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Abstract

Preparing cost-effective and highly active catalysts for electrocatalytic hydrogen evolution
reaction is crucial for developing hydrogen-based technologies. Hence, four conductive
polyanilines, prepared by the environmentally-friendly approach using FesOs nanopar-
ticles/H20:2 as the catalyst/main oxidant system (PANI/Fe304), were investigated for the first
time as electrocatalysts for hydrogen evolution reaction (HER) in acidic media (0.1 M H2504)
by using voltammetry and chronoamperometry. PANI/Fes0, electrodes exhibited Tafel
slope values in the -171 to -246 mV dec™ range depending on the synthesis conditions —
FesO4/aniline mass ratio and polymerization time. The sample PANI/Fes04-1I(3) prepared
with shorter reaction time and higher FesOs/aniline mass ratio showed the best
electrocatalytic behaviour reflected in the lowest onset potential (-0.286 V), the lowest
overpotential to reach a current density of -10 mA cm™, the highest current density, the
lowest HER activation energy (10 ki mol), and the lowest charge-transfer resistance (5.3 Q)
under HER conditions. Materials were characterized by scanning electron microscopy with
energy dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy and electroche-
mical impedance spectroscopy, and differences in their electrocatalytic HER performance
were explained by differences in their content of FesO., surface and electrical properties.
Moreover, the possibility of using PANI/Fe304-11(3) as HER electrocatalyst in a wider range
of pH (i.e. in alkaline media as well) and as a bifunctional electrocatalyst, i.e. for oxygen
evolution reaction beside HER, was also examined.
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Introduction

Intensive research in electrochemistry is devoted to finding the appropriate way to transform
and store hydrogen energy [1-5]. The electrochemical hydrogen evolution reaction (HER) is probably
the most important reaction to produce hydrogen (H;) in a simple, clean, and efficient way. HER
mechanism in acidic media takes two possible pathways: Volmer-Heyrovsky (Egs. 1 and 2) or
Volmer-Tafel pathway (Egs. 1 and 3) [6]:

H30* + e + * = Hags + H20 Volmer reaction (1)
H30* + e + Hags > H2 + H2O + * Heyrovsky reaction (2)
Hads + Hads > Ha + * Tafel reaction (3)

where * represents an active site on the surface of the electrocatalyst.

Many electrocatalysts have been tested for HER, where platinum (Pt) is the most active,
demonstrating fast HER kinetics with low overpotential and high current densities [5]. Still, the
application of this metal on an industrial scale is limited because of its high price. Finding an
appropriate electrocatalyst for HER that is inexpensive and efficient, with good performance and
stability during HER, is vital for future applications in the industry and energy systems. Electrocatalysts
based on nonprecious metals such as iron (Fe), nickel (Ni), cobalt (Co), and copper (Cu) are investigated
for HER in both acidic and alkaline solutions [7-11]. Composites of MoCoFeS (MCFS) with different
amounts of reduced graphene oxide (rGO), MCFS/rGO, were examined for HER in acidic media
(0.5 M H3S04) [10]. It was shown that MCFS/rGO electrocatalysts with a mass ratio of rGO up to 0.4
have good HER activity with high current densities and low Tafel slopes of ca. 50 to 60 mV dec™ [10].
Fe, Co, and Fe-Co alloy encapsulated in nitrogen-doped carbon nanotubes (CNTs) were characterised
for HER by voltammetry and density functional theory (DFT) calculations in acidic media [6]. HER
activity of these electrocatalysts significantly increased with increasing the amount of nitrogen. Fe-Co
alloy showed the best performance for HER with the smallest overpotential and the onset potential
value of ca. 70 mV vs. RHE in 0.1 M H;S04 [6]. Iron phosphide (FeP) nanoparticles synthesised by phos-
phorization of a-Fe;0s showed excellent HER performance and stability in 0.5 M H;SO4 due to the
change of surface-charge-transfer resistance [12]. Fe1.8sMo04.1107/Mo0O; showed good stability during
HER in both acidic and alkaline media [13]. The Tafel slope and an exchange current density were
calculated to be -47 and 0.072 mA cm?, respectively, in acidic media [13]. A hybrid composite
consisting of FesC nanorods encapsulated in N-doped carbon nanotubes (CNTs) was presented as a
good HER electrocatalyst in both alkaline and acidic media with Tafel slope of -113 and -97 mV dec?
in these media, respectively [14]. FesOas on graphite sheets were synthesized by one-pot hydrothermal
method and exhibited favourable HER kinetics in alkaline media with low Tafel slope of -78 mV dec?,
as well as long-term stability under HER conditions [15].

