this structure. In terms of band assignment, the following bands of the
spectra were attributed to the bipolaronic structure: 1487 (C-C
stretching and C-H deformation), 1218 (C-N-C deformation), 1162
(C-H bending), 815 (C-H quinoid deformation), 775 (CNC and defor-
mation), 546 (quinoid ring deformation), and 413 cm ! (C-H wag) [55].
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Fig. 6. Raman spectra of FTO/(30 pL)-MWCNTs, FTO/PANI and FTO/(30 pL)-
MWCNTs/PANI films.
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The Raman spectra of the FTO/PANI and FTO/(30 pL)-MWCNTs/PANI
films featured the following bands for the polaronic structure: 1606 (C-C
stretching) and 604 c¢m ! (benzenoid ring deformation) [56]. Since only
two bands were observed in the Raman spectra for the polaronic
structure and supported by the analyses of the absorbance (see Fig. 4a)
and ATR-FTIR spectra (Fig. 5), we believe that the polaronic structure is
present as a minority phase, whereas the bipolaronic structure is the
predominant form of the PANI films in the form of emeraldine
hydrochloride.

3.2. PEC evaluation of the films

In addition to the physical characterisation, it was also investigated
the PEC performance of the FTO/MWCNTs/PANI films via chro-
noamperometry measurements of the films polarised at —0.5 V and
under chopped UV irradiation. As shown in Fig. 7, all the films displayed
a cathodic photocurrent density signal upon illumination, suggesting
that these materials may possess p-type conductivity behaviour, which is
in agreement with the studies reported in the literature [11,57,58]. The
cathodic photocurrent density response of the films is probably assigned
to the light-driven HER, meaning that H; is generated from the reduc-
tion of the hydronium ions (H30") by the photogenerated electrons in
the LUMO level (e;;o) of PANI (Equation (1)). Since excitons are
probably the dominant photogenerated quasiparticle type in PANI [59],
the efyyo as well as the holes in the HOMO level (hjjoyo) may have been
originated from the dissociation of photogenerated excitons within the
PANI films under the influence of the applied potential. It is also
important to mention that our hypothesis about the occurrence of the
HER is chiefly grounded upon the thermodynamically favourable con-
dition of the potential of the LUMO of PANI (it ranges from —1 to —2 V
vs. standard hydrogen electrode (SHE)) being more negative than the
potential of HER (0 V vs. SHE) [11].

— 2hv
ZHSOz;CD -+ zeLUMO_)HZ(g) + 2H20(1), Eq 1

where hv is the photon energy.

Still concerning Fig. 7, under illumination, the chronoamperometric
profile of the films features photocurrent density spikes, which are
assigned to the carriers’ recombination process. Interestingly, the
exponential spike decay of the FTO/(10 pL)-MWCNTs/PANI and FTO/
(30 pL)-MWCNTSs/PANI films seem to be higher compared to that of the
FTO/(50 pL)-MWCNTSs/PANI film. We believe that these differences in
exponential spike decays are probably linked to the different amounts of
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Fig. 7. Chronoamperometry curves at —0.5 V vs. Ag/AgCl/Clar. kcp and under
chopped UV illumination (irradiance of ca. 100 mW cm~2) of PANI films grown
on bare and coated FTO substrates with different amounts of MWCNTs. The
electrolyte was a N-saturated solution of 0.5 mol L™! NaySO, at pH 2.0.
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traps/defects present in the PANI. Regarding the photocurrent density
values at —0.5 V (it corresponds to —0.18 V vs. reversible hydrogen
electrode (RHE)) obtained from the plateau region of the last light on/
light off cycle, the PANI films grown on bare FTO substrates delivered a
photocurrent density value of ca. —0.027 mA cm 2. The PANI films
deposited on FTO substrates coated with 10, 30, and 50 pL of MWCNTs
displayed photocurrent density values of ca. —0.059, —0.065, and
—0.076 mA cm 2, respectively. The highest enlargements of photocur-
rent density were achieved for the FTO/(30 pL)-MWCNTs/PANI (2.4
fold) and FTO/(50 puL)-MWCNTs/PANI (2.8 fold) films compared to that
of the FTO/PANI film.

