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Abstract. Recently, a few investigations were conducted to understand the electrocatalytic activity of the pyrite FeS2
towards hydrogen evolution reaction (HER) in acidic medium. A systematic investigation to understand its catalytic
activity towards both HER and oxygen evolution reaction (OER) in alkaline medium is important, but rare. It was found
that iron sulphides have inferior H-adsorption efficiency, which hindered their HER catalytic activity. Herein, a novel
strategy was undertaken to obtain pyrites having different crystallite sizes and lattice strains. Changes in these crystal
parameters affected the physicochemical phenomena occurring at the electrode–electrolyte interface which in turn
influenced the electrocatalytic activity of the FeS2 and also altered the pathways of the reactions. The pyrite with the
lowest lattice strain and crystallite size (FS3) showed superior catalytic activity towards both HER and OER. The overall
water-splitting activity of FS3 was comparable with the state-of-the-art RuO2–Pt/C couple. Moreover, the synthesized
pyrites showed the capability to overcome the previously mentioned drawback i.e., inferior H-adsorption efficiency. The
pyrite FeS2 could be a potential candidate as a cheap and efficient bifunctional electrocatalyst for overall water splitting.
This investigation demonstrates that modulation of crystal parameters can be an efficient technique to tune the activity of
an electrocatalyst.
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Introduction

Electrolysis of water to generate an ample amount of pure
hydrogen has been proven to be a potential energy conversion technology for the carbon-neutral greener energy
economy [1]. The main drawback of this electrochemical
process is sluggish kinetics of the constituent half-cell
reactions i.e., oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER). Heterogeneous electrocatalysts are employed to augment the kinetics of these
half-cell reactions and to achieve better water-splitting
efficiency. Till date, the platinum-group metals and their
oxides (Pt, RuO2, IrO2, etc.) are regarded as superior electrocatalysts for water electrolysis [2,3]. However, these
electrocatalysts lack commercial-scale applicability due to
their higher price, lower natural abundance and lesser

stability [4]. Significant research efforts are being made in
recent times to develop inexpensive and efficient electrocatalysts for water-splitting application. A bifunctional
electrocatalyst that can simultaneously catalyse both HER
and OER in the same medium is desirable in terms of higher
overall water-splitting efficiency [5]. OER is more sluggish
in nature as compared to HER and therefore, the efficiency
of overall water splitting in alkaline medium is higher than
that in acidic medium [4–7]. In this context, the development of efficient bifunctional electrocatalysts for overall
water splitting in alkaline medium is highly advantageous.
The electrocatalytic water-splitting activity of the transition metal-based chalcogenides, nanomaterials, alloys and
heterostructures are being investigated extensively in recent
years [8–15]. The use of iron is advantageous in comparison
to the other transition metals like Ni, Co, W, Sn, etc. due to
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its highest natural abundance and minimal toxic nature
[16–18]. In addition, a few enzymes that are present in
microorganisms are responsible for the conversion of proton
into molecular hydrogen through Fe–S centres as catalytically active sites [18,19]. A few investigations were conducted to develop electrocatalysts mimicking the active
centres of the Fe–S containing hydrogenase. However, these
materials showed inferior catalytic activity as well as
operational instability [20,21]. Electrocatalytic activity of a
few iron sulphides towards HER was investigated in recent
times, however; the main disadvantage of these electrocatalysts is the inferior hydrogen adsorption ability [22,23].
The electronic environment around the active sites in the
iron sulphides was found to be unfavourable for the
hydrogen adsorption. The electrochemical adsorption of
hydrogen i.e., the Volmer step was found to be rate-limiting
in HER catalysed by the reported iron sulphide-based
materials [17,22]. A limited number of investigations were
conducted to understand the HER catalytic activity of the
iron pyrite (FeS2). The HER catalysing activity of FeS2 was
investigated in acidic medium in most of the cases and its
activity in alkaline medium was not investigated extensively [23]. The hydrogen adsorption efficiency of FeS2 was
inferior in the previous reports and as the medium became
more and more alkaline in nature, the efficiency gradually
decreased [23,24]. A few strategies were undertaken to
improve the activity of FeS2 such as morphology modulation, metal atom doping, heterostructure formation, etc.
however, there is enough scope of improvement [25–27].
Although there are a few reports about the HER catalytic
activity of FeS2, its OER catalytic activity was not investigated properly till date. It is worthy to mention that the
reports on electrocatalytic activity of iron sulphides towards
OER and overall water splitting are very less [4,17,28].
The crystal structure of a material greatly influences its
electrocatalytic activity. A theoretical investigation showed
that the band gap and electronic property of FeS2 altered
with changing lattice strain [29]. It is well known that the
change in these properties of a semiconductor can greatly
influence its electrocatalytic activity. Previous study
showed the change in crystal parameters (such as crystallite
size, lattice strain, etc.) of Fe3S4 altered its electrocatalytic
activity. Ethylene glycol was used as a solvent in the
hydrothermal reaction, which modulated the amount of Fe
with different oxidation states in Fe3S4 [28]. Therefore, if
the amount of Fe with 2? and 3? oxidation states can be
regulated itself in the precursor, the crystal parameters of
the reaction product may alter. Therefore, a systematic
investigation should be carried out to understand the
changes in crystal parameters of FeS2 by altering Fe2?/Fe3?
ratio in the precursor and how these parametric changes can
affect its electrocatalytic activity towards HER and OER.
Herein, pyrite FeS2 was synthesized by hydrothermal
reactions at low-processing temperature after varying the
ratio of iron(II) to iron(III) chloride. FeS2 with different
crystallite sizes and lattice strains formed when different
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precursors were used. The changes in crystal parameters
altered the charge carrier density, substrate adsorption–
desorption, interfacial ion accumulation and charge transfer
efficiency of the pyrite. Variation in these physicochemical
phenomena influenced the HER and OER catalytic activities of FeS2 and also altered the pathways of these reactions.
The pyrite with the lowest lattice strain and crystallite size
(FS3) showed superior catalytic activity towards HER and
OER. Moreover, the overall water-splitting activity of FS3
was found to be comparable with the state-of-the-art RuO2–
Pt/C. Interestingly, all the synthesized pyrites showed the
capability to overcome the main drawbacks faced by the
Fe–S based HER electrocatalysts i.e., sluggish H-adsorption
step. This investigation (i) proved the competency of pyrite
FeS2 as a cheap and efficient bifunctional electrocatalyst for
overall water splitting and (ii) established that modulation
of crystal parameters could be an efficient technique for
tuning the electrocatalytic activity of transition metal-based
materials.