Conductive polymers have broad applications in electrochemical energy conversion and sto-
rage [16]. Polyaniline (PANI), as a low-cost conductive polymer, has excellent chemical and physical
properties and a delocalized m-conjugated structure [17,18]. It can be easily synthesized [18-20] and
combined with other active materials, improving the electrocatalytic activity, conductivity, and
stability [17,21,22]. PANI was shown to be a useful electrode material for promoting HER [23-26] and
oxygen evolution reaction (OER) [27-31] over a wide pH range. It is frequently used as metal
electrocatalyst support due to its advantages, such as good flexibility, variety of controllable morpho-
logies, and ability to provide more active sites [32,33]. It was also reported that the conductive PANI
is favourable for HER due to its sufficient protonated sites [33]. For instance, several electrocatalysts
combining PANI polymer and semiconductor NasGegOyo as a support for low amounts of Pt nano-
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particles (Pt NPs) were investigated for HER in 0.5 M H3SO4 [17]. 5 wt.% Pt/NaisGesO20-PANI gave an
overpotential of -33 mV, i.e., close to that of commercial 20 wt.% Pt/C electrocatalyst (21 mV),
demonstrating that PANI and Pt NPs improve HER kinetics due to the increased number of transferring
electrons and active sites [17]. RuO;-Ta;0s/PANI composite presented the HER catalytic process by
Volmer-Heyrovsky mechanism where Tafel slope was found to be -69.2 mV dec?! and the
overpotential amounted to -185 mV in 0.5 M H,SO4 [34]. Nevertheless, the electrocatalysis of HER
using PANI-based materials with low concentrations of non-noble metals was not addressed in detail,
and such studies could pave the way toward the development of low-cost electrocatalysts for acidic
water electrolysis as non-noble metals (Fe, Co, Ni) are generally unstable in acidic media.

The common method for synthesizing PANI is the chemical oxidative polymerization of aniline,
most frequently using the powerful oxidant ammonium peroxydisulfate (APS) [18]. This type of reac-
tion also gives undesired inorganic by-products (e.g. ammonium hydrogen sulphate) that should be
removed by the post-synthetic treatments. For the most environmentally friendly polymerization of
aniline, the best oxidizing agent would be hydrogen peroxide (H20:) since the product of its reduction
is water. However, due to the low reactivity of H,0,, its usage for efficient aniline polymerization
leading to PANI of high electrical conductivity needs the addition of a suitable catalyst. Different
catalysts were explored for this purpose, such as transition metal salts [35] and peroxidase-type
enzymes [20,36].

In this study, four PANI/Fe304 materials were synthesized under different reaction conditions via
environmentally friendly aniline oxidative polymerization by using H,0, as a main oxidant, Fe304
NPs as a catalyst, and a very small amount of ammonium peroxydisulfate (APS) [37] were examined
as electrocatalysts for HER in acidic media (0.1 M H,S04) by voltammetry and chronoamperometry.
The surface and electrical properties of materials, determined by scanning electron microscopy with
energy dispersive X-ray analysis (SEM-EDX), X-ray photoelectron spectroscopy (XPS), and electro-
chemical impedance spectroscopy (EIS), were correlated with their electrocatalytic performance.
The possibility of using PANI/Fes04 as HER electrocatalyst in a wider pH range and as a bifunctional
electrocatalyst, i.e., for OER beside HER, was also examined.

Experimental

PANI/Fe304 materials were prepared by the oxidative chemical polymerization of aniline monomer
(monomer solution containing 0.2 M aniline hydrochloride, formed in situ, and 0.2 M HCl obtained by
mixing specified amounts of aniline (1.824 ml) and HCI (3.357 ml) in water (100 ml) with eco-friendly
oxidant H,0; (0.25 M) and a small amount of APS (0.1 mM), in the presence of catalytic amounts of
Fes0s4 NPs, by the procedures reported in [37]. Fes0s NPs were synthesized by the procedure
described in [37], starting from the aqueous solution of ferric chloride hexahydrate and ferrous
sulphate heptahydrate and performing precipitation of Fes04 NPs by NH4OH. H,0, was successfully
used as the main oxidant thanks to FesOs4 NPs, which served as a catalyst, while a small amount of
added APS enabled efficient initiation [37]. All PANI/Fe304 samples were prepared at mole ratios
[H202]/[aniline] = 1.25 and [APS]/[aniline] = 0.0005. Samples synthesized at mass ratio FesOs
NPs/aniline of 0.0015 were denoted PANI/Fes304-1(3) and PANI/Fes304-1(7), and the samples syn-
thesized at mass ratio FesO4 NPs/aniline of 0.015 were denoted PANI/Fe304-11(3) and PANI/Fes0a-11(7),
where the labels (3) and (7) refer to polymerization times of 3 days and 7 days, respectively.