Besides the PEC activity, we have also evaluated the PEC stability of
the FTO/PANI and FTO/MWCNTs/PANI films using chro-
noamperometry measurements at —0.5 V and under continuous UV
illumination, as displayed in Fig. 8. Regarding the FTO/PANI film, it was
not noted obvious cathodic photocurrent density decay in the plateau
region (i.e., after spike formation), which suggests good stability for this
film. The chronoamperometry curve of the FTO/PANI film also featured
approximately 22% cathodic photocurrent density increase (from 2000 s
until the illumination was ceased). Although more studies are required,
we believe that FTO/PANI film could have undergone photo-induced
superficial modifications, and this may have favoured the percentage
increase of cathodic photocurrent density. Concerning the PEC stability
of the FTO/MWCNTSs/PANI film, it was observed, in the plateau region,
a considerable cathodic photocurrent density decay of more than 45%
for the FTO/(10 pL)-MWCNTs/PANI film, whose photocurrent density
reached a value, at the end of the stability test, comparable to the one
obtained for the FTO/PANI film. Conversely, a better PEC stability
condition was achieved for the FTO/(30 pL)-MWCNTs/PANI and the
FTO/(50 pL)-MWCNTs/PANI films, as observed by their relatively low
cathodic photocurrent density decay of up to 7% within 3720 s of sta-
bility test. Based on these PEC analyses, we have found that growing
PANI films on FTO substrates coated with 30 pL of MWCNTs is the
minimum amount required to achieve a good PEC performance (i.e.,
activity and stability) for the light-driven HER.

Additional PEC analyses based on EIS experiments were carried out
aiming to have a further understanding of the PEC performance
improvement achieved for the FTO/(30 pL)-MWCNTs/PANI film, i.e.,
the optimum condition. For comparison purposes, EIS experiments were
also performed for the FTO/PANI film. The impedance spectra were
obtained for these films polarised at —0.5 V, and under UV illumination,
as depicted in Fig. 9. The complex-plane impedance diagram of both
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Fig. 8. Chronoamperometry curves at —0.5 V vs. Ag/AgCl/Clsat. kcr and under
continuous UV illumination (irradiance of ca. 100 mW cm2) for the PEC sta-
bility tests of PANI films grown on bare and coated FTO substrates with

different amounts of MWCNTSs. The electrolyte was a No-saturated solution of
0.5 mol L™! Na,SO4 at pH 2.0.
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films (Fig. 9a) featured one semicircle formation tendency, suggesting
the occurrence of at least one charge transfer process. Supporting this
hypothesis, the Bode diagram (see Fig. 9b) of both films also displayed
only one peak of phase angle (¢), which might be assigned to at least one
charge transfer process and that can be designated to at least one time
constant (7) defined as 7 = RC, where R is the resistance and C and the
capacitance density of the charge transfer process. Since there was one
semicircle and one ¢ peak, we have fitted the EIS spectra into an
equivalent circuit comprised of one RC component connected in series
with a solution resistance (R;), as shown in the inset of Fig. 9a. To ac-
count for the non-ideal capacitor behaviour of the double-layer, we have
employed a constant phase element (CPE) instead of an ideal capacitor
and the real value of the C obtained from the CPE was determined ac-
cording to Equation (2) [60].

| ar
R

where Q is the pseudocapacitance density, also known as CPE-T, and ay is

the CPE exponent, also known as CPE-P. The a¢ varies from 0 to 1, being

the unity value associated with the CPE behaving like an ideal capacitor.

The calculated C values and all the fitted parameters obtained for the
FTO/PANI and FTO/(30 pL)-MWCNTs/PANI films are listed in Table 1.
The percentage fitting error values of each element in the equivalent
circuit as well as the chi-squared values are summarised in Table S1.