2.
2.1

Experimental
Materials

Anhydrous iron(III) chloride (FeCl3, *96%), ammonium
hydroxide solution (NH4OH, 28% NH3 in H2O), N,Ndimethylformamide (DMF), potassium hydroxide (KOH)
pellets and hydrochloric acid (HCl, *35%) were purchased
from Merck Specialties Pvt. Ltd., India. Iron(II) chloride
tetrahydrate (FeCl24H2O), platinum on activated carbon
(Pt/C, 10 wt%) and ruthenium oxide (RuO2) were acquired
from Sigma-Aldrich Co., USA. Ethanol (C2H5OH, 99.9%)
was procured from Honyon International Inc., China.
Ammonium persulphate ((NH4)2S2O8) and thioacetamide
(C2H5NS) were bought from Sisco Research Laboratories
Pvt. Ltd., India. The chemicals were used as obtained
without any further purification. De-ionized (DI) water was
utilized for all kinds of synthesis and electrochemical
experiments. Nickel foam (NF) was purchased from
Shanghai Winfay New Material Co. Ltd., China. The
detailed specifications of the NF are provided in supplementary table S1. The obtained NF was cut into small
pieces and those were cleaned by means of sonic vibration
in dilute HCl, ethanol and DI water.

2.2

Synthesis of pyrites

A measured amount of FeCl2 and FeCl3 was dissolved in 80
ml of DI water. Then *10 mg of (NH4)2S2O8 and 3 ml of
NH4OH were added to the solution. The obtained mixture
was poured into a 100 ml Teflon-lined stainless-steel
hydrothermal reactor and kept for 6 h inside an oven preheated at 120°C. The reactor was cooled down to room
temperature and the reaction product was collected by
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vacuum filtration. The products were washed with ethanol–
DI water mixed solution and dried inside a vacuum oven for
12 h at 50°C. The reaction product was dispersed in DI
water and the measured amount of C2H5NS was added to
the dispersion in such a way that the weight ratio between
C2H5NS and dispersed product was 2:1. Thereafter, the
mixture was stirred for 30 min and another hydrothermal
reaction was performed at 160°C for 12 h. The final product
was filtered, washed and dried in a similar way as mentioned earlier. The total amount of FeCl2 and FeCl3 was
kept as 60 mg in the initial precursor and their relative ratio
was varied to obtain different pyrites. The pyrites obtained
were designated as FS1, FS2, FS3 and FS4 when the ratios
between FeCl2 and FeCl3 were 1:0, 1:1, 2:1 and 0:1,
respectively.
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curves. The Tafel plots were obtained from these iR corrected polarization curves. The electrochemical impedance
spectroscopy (EIS) was performed between 0.1 and 100,000
Hz frequencies using an AC current having amplitude of 10
mV after applying fixed DC potentials to the three-electrode
system. Electrochemically active surface area (ECSA) was
calculated from the areal capacitance (Cdl) value which was
measured after performing CV at different scan rates. LSV
was performed in a symmetric two-electrode setup to
investigate the overall water-splitting efficiency of the
electrocatalyst. The robustness and stability of the electrocatalyst during water-splitting activity was investigated
with CV, chronoamperometry and chronopotentiometry.

3.
2.3

Physicochemical characterization

Field emission scanning electron microscopy (FESEM) was
carried out using Sigma HD (Carl Zeiss, Germany). Highresolution transmission electron microscopy (HRTEM)
images and selected area electron diffraction (SAED) patterns were captured with JEM-2100 (JEOL Ltd., Japan).
X-ray diffraction (XRD) patterns were obtained using
CuKa radiation (k = 0.15418 nm) in D2 PHASER (Bruker,
Germany). X-ray photoelectron spectroscopy (XPS) was
performed with AlKa source in ESCALAB Xi? (Thermo
Fisher Scientific Pvt. Ltd., UK).

2.4

Electrochemical experiments

Electrochemical experiments were carried out using PARSTAT 3000A electrochemical workstation and 1.0 M KOH
was used as the electrolyte for all those experiments.
Electrocatalyst slurry was prepared after dispersing the
desired amount of electrocatalyst and polyvinylidene fluoride (PVDF) binder in DMF by means of ultrasonic vibration. Measured amount of electrocatalyst slurry was dropcasted over the previously cleaned NF pieces and dried in
ambient condition to obtain the working electrode for
electrochemical experiments. The amount of electrocatalyst
loading in the NF was maintained to be *0.5 mg cm-2. The
testing related to HER and OER was carried out in a threeelectrode setup where the reference and auxiliary electrodes
were Ag/AgCl/saturated KCl and graphite rod, respectively.
The potential measured against the Ag/AgCl reference was
converted into the reversible hydrogen electrode (RHE)
scale and the current response was normalized with the
geometrical area of the working electrode. Linear sweep
voltammetry (LSV) was performed at 5 mV s-1 scan rate
and thereafter, 100% uncompensated resistance (iR) correction was carried out to obtain the polarization curves.
The system was stabilized by performing 20 cyclic
voltammetry (CV) cycles prior to obtaining the polarization
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Results and discussion