LCR meter, model LCR-6100 (GW Instek, Taiwan) at room temperature and constant frequency
(1.0 kHz) on a pellet pressed between two stainless steel pistons (under pressure of ~4 MPa by a
manual hydraulic press) was used for measuring the electrical conductivity of powdered samples [37].
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The morphology of the samples and their elemental composition were characterized by SEM-EDX
using a scanning electron microscope JEOL JSM-660LV, along with elemental mapping. Prior to the
analysis, samples were coated with a thin layer of gold using LEICA SCD0O05 Sputter Coater.

XPS analysis was performed using SPECS Systems with XP50M X-ray source for Focus 500 X-ray
monochromator and PHOIBOS 100/150 analyser using AlKa (1486.74 eV) anode at a 12.5 kV and
32 mA as a source. Survey spectra (1000 - 0 eV binding energy) were recorded with a constant pass
energy of 40 eV, step size 0.5 eV, and dwell time of 0.2 s in the FAT mode. Detailed spectra of C 1s,
N 1s, and O 1s were recorded with a constant pass energy of 20 eV, step size of 0.1 eV, and dwell
time of 2s in the FAT mode.

The catalytic inks were prepared by ultrasonically dispersing powder mixtures of each of the four
samples (4 mg) and commercial Vulcan XC72 conductive carbon black (1 mg) in 2 wt.% polyvinyl-
idene fluoride solution in N-methyl-2-pyrrolidone (125 pl). 10 uL of each ink was deposited onto a
glassy carbon tip and dried at 110 °C overnight.

Electrochemical measurements were performed using PAR 273A Princeton Potentiostat/Galva-
nostat in a one-compartment glass cell of 50 ml volume. Pt wire or graphite rod served as a counter
electrode, and saturated calomel electrode (SCE) served as a reference electrode. All potentials
within this paper were converted to the reversible hydrogen electrode (RHE) scale. 0.1 M H,SO4
solution was used as an electrolyte.

HER polarization curves were recorded at 2 mV s and different temperatures from 25 to 75 °C
using a Haake F3 bath. Chronoamperometric (CA) curves of all PANI/Fes04 electrocatalysts were
recorded at a potential 0.1 V more negative than the onset potential for 1 h.

Cyclic voltammetry (CV) measurements of four PANI/Fe304 electrocatalysts were performed in
0.1 M H,S04 saturated with nitrogen at different scan rates ranging from 10 to 300 mV s, Electro-
chemical impedance spectroscopy (EIS) measurements were conducted in the frequency range from
100 kHz to 0.1 Hz, with 5 mV amplitude, at different potentials.

HER polarization curves were also recorded in 8 M KOH as an electrolyte, with this concentration
corresponding to the KOH concentration used in industrial alkaline water electrolysers. Finally,
polarization curves were recorded under oxygen evolution reaction conditions at 10 mV s in both
0.1 M H,S04 and 8 M KOH.

Results and discussion

Electrical conductivity and morphology of PANI/Fes04 electrocatalysts

A detailed characterization of PANI/Fe304 samples showed that the products obtained were PANIs
in their conductive form, emeraldine salt (ES) [37]. This finding, together with the presence of Fe30a
NPs in all samples (although in very small, catalytic amounts), makes these materials promising
candidates for HER. Samples PANI/Fe304-11(3) and PANI/Fe304-11(7), synthesized at a higher mass ratio
of Fes04 NPs/aniline (0.015), exhibited good electrical conductivities of 10 and 15 mScm™,
respectively. Conversely, the other two samples, PANI/Fe304-1(3) and PANI/Fe304-1(7), which were
prepared at lower mass ratio Fes0s NPs/ aniline (0.0015), showed lower conductivities of 4.6 and
7.3 mS cm, respectively [37]. SEM images reveal mutually similar morphology of PANI/Fe304 samples,
which is predominantly granular, with irregularly shaped particles (Figure 1A, 1C, 1E, 1G).
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Figure 1. A, C, E, G: SEM images of four PANI/Fes0, electrocatalysts. B, D, F, H: their corresponding
EDX spectra with elemental mapping of PANI/Fe;04-1(3)