According to the fitting results from Table 1, the R, or more specif-
ically the R, of FTO/(30 pL)-MWCNTs/PANI film featured a 1.85-fold
decrease compared to that of the FTO/PANI film. This diminished R
value suggests that the transfer of the photogenerated ey, at the
polymer|electrolyte interface was facilitated, which could have been the
reason for the photoresponse enhancement of the FTO/(30 pL)-
MWCNTs/PANI film (see Figs. 7 and 8). It is also noted from Table 1 that
the Cq4 value of the FTO/(30 pL)-MWCNTs/PANI film was 2.74 times
higher in comparison with the value obtained for the FTO/PANI film.
Since Cq is known to be directly proportional to the electrode surface
area [61], the increase in Cq value could have been due to the increased
surface area of FTO/(30 pL)-MWCNTs/PANI film compared to that of
FTO/PANI film. Moreover, as shown in the SEM micrographs
(Figure S2), the surface of FTO/(30 pL)-MWCNTSs/PANI film seems to be
rougher than that of FTO/PANI film, which supports our hypothesis
about the increased surface area of the FTO/(30 pL)-MWCNTs/PANI
film. The possible increase of the surface area of the FTO/(30
pL)-MWCNTs/PANI film may have also contributed to improving its
photoresponse, as observed in Figs. 7 and 8.

Aspiring to gain more knowledge about the PEC performance of
FTO/PANI and FTO/(30 pL)-MWCNTs/PANI films, Bode diagrams
(Fig. 9b) and Equation (3) were employed to estimate the electron
lifetime (z,,) [62].

1

- Eq. 3
Dfor” d

Tn

where fiax is the frequency that corresponds to the maximum ¢ in the
Bode diagrams.

Taking the fiax values displayed in Fig. 9b and applying them in
Equation (3), it was obtained 7, estimation of 29.7 and 47.5 ms for FTO/
PANI and FTO/(30 pL)-MWCNTSs/PANI films, respectively. As noted, the
FTO/(30 pL)-MWCNTs/PANI presented longer 7,, meaning that the
presence of the MWCNTs hindered the electron-hole recombination
process, and that could have led to photoresponse enhancement of the
FTO/(30 pL)-MWCNTSs/PANI film, as depicted in Figs. 7 and 8. This
minimisation of electron-hole recombination process in the FTO/(30
uL)-MWCNTs/PANI film may be linked to the MWCNTS’ capability of
collecting and transporting holes as reported in the literature [63-65],
and such a collection could have resulted in the longer 7,. Although
more studies are required, the transport of holes from PANI to MWCNTs
is perhaps due to the work function of MWCNTSs (—4.95 eV vs. vacuum
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Fig. 9. (a) Complex-plane impedance diagrams and their corresponding (b) Bode diagrams of FTO/PANI and FTO/(30 pL)-MWCNTSs/PANI films polarised at —0.5 V
vs. Ag/AgCl/Clsat. xcp and under UV illumination. The electrolyte was a Ny-saturated solution of 0.5 mol L~! Na,SO, at pH 2.0.

Table 1
Resistances and capacitance densities values obtained from the EIS spectra
fitting of FTO/PANI and FTO/(30 pL)-MWCNTs/PANI films.

Sample RsQ R kQ Q4° (ap Q1 Cq" pF
cm? cm? em ™2 57 em 2
FTO/PANI 13.3 11.5 6.67 x 107° 65.8
(0.95)
FTO/(30 pL)-MWCNTs/ 16.9 6.20 1.78 x 1074 180.0
PANI (0.90)

# R is the charge transfer resistance.
b Qq is the double-layer pseudocapacitance density.
¢ Cq is the real double-layer capacitance density.