3.1

Physicochemical analysis

The crystallographic features of the iron sulphides obtained
after the hydrothermal reactions were investigated from the
acquired XRD patterns as shown in figure 1a. The crystallographic diffraction peaks related to the pyrite FeS2 (PDF
no. 1-1295) were present in the XRD patterns of all four
iron sulphide samples [30]. Other peaks were also present in
the XRD patterns of FS2, FS3 and FS4 which were identified to be the diffraction peaks of pyrrhotite Fe1-xSx (PDF
no. 3-1028) [31]. The peaks related to this pyrrhotite phase
were most prominent in the XRD profile of FS4. The
position of the diffraction peaks related to the (200), (210),
(211), (220) and (311) planes of FeS2 was examined in the
XRD patterns of the samples and the measured values were
summarized in supplementary table S2. All these peaks
shifted towards a higher 2h value from FS1 to FS3 and then
shifted towards lower value in FS4. However, the 2h values
for (210) and (311) diffraction peaks were found to be
almost similar in the XRD patterns of FS3 and FS4. The
average crystallite size of the FeS2 lattice in the synthesized
pyrites was calculated using the Scherrer equation. The
shape factor was taken as 0.89 since the FeS2 crystal was
cubic in nature.
D ¼ 0:89k=b cos h;

ð1Þ

where D, k, b and h stand for crystallite size, wavelength of
the X-ray, full width at half maximum (FWHM) and
diffraction angle, respectively [32]. Crystallite size defines
the smaller perfectly crystalline regions in a material. The
dimension of these regions decreases with increasing randomness in crystal lattice. The calculated average crystallite
size of the synthesized iron sulphides are shown in
figure 1b. The average crystallite size decreased from FS1
to FS3 and then increased in FS4. The average crystallite
size was found to be the highest in FS1 and the lowest in
FS3. This observation coincided well with the peak shifts
observed in the diffraction pattern. As the inter-planar distance between the crystal planes increased, the randomness
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Figure 1. (a) XRD patterns of FS1, FS2, FS3 and FS3 (with standard diffraction patterns of FeS2 (PDF no. 1-1295) and Fex-1Sx (PDF
no. 3-1028)); (b) crystallite size (D) and lattice strain (e) of different iron pyrites.

of the crystal lattice increased and as a result, the average
crystallite size of FeS2 decreased. The alteration in crystal
parameters would create a strain in the FeS2 lattice which
was investigated according to the Williamson–Hall
equation:
b cos h ¼ 0:89k=D þ 4e sin h:

ð2Þ

The values of lattice strain (e) as shown in figure 1b were
obtained from the slope of b cos h vs. 4 sin h plots (supplementary figure S1) [33]. Compressive strain was
observed in all the synthesized pyrites except FS3, in which
a tensile strain was observed. The absolute value of the
strain was found to be the lowest in FS3 and the highest in
FS1. The lattice plane started to expand starting from FS1,
and therefore, the compressive strain decreased and finally,
in FS3, the tensile strain generated [29,34–36]. However,
the inter-planar distance of FS4 decreased as compared to
FS3, and as a consequence, the compressive strain generated again.
The pyrite with superior crystallinity formed when Fe2?
precursor was used solely for the synthesis. The crystallite
size of the pyrite phase started to deteriorate and a small
amount of pyrrhotite started to form when Fe3? precursor
was added to the Fe2? precursor. The amount of pyrrhotite
became high when Fe3? precursor was utilized solely for
the synthesis. The FeS2 lattice in the synthesized iron sulphides started to expand when Fe3? was present in the
mixed precursor. However, when solely Fe3? precursor was
used, the FeS2 lattice squeezed in comparison to the iron
sulphide obtained from the mixed precursor. The XRD
analysis clearly demonstrated that the alteration in the
amount of Fe2? and Fe3? in the precursor changed the
lattice strain and the crystallite size of the pyrite FeS2.

FESEM images (figure 2 and supplementary figure S2)
suggested that the hexagonal flakes of iron sulphide were
formed after the hydrothermal reaction. Iron sulphide with
perfect hexagonal structure was present in FS1. In addition,
some materials with irregular morphologies were present in
it (figure 2a). A few spherical particles having dimensions
in the submicron range (300–500 nm) were found to be
present on the surfaces (supplementary figure S2a, b).
Particles with hexagonal morphology were also present in
FS2 and the number of particles with irregular morphologies was lesser as compared to FS1 (figure 2b and supplementary figure S2c). These hexagonal structures formed
assemblies with definite architectures in FS2 (supplementary figure S2d). A few hexagonal flakes stacked together
and inter-twined with one another to form these architectures. The hexagonal flakes were broken and formed small
pieces in FS3 (figure 2c). A definite architecture was
observed in FS4 which was similar to that observed in FS2
(figure 2d). A closer look at the architecture revealed that a
dense array of particles were formed on its surfaces. An
array of lemon pulp-like particles was formed on some parts
of the surfaces (supplementary figure S2e) and in some
places, dense semi-spherical particles were found to cover
the surfaces (supplementary figure S2f). Morphology of
these particles was favourable for heterogeneous reactions
like water splitting as this kind of architectures provided a
larger amount of ion accessible sites. The previous observations suggested that perfect hexagonal structure was
formed when solely Fe2? precursor was used for the synthesis of iron sulphide. In contrast, the architectural
assemblies were formed when solely Fe3? precursor was
used. The formation of hexagonal structures is due to the
presence of a higher amount of Fe2? in the mixed precursor.
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Figure 2. FESEM images of (a) FS1, (b) FS2, (c) FS3 and (d) FS4.