EDX analysis (Figure 1B, 1D, 1F, 1H) confirmed the presence of C, N, Fe, O, and Cl, with their
distribution evidenced by elemental mapping. The presence of chlorine could be expected since the
monomer solution contained aniline hydrochloride and HCl in excess so that ClI~ ions are incor-
porated in the final PANI/Fe304 mainly as dopant anions in PANI-ES conducting form. The presence
of chlorine covalently bound to aromatic rings (C-Cl) is also possible [38]. The presence of Fe
revealed by EDX in the samples follows previous XRD analysis where diffractograms of PANI/Fe304
samples showed peaks characteristic for the crystalline magnetite and confirmed incorporation of
Fe30a NPs in the PANI matrix during synthesis [37]. Fe amount was determined by EDX mapping to
be 0.64, 0.46, 0.35 and 0.25 wt.% for 11(3), I(3), 1I(7), and I(7) samples, respectively, revealing that

http://dx.doi.org/10.5599/jese.2438 5
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longer polymerization time led to decrease in Fe content, as might be expected due to increased
yield of PANI.

XPS survey spectra for PANI/Fe3s04 samples are shown in Figure 2A. They confirm the presence
of C, N, O, and Cl in all four samples by their characteristic peaks. Peaks of Fe are not visible in any
of the spectra. The most likely reason is that a thin layer of PANI covers Fe (from Fe304 NPs used in
catalytic amounts). Therefore, as a strictly surface analysis, XPS could not detect Fe. All four samples
show similar survey spectra that originate from PANI. The atomic percentages of 80.3, 10.8, 5.3, and
3.6 % were obtained for C, N, O, and Cl elements, respectively, derived from survey XPS spectra for
the PANI/Fe30a4-11 (3) sample. The peak at ca. 200 eV corresponds to Cl 2p, where chlorine can exist
in the form of ionic (CI") or covalent (C-Cl) species whose peak positions are close, ca. 198 and
200 eV, respectively, similar to what was reported for PANI-ES doped with HCI [39].
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(@) o NEOAD | ggg9 |B)
. : . 285.6eV C-NIC=N
= 0ls Nis R =
o= A o JCL 25 C1 2P &= 6000 \ 2847 eV CC/C-H
wr PANI/Fe,0,11(3)| 3, —
Z ’ =
o A 4 . @ 40007 2875 v c=CiCCt
= PANI/Fe,0,1(3) E
)
= - I = 2000
(e PANIFe,0,1(1) | =
4 e 01 20164V c-0C-00-C-OH
300 600 400 200 0 300 295 290 285 280 275 270
Binding energy, eV Binding energy, eV
4000 - 3300
N1
(c) : (d) Ol:
= 3500 40066V NH- | my 3000+
o 3000 - 2700 CO/C=00-COH
et R
‘T 2500 016V T 2400 /
S \ =
Z 2000 2 2100
= =
1500 1 1800
403 4 &V -NHT 533.6 €V chemisorbed oxygen/water
1000 T T T T T T T 1500 T T T T T T
420 415 410 405 400 395 390 385 380 550 545 540 3535 330 525 520 515

Binding energy, eV Binding energy, eV

Figure 2. A: XPS survey spectra for all PANI/Fes0,samples; B: Detailed XPS spectra of C 1s; C: Detailed XPS
spectra of N 1s; D: detailed XPS spectra of O 1s

Detailed XPS C 1s signal for sample PANI/Fe304-11(3), which showed the highest electrocatalytic
activity (see below), is shown in Figure 2B. Carbon peak can be deconvoluted into four components.
The small intensity component at 291.6 eV originates from carbon-oxygen bonds in C-O, C=0, or O-
C-OH groups at similar binding energies. The component at 287.2 eV corresponds to either a double
C=C bond or a carbon bound to chlorine (C-Cl) located at similar binding energies. The third
component at 285.6 eV originates from bonds of carbon and nitrogen in polaron and bipolaron PANI
structures, C-N* and C=N*. The last component at 284.8 eV corresponds to either C-C or C-H bond in
the PANI backbone structure [40-43].
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High-resolution N 1s spectrum for sample PANI/Fe30s-11(3) is shown in Figure 2C. Spectra can be
deconvoluted into four components. Components at 403.4, 401.6, 400.6 and 399.0 eV can be
attributed to positively charged N species -NH* and -N*-, benzenoid amine -NH- and quinonoid imine
=N- functional groups, respectively. These functional groups correspond to the PANI structure
confirming the nature of the surface of samples [39].