[66]) being less negative than the HOMO energy level of PANI (ca.
—5.13 eV vs. vacuum [67]). It is also interesting to mention that studies
have been reported that the MWCNTs|polymer interface may act as sites
for the dissociation of the excitons into free charge carriers (i.e., elec-
trons and holes) [68-71], which may be followed by, eventually, the
collection of holes by the MWCNTs and the transfer of electrons at the
polymer|electrolyte interface to drive, e.g., the HER. Based on this, the
probable dissociation of PANI’s photogenerated excitons at the
MWCNTSs|PANI interface may have been an additional contribution of
the MWCNTs for the PEC HER improvement of the FTO/MWCNTs/PANI

«
(Hz

FTO PANI

Electrolyte

e )

Exciton:  h*

films, as shown in Fig. 7. The presence of the (30 pL)-MWCNTs layer
underneath PANI films also contributed to improving light absorption of
this system (see the absorbance increase in the UV-vis-NIR spectra of
Fig. 4a), which was assigned to the multiple reflections inside the porous
structures (Fig. 3) of the FTO/(30 pL)-MWCNTs/PANI film, as discussed
previously. The absorbance increase of this film stands advantageously
since a greater number of excitons may be photogenerated and its
electrons (i.e., originated from the dissociation of the excitons) could be
used to ultimately drive the HER.

On the strength of what has been presented, we believe that the
presence of the MWCNTSs layer beneath PANI films improved the pho-
toelectroactivity of the PANI films for the HER due to the following
combined effects: (i) enhancement of light absorption due to the light-
trapping effect; (ii) possible improvement of excitons dissociation at
the MWCNTSs|PANI interface; (iii) minimisation of the recombination
process due to the holes collection by the MWCNTs layer; and (iv)
facilitation of electrons transfer at the PANI|electrolyte interface due to
the diminished R of the FTO/MWCNTSs/PANI films. To better illustrate
the combined effects of the aforementioned factors on the PEC
improvement of the FTO/MWCNTs/PANI films for the HER, all these
factors are summarised in Fig. 10.

(H
FTOMWCNTs PANI ¢ Electrolyte

LUMO
e + 2H,0
__ Qo
T
1
I R
i
]
]
\ 1
Yy

Fig. 10. Schematic representation of the combined contribution of different factors towards the improvement of PEC HER on the FTO/MWCNTSs/PANI films.
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4. Conclusions

To sum up, we have successfully obtained PANI films via in situ
chemical oxidative polymerisation onto bare and coated FTO substrates
with different amounts of MWCNTs. Both FTO/PANI and FTO/
MWCNTs/PANI films featured PANI in the form of emeraldine hydro-
chloride and bipolaronic form is probably the major structure, as
experimentally evidenced by joint analyses of different characterisation
techniques. Regarding the PEC performance of the films, it was found
that FTO/MWCNTs/PANI films featuring MWCNTs layer deposited with
30 pL was the optimum condition that provided a 2.4-fold increase of the
cathodic photocurrent density response for the HER compared to that of
FTO/PANI film. It was also achieved good PEC stability for the opti-
mised films, i.e., FTO/(30 pL)-MWCNTs/PANI, as observed by the
relatively low cathodic photocurrent density decay of up to 7% during
3720 s of stability test. The improved PEC performance for the FTO/(30
uL)-MWCNTSs/PANI films was assigned to the combined contribution of
different factors. The first factor was the improvement of light absorp-
tion via the light-trapping capability of the porous structure of the FTO/
(30 pL)-MWCNTs/PANI films, as observed by the absorbance spectra
and SEM micrographs. Another positive factor is the possible role of the
MWCNTs layer in the dissociation of photogenerated excitons from
PANI at the MWCNTs|PANI interface. The presence of the MWCNTSs
layer may have also contributed to the suppression of the electron-hole
recombination (as evidenced by the longer 7,,) via the collection and
transportation of the holes generated in the HOMO level of PANI.
Standing also as another contributing factor is the facilitation of the
electrons transfer at the PANI|electrolyte interface for the light-driven
HER, as observed by the diminished R value of the FTO/(30 pL)-
MWCNTs/PANI films. Considering these results, the present study
demonstrates improvement of PEC HER on a carbon-based photo-
cathode and to achieve PEC activity and stability comparable to the
inorganic photocathodes as well as for technological applications, future
studies should focus on additional modifications to further enhance
excitons dissociation and interfacial transfer of charge carriers as well.
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