However, the hexagonal structure got damaged due to the
presence of Fe3? in the precursor. The presence of Fe3? was
responsible for the formation of a dense array of particles on
the surfaces of the architectures formed. The alteration
between Fe3? and Fe2? precursors regulated the morphology of the final product.
The HRTEM images of FS3 (supplementary figure S3a, b)
were investigated to conclude the formation of iron pyrite in
the hydrothermal reaction and also to understand its
microstructural features. The fast Fourier transformation
(FFT) at various regions in the HRTEM images of FS3
resulted in patterns as shown in figure 3a–f. The presence of
distinct bright spots in the FFT patterns suggested that the FS3
was fairly crystalline in nature. Inverse FFT (IFFT) was
performed after masking the noise present in the FFT patterns
to obtain the images as shown in figure 3g–l. The IFFT images
obtained from the R1, R4 and R6 regions (figure 3g, j and l)
confirmed the presence of (200), (210) and (220) lattice
planes (PDF no. 1-1295) of FeS2 [37]. In addition to these
planes, a few crystal planes related to the Fex-1Sx (PDF no.
3-1028) were present in R2, R3 and R5 regions (figure 3h, i, k)

of the sample. Defects were observed in the crystal lattice of
FS3 especially, at the regions where the planes related to
Fex-1Sx were present (figure 3i, k). Distinct diffraction spots
were found to be present in the SAED pattern of FS3 (supplementary figure S3c) which confirmed its fairly crystalline
nature. The diffraction spots were ascribed to the (111), (200),
(211), (230), (420) and (521) crystal planes of pyrite FeS2
(PDF no. 1-1295) [37,38]. A few other diffraction spots were
present in the SAED pattern might be due to the presence of a
small amount of Fe1-xSx in the sample.
The peaks associated with the Fe (2s, 2p, 3s and 3p
peaks) and S (2s and 2p peaks) were found to be present in
the survey spectra of FS3 (figure 4a). The C 1s peak located
at binding energy (BE) equal to 284 eV was used as a
marker to calibrate the XPS profiles. XPS survey spectra
showed the existence of O 2p peak in FS3 due to the
insertion of oxygen in the sample during the hydrothermal
reaction. The core level Fe 2p and S 2p XPS profiles were
deconvoluted to understand the valence state of these elements in FS3. Fe in FS3 existed in 2? and 3? oxidation
states (figure 4b) [4]. The presence of dimeric and
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Figure 3. FFT patterns and corresponding IFFT images obtained from (a, g) R1, (b, h) R2, (c, i) R3, (d, j) R4,
(e, k) R5 and (f, l) R6 regions in the HRTEM images of FS3 (as marked in supplementary figure S3a, b).

polymeric sulphur anions (S22- and Sn2-, respectively) in
FS3 was confirmed from the S 2p XPS profile (figure 4c)
[39]. The FeS2 contains Fe2? ions which are coordinated
with the S22- ions [40]. The amount of Fe3? in FS3 was
nominal in comparison with Fe2? as it contained a major
amount of FeS2. The additional Fe3? was present in the
sample might be due to two factors: (i) formation of Fe1-xSx
containing both Fe2? and Fe3? in it and (ii) surface oxidation of the pyrite sample to form Fe–O moieties or iron(III) sulphate [39]. The XRD analysis suggested the
formation of a little amount of Fe1-xSx along with FeS2
which supported the first possibility. The oxidation of the
pyrite surface to form Fe–O and iron sulphate in
hydrothermal conditions is a common phenomenon that
supported the second possibility. The deconvoluted S 2p
profile suggested the formation of sulphate groups that
contained the oxidized sulphur (S–O) moieties (figure 4c).
The Sn2- was present in the sample might be due to the
Fe1-xSx formation and oxidation of the pyrite surface [39].
The near Fermi-level XPS profile (figure 4d) of the
sample was analysed to understand its valence band structure, as it played a pivotal role in electrocatalysis. Peaks

related to S 3s, S 3p and Fe 3p were present in the near
Fermi-level region of the XPS profile. The S 3p and Fe 3d
peaks merged together to form a broad hump which confirmed a good electronic coupling between S and Fe of FS3.
The valence band maximum of FS3 was located very close
to its Fermi-level i.e., at a BE of *0.049 eV (figure 4d)
which showed similarity with previously conducted theoretical calculations [29,40,41].

3.2

Electrochemical analysis

3.2a Investigation of HER activity: Area normalized
polarization curves (figure 5a) suggested that the HER
catalytic activity of FS3 was superior as compared to the
other synthesized pyrites at higher current density. FS1,
FS2, FS3 and FS4 achieved the current density as high as
400 mA cm-2 at 356, 464, 314 and 413 mV overpotentials,
respectively. FS3 and FS4 showed comparable activity at
lower current density, however, FS3 surpassed the activity
of FS4 after a current density of 12 mA cm-2. Although
FS1 showed inferior activity up to a current density of
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(a) Survey, (b) Fe 2p, (c) S 2p and (d) near Fermi-level XPS profiles of FS3.

70 mA cm-2, it surpassed the activity of FS4 after the said
current density. Among all the synthesized materials, FS2
showed inferior catalytic activity. FS1, FS2, FS3 and FS4
achieved the benchmarking current density of 10 mA cm-2
at 157, 173, 150 and 150 mV overpotentials, respectively.
Interestingly, all four pyrites showed electrocatalytic
activity inferior to the state-of-the-art Pt/C (supplementary
figure S4a). The Pt/C achieved current densities of 10
and 400 mA cm-2 at 118 and 262 mV overpotentials,
respectively. Moreover, the electrocatalytic activity of FS3
towards HER was found to be comparable or superior to
that of the recently reported iron sulphide-based materials
(supplementary table S3).
Two linear parts were found to be present in all the
corresponding Tafel plots (figure 5b and supplementary
figure S4b–f). The first linear part was observed in the
pseudo-steady-state region and the second one in the
steady-state region. The slope value at the steady-state
region was larger than that in the pseudo-steady-state region
as the surface coverage was higher at high potential [42].