Detailed XPS spectra of O 1s for sample PANI/Fe30s-11(3) (Figure 2D) can be deconvoluted into
three components. The component at 533.6 eV is attributed to oxygen originating from chemi-
sorbed water on the surface of PANI. The component at 532.3 eV is attributed to different carbon-
oxygen C-OH or C-O-C bonds, and a component at 531.3 eV that is also assigned to either C-O, C=0
or O-C-OH bonds [39], where C=0 (for example, present in benzoquinone species) can be formed by
partial hydrolysis of reaction intermediates during PANI synthesis [18].

All the detailed spectra confirm that the surface of the samples consists of a layer of PANI
polymer that covers the entire surface and is overlayed over any present Fe.

Percentages for each functional group present in high-resolution XPS spectra of C 1s, N 1s and
O 1s for PANI/Fe30a-11(3) are summarized in Table 1.

Table 1. Content of individual functional groups for PANI/Fes04-11(3) derived from detailed XPS spectra

Cls C-C/C-H C-N/C=N c=Cc/c-Cl C-0/C=0/C-OH
Content, % 31.5 45.4 19.8 3.3

N 1s =N- -NH- -N*- -NH*
Content, % 59.0 30.8 8.9 1.3

0 1s C-0/C=0/0-C-OH C-O-C/C-OH Chemisorbed water
Content, % 25.7 33.1 41.2

Investigation of HER and OER at PANI/Fe304 electrocatalysts

The HER onset potentials in 0.1 M H;SO4, defined as the potential to reach a current density of
-1 mA cm™ [44], increased in the order PANI/Fe30s-11(3) (-0.286 V) < PANI/Fe304-1I(7) (-0.397 V) <
< PANI/Fe304-1(7) (-0.564 V) < PANI/Fe304-I (3) (-0.598 V), (Figure 3A). The highest current densities
are obtained for PANI/Fe304-11(3), followed by PANI/Fe30a-11(7), PANI/Fe304-1(7) and PANI/Fe304-I(3).
The HER overpotential at the current density of -10 mA cm (n10) for PANI/Fes04-11(3) is found to be
-444 mV (current density of -10 mA cm was not reached using the other three studied materials).
This overpotential was determined as a difference between the potential to reach -10 mA cm2 and
the equilibrium potential value of the hydrogen electrode (i.e. referred to 0 V vs. RHE).

Tafel slope (b) and the exchange current density (jo) values for HER at four studied materials were
calculated to estimate HER kinetics and their values are presented in Table 2. Tafel slope values
increased in the order PANI/Fes04-11(7) (-171 mV dec?) < PANI/Fe304-1I(3) (-182 mV dec?) <
< PANI/Fe304-1(7) (-204 mV dec) < PANI/Fe304-1(3) (-246 mV dec?). The Tafel slopes higher than the
theoretically expected values might originate in the uncompensated resistance along with the limited
number of active sites of PANI/Fe304 electrocatalysts where protons could be adsorbed. Namely, Tafel
slope takes value of 30, 40 or 120 mV dec for Tafel, Heyrovsky or Volmer step, respectively, being
the rate determining step. The observed resistance might arise from the wiring, solution and
substrate, as well as from a slow charge transport [45] and it is further examined by EIS (page 9, last
paragraph). PANI/Fes04-1I(3) gave the highest exchange current density (37 A cm2) followed by
PANI/Fe30a-1(7), PANI/Fe304-1(3) and PANI/Fes0a4-11(7) electrocatalysts.
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Figure 3. A: polarization curves of four PANI/Fes0, electrocatalysts at 2 mV s and 25 °C (IR-corrected);
B: their corresponding Tafel plots; C: their Nyquist plots at -0.5 V; D: their Aj = ((ja - jc)/2) as a function of
polarisation rate; E: polarization curves of PANI/Fes04-11(3) at temperatures from 25 to 75 °Cat 2 mV s™!
(IR-corrected); F: chronoamperometric curves of four PANI/Fes0, electrocatalysts.
All measurements were done in 0.1 M H,SO, (N-saturated electrolyte in the case of D)

PANI/Fe30s-11(3) showed the best performance for HER in terms of the lowest onset potential,
the highest current densities, the lowest value of nio, and the highest exchange current density,
followed by PANI/Fe30a4-11(7). On the other hand, PANI/Fes0a4-1(3) and PANI/Fe304-1(7) showed high
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HER onset potential, low current densities, and low exchange current densities (Table 2), thus
exhibiting poor HER activity. Some of the possible reasons for this difference in the four electro-
catalysts’ activity for HER are the differences in their electrical conductivities and charge transfer
kinetics [46], along with differences in their hydrogen and reaction intermediates adsorption
energy [47] and bonding [48]. PANI/Fe304-11(3) and PANI/Fe30a-11(7) have one order of magnitude
higher electrical conductivities compared to those of PANI/Fes30a4-1(3) and PANI/Fes0a-I(7). Still,
polycrystalline Pt as a benchmark HER electrocatalyst showed significantly better HER kinetic
parameters compared with the presented PANI/Fes04 electrocatalysts in acidic media (Table 2). On
the other hand, Pt has a much higher price than PANI/Fes0a electrodes.

Table 2. Comparison of HER performance of PANI/Fes0, with other non-noble metal-based electrocatalysts
in acidic media

Electrocatalyst Electrolyte b/ mV dec? jo/ pA cm? Reference
PANI/Fe304-1(3) 0.1 M H,SO04 -246 3.6 This work
PANI/Fe304-1(7) 0.1 M H,S04 -204 1.7 This work
PANI/Fe304-11(3) 0.1 M H,S04 -182 37.0 This work
PANI/Fe304-11(7) 0.1 M H,S04 -170 0.72 This work
Pt 0.5 M H,S0, -38 460 This work
MCFS/rGO1/GC* 0.5 M H,S04 -202.6 / [10]
Fel,89M04,1107/M002 05 M HzSO4 -47 72.0 [13]
Fe/MoO, 0.5 M H,S04 -128 / [13]
FesC@NCNT 0.5 M H,S0O4 -97 / [14]
RuNi-NSs@PANI8& 0.5 M H,S04 -73.1 - [22]
PANI/CoNiPeNF" 0.5 M H,S0, -80 . [47]
B-INS nanosheets?® 0.5 M H,S04 -48 14.0 [49]
FeaN/rGO 0.5 M H,S0O4 -161 370.0 [50]
FE4_5Ni4,553b 05 M HzSO4 -72 / [51]
NHPBA® 0.5 M H,S04 -157 / [52]
Fe-WOxP*® 0.5 M H,S0O4 -80 156.0 [53]
FeP (1:1)f 0.5 M H,S0,4 -82 / [54]
FeP (1:4)f 0.5 M H,S0,4 -69 / [54]
Ni-PANI 0.5 M H,S04 -131to -147 0.119to0 0.239 [55]

3iron-nickel sulfide (INS); Pa direct ‘rock’ electrode; “MoCoFeS supported reduced graphene oxide deposited on glassy
carbon (MCFS/rGO/GC; “nickel hydroxide array with Ks[Felll(CN)s] (NHPBA); ¢iron-doped tungsten oxide nanoplate/re-
duced graphene oxide nanocomposite (Fe-WOXxP); firon phosphide pristine; 8BRu-doped Ni(OH)2 nanosheets; "Nickel foam

A higher electrical conductivity, i.e., lower charge-transfer resistance of PANI/Fes0s-1I(3) and
PANI/Fe304-11(7), was confirmed by EIS measurements in 0.1 M H;SOa., Figure 3C. The electrolyte
resistance (Rs) as the first point of Nyquist plots of PANI/Fe30s-11(3), PANI/Fe30a4-11(7), PANI/Fe304-1(7),
and PANI/Fes04-1(3) is found to be similar, i.e., 5.1, 7.2, 7.5, and 8.3 Q, respectively, indicating well-ma-
intained geometry of the experimental setup. The charge-transfer resistance (Rct) was determined to be
4.8, 5.3, and 6.3 Q for PANI/Fe304-1I(3), PANI/Fe30s-11(7) and PANI/Fe304-1(7), respectively. A much
higher R value of 47.8 Q was determined for PANI/Fe304-1(3). It can be seen that PANI/Fe304-11(3)
showed very low R« steaming from the presence of the highest amount of Fe (determined by EDX
mapping) and the strong electronic coupling of PANI with Fez04 [46]. Moreover, it was suggested that
the interaction between PANI and Fe3Os lowers the contact resistance and further impacts HER
adsorption/desorption of reaction intermediates. This assumption is consistent with highest content of
Fe in PANI/Fe304-11(3) measured by EDX, as well as with higher content of Fes04 NPs revealed by XRD
measurements [37] in PANI/Fe304-11(3) (mass ratio FesOs/aniline = 0.015) than in PANI/Fes0s-1(3) (mass
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ratio FesOa/aniline = 0.0015), both samples synthesized with the same polymerization time. These
results support-the importance of FesO4 NPs content and PANI and Fe30a interactions for HER activity of
PANI/Fes04 material. Namely, theoretical considerations by DFT have confirmed that the Gibbs free
energy of hydrogen adsorption, as one of the main indicators of material’s activity towards catalysis of
HER, is reduced in the presence of PANI [47].