The calculated slope values at the steady-state region corroborated well with the inference obtained from the polarization curve analysis (figure 5b). The FS3 was found to be
superior and FS2 to be inferior among all the synthesized
pyrites. The slope values for the pyrites at the pseudosteady-state region followed the order: FS2 \ FS3 \ FS1 \
FS4. The values of the Tafel slope for Pt/C were found to be
comparable with that for FS3 in both the regions (supplementary figure S4f). The values of the Tafel slope for FS2
and even for FS3 were found to be lower than or comparable with the recently reported iron sulphide-based electrocatalysts (supplementary table S3). The electrochemical
hydrogen evolution proceeds via Volmer–Tafel or Volmer–
Heyrovsky pathway. The electrochemical adsorption of
proton is termed as Volmer step. On the other hand, the
chemical and electrochemical desorptions of hydrogen gas
are termed as Tafel and Heyrovsky steps, respectively
[43–46]. The values of Tafel slopes suggested that the HER
proceeded via the Volmer–Heyrovsky mechanism and the
predicted rate-determining step (rds) for FS1, FS2, FS3 and
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Figure 5. (a) HER polarization curves (iR corrected), (b) Tafel plots, (c) Nyquist plots (with the equivalent circuit
model used to fit the Nyquist plots, in the inset) and (d) distribution of relaxation time (DRT) plots for FS1, FS2, FS3
and FS4.

Pt/C was the Heyrovsky step. The values of Tafel slopes for
FS4 and Pt/C suggested that the competition between
Volmer and Heyrovsky steps occurred during the HER
catalysis process [43–46]. The pyrite FeS2 synthesized in
this investigation had the capability to overcome the
drawback faced by most of the Fe–S based electrocatalysts
i.e., rate-limiting Volmer step. The pyrites efficiently
adsorbed the active species and the surface coverage started
to increase which resulted in higher values of Tafel slope at
higher potential. The active species desorption capability of
FS3 and Pt/C was high therefore; the Volmer step was not
the rds also at high potential region. However, the hydrogen
desorption efficiency was low for FS1, FS2 and FS4. The
Volmer step became the rds at higher overpotential region
due to the increased surface coverage in HER catalysed by
these three pyrites. The three elemental steps related to
HER violate the Franck–Condon principle as all of them
consider the simultaneous movement of electron and proton
[47]. Thus, the Volmer and Heyrovsky steps can be subdivided into chemical and electrochemical steps as proposed
by Fletcher [5,47].
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ð3Þ
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þ e ! Hads ;

þ
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ð6Þ



þ e ! H2 :