Thus, in addition to electrical conductivity, herein observed favourable HER kinetics at
PANI/Fe30s-11(3) may be explained by the synergistic effect of PANI and Fe304 NPs. PANI stabilizes
metal/metal oxide NPs [48]. Furthermore, it has been suggested that during HER in acidic media, PANI
with abundant electrons on N atoms effectively weakens the bonding of H* in H30* ions and captures
H*, forming protonated amine groups [48]. These H* may easily transfer from the protonated amine
groups to the surface of metal oxide NPs with a low transfer barrier. Homogeneously distributed Fes04
NPs of 10 to 50 nm size [19] in PANI/Fe304-11(3) represent numerous active sites. Finally, the H atoms
adsorbed on metal oxide react mutually, generating H. gas.

To compare the number of active sites at four PANI/Fe304 electrocatalysts, their effective surface
area (ESA) is evaluated by calculating the double-layer capacitance (Cql). Cai is calculated from cyclic
voltammetry plotting the difference Aj = (ja- jc)/2 at 0.1 V vs. sweep rate (Figure 3D) [48] and it is found
to be 2.4, 1.4, 1.1 and 0.9 puF cm? for PANI/Fes0s-11(7), PANI/Fe30a4-1I(3), PANI/Fes04-1(7) and
PANI/Fes30a-1(3), respectively. The obtained Cq value of PANI/Fe304-11(3) indicates its higher ESA and
more active sites for HER compared to PANI/Fe30s-1(3) and PANI/Fes0a4-1(7) electrocatalysts.

Furthermore, EPR spectra of PANI/Fe304 samples previously showed that the intensity of signal
originating from Fe304 NPs decreased with increasing polymerization time for both series of samples
(I and Il, prepared with mass ratio Fe3Os4 NPs/aniline of 0.0015 and 0.015, respectively) [19], sug-
gesting that the amount of incorporated Fes0s4 NPs relative to the amount of PANI is higher in
PANI/Fe30s-11(3) than that in PANI/Fe304-11(7). This is expected as the PANI yield increases with
polymerization time while the total amount of FesO4 NP catalysts in the reaction system does not
change. A higher amount of Fe304 NPs in PANI/Fe304-11(3) leads to more pronounced synergistic
effects of PANI and Fe304 NPs toward HER in this sample compared to PANI/Fe30s-11(7). Finally, it
should be noted that PANI/Fe304-11(3) also showed better electrocatalytic performance for HER in
comparison with some non-noble metal-based electrocatalysts presented in the literature, Table 2.

Figure 3E shows the polarization curves of PANI/Fe30s-11(3) in 0.1 M H,SO4 at a range of
temperatures from 25 to 75 °C. Increased cathodic current densities from -23.5 to -60.0 mA cm™
were reached with increasing temperature from 25 to 75 °C. The same behaviour was observed for
the rest of the PANI/Fes04 electrocatalysts. Current density values recorded at different tempera-
tures were used to construct the Arrhenius' regressions, In jvs. T1, for all electrocatalysts and their
slopes were used for the calculation of the apparent activation energy (Es®"P) using the Arrhenius
equation (Equation 4) [56,57].

olnljl _AE*®

o(1/T) R
where R is the universal gas constant. The obtained E.®" values increased in the order
PANI/Fe304-11(3) (10 kJ mol?) < PANI/Fe304-1(3) (20 kJ mol!) < PANI/Fe304-1(7) (23 kJ mol?) <
< PANI/Fe304-11(7) (39 kJ molt). The lowest E;**P of PANI/Fe304-11(3) correlates well with its best
electrocatalytic activity toward HER.

Chronoamperometric curves of four PANI/Fe304 electrocatalysts are presented in Figure 3F,
where a similar current density trend was observed during the polarization study. Namely,
PANI/Fe30s-11(3) and PANI/Fes0a4-11(7) gave higher current densities during HER than PANI/Fe30a4-1(7)

(4)
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and PANI/Fe304-1(3). PANI/Fe30s-11(3) showed a current density decrease of ca. 21 % during the first
15 min, remaining constant. Some degree of variation in current density with time can originate in
the generation of hydrogen gas bubbles at the electrode surface and change in the H*/H;
concentration [58]. Moreover, it has been reported that PANI improves stability and reduces current
density retention in acidic media by its amino groups capturing H*, thus keeping it from disrupting
the catalyst structure [18].

Activity for HER in electrolytes of a wide pH range could broaden the electrocatalyst’s applica-
tion [23,47]. Hence, the HER performance of PANI/Fe30s-11(3) was also investigated in an 8 M KOH
solution as a typical solution used in alkaline industrial water electrolysers, Figure 4A. It could be seen
(Figure 4A and 4B) that the activity of PANI/Fe304-11(3) for HER is notably lower in alkaline than in acidic
media as HER onset potential in alkaline media (ca. -0.620 V) was found to be ca. 330 mV more
negative than that in acidic media (-0.289 V). Additionally, the current density reached at -0.5V in
alkaline media (-0.2 mA cm) was strikingly lower than in acidic media (-12.0 mA cm™).

" 10

2018 M KOH A) 10.1 M H,SO, B) £
“ 15- ik i N TN
I | ! E _ _ mV s* 10 mVv s’
g z/| 51 2y
é 10- , é 20
~ 5 Fol < 3017
T~ ] , AN ~ 40 ;
0'n: : _ . 1omvs .
= i i
5 :I 2mVs’ PANI/Fe304-113) -50 | | ?’ANI/FIe3O4 III(3)
06 00 06 1.2 1.8 0.6 00 0.6 1.2 1.8

Evs. RHE/V Evs. RHE /' V

Figure 4. A: polarization curves of PANI/Fes04-11(3) electrocatalyst in 8 M KOH for HER and OER;
B: polarization curves of PANI/Fes04-11(3) electrocatalyst in 0.1 M H,SO, for HER and OER

Furthermore, activity for anode reaction, i.e., oxygen evolution reaction (OER), could broaden the
electrocatalyst applicability as a bifunctional electrocatalyst in water electrolysers [59]. Therefore, the
OER performance of PANI/Fe304-11(3) was examined in both acidic (0.1 M H2S04) and alkaline (8 M
KOH) media. In the case of OER, higher activity was observed in alkaline than in acidic media in terms
of ca. 290 mV less positive onset potential (1.60 V in alkaline media vs. 1.89 V in acidic media) and ca.
three times higher current densities reached (7.4 mA cm™ at 2.0 V in alkaline media vs. 2.4 mA cm™2in
acidic media). Tafel slopes of PANI/Fe30a-11(3) electrocatalyst during OER were determined to be 328
and 289 mV dec in alkaline and acidic media, respectively.

Thus, the results obtained in this study suggest that PANI/Fes0s-11(3) is a highly active, low-cost
electrocatalyst for HER, which is crucial for efficient, large-scale water-splitting production of
hydrogen.

Conclusions

Four PANI/Fes04 electrocatalysts were tested for HER in acidic media (0.1 M H,SQ4). The sample
PANI/Fes0:-11(3) showed the highest electrocatalytic activity with HER onset potential ca. 300 mV
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lower than in the case of three other electrocatalysts (-0.286 V vs. -0.397, -0.564 and -0.598 V for
PANI/Fe30a-11(7), PANI/Fe30a4-1(7) and PANI/Fe304-1(3), respectively) and the highest current density.
EIS revealed the lowest charge transfer resistance Rt in the case of PANI/Fe304-11(3), which, along with
its high effective surface area/high content of active sites (as evaluated from Cq value) and the lowest
HER activation energy (as calculated from the temperature dependence of current density) could
explain its highest HER activity. In addition, the highest content of Fe is measured by EDX for
PANI/Fe30s-11(3) sample. Linking PANI and Fe30s NPs introduced a strong coupling and synergistic
effect, a 3D structure with a plethora of exposed active sites, and facile permeation of the electrolyte.
Thus, PANI is believed to capture the intermediate H* ions and steam their reduction to H;. The
electrocatalytic activity of PANI/Fe304-11(3) for HER in alkaline media (8 K KOH) as well as for OER in
both alkaline and acidic media was explored, offering the possibility of broadening this material’s
application as bifunctional electrocatalyst in water electrolysers.
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