The calculated values of Tafel slopes were ?, 118.4/
(1 – D), 118.4/(3 – D) and 29.6 mV dec-1 when the 1st,
2nd, 3rd and 4th steps were the rds, respectively [5]. The
chemical adsorption of the second H-atom (equation (5))
was the rds for FS1, FS2 and FS3 catalysed HER; however,
the first electron transfer step (equation (4)) was the rds for
FS4. As the surface coverage increased in the higher
potential region, the second step (equation (4)) started to
influence the rds of the FS1 and FS3 catalysed reactions. On
the other hand, at a higher potential region, the first step
(equation (3)) influenced the rds of the FS2 and FS4
catalysed reactions.
Nyquist plots obtained at an overpotential of 240 mV
(figure 5c) suggested that the pyrite catalysed HER was
kinetically controlled [48]. The diameter of the semicircular
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plots was measured and it was found that the polarization
resistance values for FS3 and FS2 were the lowest and the
highest, respectively. The Nyquist plots were fitted with
two-time constant serial (2TS) equivalent circuit model
(ECM) as proposed by Lasia and Chen [48,49] (shown in
the inset of figure 5c). The Ru, Rp and RCT in the ECM are
related to the uncompensated resistance, porosity of the
electrode and charge transfer at the electrode–electrolyte
interface. The Rp may also arise due to the impedance of the
groups formed at the surface of the electrode [50]. The fitted
Nyquist plots are shown in supplementary figure S5 and the
data obtained after fitting are presented in supplementary
table S4. The ability to transfer charge across the electrode–
electrolyte interface was found to follow the order: FS3 [
FS4 [ FS1 [ FS2 [51]. The CPE1 value (CPE signified
constant phase element) was found to be comparable in FS1
and FS3, whereas the value was the lowest for FS2. The
CPE2 value was found to be the highest for FS3 among all
the four materials which suggested its highest active species
adsorption efficiency. FS3 also had superior substrate desorption efficiency as evidenced from the lowest RCT value.
The HER catalysing efficiency of FS2 was inferior among
all the pyrites due to its inferior charge transfer efficiency.
Although the charge transfer efficiency was moderate in
FS4, its substrate desorption efficiency was poor. On the
other hand, the substrate adsorption as well as the charge
transfer efficiency were moderate in FS1. Due to these
reasons, the FS1 and FS4 showed moderate electrocatalytic
activity towards the HER.
The distribution of relaxation time (DRT) plots as
depicted in figure 5d were calculated from the impedance
data using a Gaussian basis function [52]. The y-axis of
these plots represents the c(s) which is the distribution
function for the relaxation time s. Two major peaks present
in all the four plots were in good agreement with the previous analysis. The peak appeared at the relaxation time (s)
value of *0.02 was attributed to the charge transfer and the
other at the s value of *0.001 was attributed to the
impedance of the surface group. The peak appeared at high
s value of *0.8 might be due to the diffusion of ions, as the
mass transfer of ions required a longer duration [53].
Another peak present at lower s value of *0.0001 might be
related to the adsorption of the active species at the interface. The charge transfer efficiency of the synthesized
pyrites changed in the order of FS3 [ FS4 [ FS2 [ FS1.
The amount of surface group at the interface was similar in
FS1 and FS3. The peak related to the substrate diffusion
was absent in the DRT plot of FS1 which might be due
to its inferior charge transfer efficiency. The rate of
substrate diffusion process was comparable in FS3 and
FS4 catalysed HER and the slowest in FS2 catalysed one.
Alteration in the dynamics of the electrocatalysis process
with changing overpotential was investigated from the
DRT contour plots.
The contour plots shown in figure 6 suggested that the
charge transfer dynamics as well as the surface group
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impedance changed with increasing overpotential. The c(s)
values in these plots suggested that the resistance related to
these two processes were the lowest in FS3 among all the
four pyrites. The area under the peak related to charge
transfer gradually decreased in all four cases and the peak
shifted towards lower s value except for FS4. Shifting of the
charge transfer peak was very small in FS4 (figure 6d). In
contrast, maximum shifting was recorded in FS3 (figure 6c).
The other peak related to the impedance of the surface
group was found to be present in the contour plots of FS1
and FS3 (figure 6a and c). This peak shifted gradually
towards lower s values in FS1. However, the area under the
peak gradually decreased in FS3. Finally, the peak merged
with the charge transfer peak of FS2 and FS4 (figure 6b and
d). These observations confirmed that the charge transfer
efficiency increased with increase in the overpotential values and this increment was the fastest in FS3 when compared to other pyrites. The surface group formation
efficiency did not change much in FS3 with altering overpotential. However, as the charge transfer efficiency is
gradually increased in FS3 catalysed HER, the large amount
of surface group started to desorb. On the other hand, the
substrate adsorption efficiency of FS1 decreased with
increasing overpotential and thus, a gradual shifting was
observed in the peak related to the surface group impedance. A peak related to the substrate diffusion was clearly
observed in the contour plot of FS4 (figure 6d). The change
in substrate diffusion rate with increasing overpotential was
slower in FS4 than that in FS3 and the reason might be the
sluggish charge transfer dynamics of FS4. The DRT plot
analysis also suggested that the substrate adsorption–desorption and charge transfer process were faster in HER
catalysed by FS3 and as a consequence, a superior reaction
kinetics was observed.
3.2b OER activity investigation: The polarization
curves (figure 7a) showed that the OER catalysing activity
of FS3 in steady-state condition was superior among all the
synthesized pyrites. FS2 showed superior electrocatalytic
activity than FS1, whereas FS4 showed inferior activity
than FS3. An oxidation profile was observed in the
polarization curves for the synthesized pyrites and thus, a
current density of 100 mA cm-2 was considered to compare
the catalytic activity. FS1, FS2, FS3 and FS4 achieved the
said current density at overpotential values of 388, 362, 326
and 340 mV, respectively. FS2, FS3 and FS4 achieved high
current density of 570 mA cm-2 at 521, 390 and 493 mV
overpotentials, respectively. On the other hand, FS1
achieved a current density of 544 mA cm-2 even at 570
mV overpotential. Interestingly, the OER electrocatalytic
activity of the state-of-the-art electrocatalyst RuO2 was
found to be comparable with the FS2 and inferior to FS3
and FS4. The RuO2 achieved current densities of 100 and
570 mA cm-2 at 376 and 515 mV overpotentials,
respectively (supplementary figure S6a). Additionally, the
OER catalytic activity of FS3 was found to be superior or
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DRT contour plots for HER catalysed by (a) FS1, (b) FS2, (c) FS3 and (d) FS4.

comparable with the recently reported iron sulphide-based
electrocatalysts (supplementary table S5).
Two linear parts were present in all the Tafel plots corresponding to the OER (figure 7b and supplementary
figure S6b–f). The slope value for each electrocatalyst
increased at higher overpotential region due to an increment
in surface coverage [42]. The slope values at both pseudosteady-state and steady-state regions were the lowest for
FS3 among all the synthesized pyrites (figure 7b). The
substrate adsorption as well as the charge transfer efficiency
of FS3 were the highest among all the pyrites which
resulted in superior OER catalytic activity. The highest
slope values were found for FS2 both at high and low
overpotential regions, suggesting its inferior substrate
adsorption–desorption efficiency. The substrate desorption
efficiency was inferior for FS1, and thus, despite having
moderate slope value at lower potential region, the value
increased later on. The substrate adsorption–desorption
efficiency of FS4 was superior to FS2, but inferior to FS3.
The trend in the values of the Tafel slope matched well with
the activity observed from the polarization curves. The
kinetics in RuO2 catalysed OER was faster at lower overpotential as compared to FS1, FS2 and FS4. However, the
activity of RuO2 deteriorated at higher potential due to a
larger number of surface group formation confirming its
inferior substrate desorption efficiency. The values of Tafel
slopes suggested that the OER catalysed by pyrites

proceeded via the peroxide-linkage formation pathway as
suggested by Conway and Bourgault [6]. The reaction
pathway can be subdivided into three chemical and four
electrochemical pathways as per the suggestions of Fletcher
[5,47].
OH $ OH
ads ;
OH
ads

ð7Þ


! OHads þ e ;

ð8Þ


OHads þ OH
ads $ OHads OHads ;

OHads OH
ads



! OHOHads þ e ;

ð9Þ
ð10Þ

OHOHads ! Oads þ H2 O;

ð11Þ

Oads þ OHads $ O2 Hads ;

ð12Þ

O2 Hads þ OHads ! H2 O þ O2 :

ð13Þ

The values of Tafel slopes were calculated to be ?,
118.4/(1?D), 59.2 and 236.8/(3?D) mV dec-1 when the
first, second, third and fourth steps were the rds, respectively. The value of Tafel slope was calculated to be 29.6
mV dec-1 when rest of the steps were the rds [5]. The
chemical adsorption of the second OH- (equation (9)) was
the rds in the FS3 catalysed OER; however, the first electron
transfer (equation (8)) influenced that step. The electron
transfer step became rds after increment in surface coverage
at a higher overpotential region. The first electron transfer
step was the rds in the OER catalysed by FS1, FS2, FS4 and
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Figure 7. (a) OER polarization curves (iR corrected), (b) Tafel plots, (c) Nyquist plots (with the equivalent circuit
model used to fit the Nyquist plots, in the inset) and (d) distribution of relaxation time (DRT) plots for FS1, FS2, FS3
and FS4.

RuO2. In these cases, when the surface coverage increased
at higher overpotential region, the chemical adsorption of
the first OH- (equation (7)) became the rds. These observations suggested inferior substrate desorption capability of
the synthesized pyrites other than FS3.
The Nyquist plots obtained at 300 mV overpotential
suggested that like HER, the OER was also kinetically
controlled. The polarization resistance for OER changed in
the following order: FS3 \ FS4 \ FS2 \ FS1 (figure 7c).
The trend agreed well with the electrocatalytic activity of
the pyrites observed from the polarization curves. Two
semicircles were found to be present in the Nyquist plots
and thus, those were fitted with the 2TS ECM, as depicted
in the inset of figure 7c. The Rf in the ECM signified the
formation of oxygen-containing groups on the surface of the
electrocatalyst [50]. The fitted Nyquist plots are shown in
supplementary figure S7 and the data obtained from this
analysis are summarized in supplementary table S6. Both
the charge transfer and surface group formation efficiency
were found to be the highest and the lowest in FS3 and FS1,
respectively. The CPE values related to the surface group
formation and charge transfer were found to be the highest
for FS3 among all the pyrites confirming the highest surface

coverage. The surface group formation, charge transfer and
substrate desorption processes were superior for FS3 which
resulted in superior electrocatalytic activity. The surface
group and generated gaseous products might hinder the
movement of ions towards the FS3–electrolyte interface and
as a consequence, the Ru related to it found to be the
highest. On the other hand, the previously-mentioned processes were sluggish for FS1 and FS2, resulting in the
inferior activity towards the OER catalysis. FS4 had moderate charge transfer efficiency; however, its substrate
adsorption efficiency was low and thus, it could not match
the activity of FS3.
The presence of two peaks in the corresponding DRT
plots indicated that two physical processes occurred at the
electrode–electrolyte interface (figure 7d). The peaks located at lower and higher s values were ascribed to the surface
group formation and charge transfer, respectively. The
charge transfer proficiency changed in the following trend:
FS3 [ FS4 [ FS2 [ FS1. The peaks in the DRT plots of
FS3 were located at higher s values as compared to the
other pyrites suggesting the highest surface coverage. The
peaks in the plots of FS2 and FS4 were situated at almost
same s value. The area under the peak related to the surface
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DRT contour plots for OER catalysed by (a) FS1, (b) FS2, (c) FS3 and (d) FS4.

group formation decreased from FS1 to FS3 and then,
increased in FS4 which was exactly opposite of the trend as
observed in the case of charge transfer peak. As the charge
transfer efficiency of the pyrite increased, the amount of
surface group at the interface decreased. The inferences
obtained from the DRT plot analysis was in line with the
findings from the previous analyses.
Area of the two peaks changed with increasing overpotential in all four DRT contour plots (figure 8). The c(s)
values suggested that the dynamics of both surface group
formation and charge transfer was faster for FS3 as compared to other three pyrites. No significant shift in position
of the charge transfer peak was observed for the pyrites
except FS1. In the case of FS1, the area of the said peak
increased and shifted towards higher s value until 200 mV
overpotential and subsequently, reverse phenomena occurred (figure 8a). The area of the charge transfer peak
increased up to 100 mV overpotential and then, decreased
for FS2 and FS3. This suggested that, in FS2 and FS3
catalysed reactions, the ion accumulation occurred until 100
mV, and subsequently, polarization started (figure 8c, d).
On the other hand, the polarization process started after 200
mV overpotential in FS1 catalysed reaction. The polarization curve shown in figure 7a also suggested similar phenomenon. The peak related to the surface group formation
in FS1 followed a similar trend as that was observed for the

charge transfer peak. The said peak shifted to lower s value
in other three cases. These two peaks merged to form a
single peak after *200 mV overpotential in FS2, FS3 and
FS4 which suggested that the reaction reached pseudosteady-state condition at that potential. This analysis suggested that the charge transfer phenomenon governed the
OER and the FS3 showed superior activity as it had superior
charge transfer efficiency.
3.2c Mott–Schottky analysis: The Mott–Schottky (M–S)
plots were analysed to understand the reason behind the
varying electrocatalytic activity of the different pyrites. The
alteration in charge carrier density in the valence band of
the material and the dynamics of the electrode–electrolyte
interface was investigated from these plots. The M–S plots
are abided by the following equation:

1=C 2 ¼ ð2=ee0 N Þ Eapp  Efb  kT=q :
ð14Þ
Capacitance, electric charge, permittivity in vacuum,
dielectric constant, charge carrier density and applied
potential are denoted as C, q, e0, e, N and Eapp, respectively
[54]. The capacitance due to charge accumulation at the
interfacial region was found to be the highest for FS1 and
the lowest for FS2 (figure 9a). The absolute slope value of
the linear region in the M–S plot changed in the following
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Figure 9. (a) Mott–Schottky plots, (b) Ja - Jc/2 vs. scan rate plots for FS1, FS2, FS3 and FS4; electrochemically
active surface area (ECSA) normalized (c) HER and (d) OER polarization curves (iR corrected) for FS1, FS2, FS3 and
FS4.

trend: FS1 \ FS3 \ FS4 \ FS2 (supplementary figure S8)
which suggested that the charge carrier density followed the
reverse trend [5]. The electrocatalytic activity of the synthesized pyrites followed a similar trend; however, FS1 was
the only exception. FS1 showed inferior catalytic activity
despite having the largest charge carrier density. The reason
behind the deficient catalytic activity of FS1 was its inferior
charge transfer efficiency. The ECSA of these materials was
analysed to understand the reason behind the alteration in
electrocatalytic activity and support the previously obtained
inferences.
3.2d ECSA analysis: ECSA qualitatively quantifies the
amount of catalytically active surface area of an
electrocatalyst. The Cdl of the electrocatalysts was
obtained from the slope of the Ja - Jc/2 vs. scan rate
plots (figure 9b). The Ja and Jc were the anodic and cathodic
current densities measured from the voltammograms
(supplementary figure S9) at a fixed potential of 1.02 V.
The average capacitance of an atomically smooth surface
was measured to be 0.040 mF cm-2 and thus, the ECSA
was calculated from Cdl/0.040 [55]. The ECSA of FS1, FS2,
FS3 and FS4 was found to be 122.50, 75.25, 86.25 and

76.5 cm2, respectively. The M–S analysis also suggested a
similar trend in capacitance value. The charge transfer
efficiency was most inferior in FS1 which caused
accumulation of charged species at the interface and thus,
the ECSA was measured to be high. Previous analysis
suggested that the surface coverage was the highest in FS3;
however, due to its superior charge transfer efficiency, its
ECSA value was found to be moderate. The polarization
curves were normalized with the ECSA to have an in-depth
idea about the HER and OER catalysis. The electrocatalytic
activity of FS3 at a higher overpotential region was found to
be superior among all the pyrites (figure 9c, d). The HER
catalytic activity of FS1 and FS2 was found to be similar
almost up to 300 mV overpotential; however, beyond this
potential, FS1 showed superiority (figure 9c). Although FS3
and FS4 showed similar HER catalytic activity in the
pseudo-steady-state region, the FS3 showed superiority later
on. These observations suggested that the substrate
adsorption efficiency of FS3 and FS4 was similar.
However, due to the inferior charge transfer and substrate
desorption efficiency, FS4 could not match the activity of
FS3 at higher overpotential region. The FS1 and FS4
achieved almost equal current density at 360 mV
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Figure 10. (a) Polarization curves for overall water splitting in NF||NF, RuO2||Pt/C and FS3||FS3; (b) HER and
(c) OER polarization curves (iR corrected) for FS3 before and after 1000 cyclic voltammetry cycles;
(d) chronoamperometric and chronopotentiometric (in the inset) curves for FS3||FS3.

overpotential. The surface coverage of FS4 became higher
at steady-state region and thus, its catalytic activity matched
with that of FS1, another pyrite with poor charge transfer
dynamics. The polarization curves for OER (figure 9d)
showed that FS3 and FS4 showed similar catalytic activity
at the initial potential range. However, the trend in catalytic
activity changed into FS3 [ FS4 at the pseudo-steady state
region. In addition to that, FS3 retained its superior catalytic
activity even at the steady-state condition. The FS1 showed
inferiority as compared to the other three pyrites in the
entire potential range. A similar phenomenon occurred in
OER catalysis as that was evidenced in HER. However, as
the charge transfer process was the main governing factor in
OER, the trend in catalytic activity matched with that in
charge transfer efficiency.
3.2e Discussion: Electrochemical analysis suggested
that the alteration in crystal parameters of the pyrite
modulated its electrocatalytic activity. The charge carrier
density and the interfacial charge carrier accumulation were
changed with the alteration in its lattice strain and crystallite
size. The pyrite having the lowest lattice strain and the
smallest crystallite size showed superior electrocatalytic

activity towards both HER and OER. The alteration in OER
catalytic activity was moreover straightforward. The charge
transfer efficiency of pyrite increased as its crystallite size
and lattice strain were decreased. The charge transfer
dynamics governed the OER and thus, the electrocatalytic
activity followed a similar trend. On the other hand, the
substrate adsorption–desorption efficiency of the pyrites
influenced the HER catalysis process. The substrate
adsorption efficiency in HER increased as the lattice
strain and crystallite size of the pyrite were decreased.
The charge transfer efficiency of pyrite was found to be
inferior when the crystallite size and lattice strain were
moderate. However, the pyrite with the lowest lattice strain
was found to have both superior desorption and charge
transfer efficiency. The alteration in these physicochemical
phenomena not only modulated the HER and OER catalytic
activities of the pyrites, but also affected the catalytic
pathways.
The morphology of an electrocatalyst significantly
influences its activity and the material with higher exposed
surface area shows superior activity [56]. The size of the
exposed surface area would directly reflect in its ECSA
value, but this investigation disregarded the direct relation
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between the ECSA and catalytic activity. In addition, the
electrochemical analysis clearly showed that the charge
transfer and substrate adsorption–desorption efficiency
governed the electrochemical reactions which could be
directly correlated with the electronic structure of FeS2.
Previous investigations suggested that the lattice strain and
crystallite size could affect the electronic structure of the
FeS2 [28,29]. It can be firmly said that the crystal parameters influenced the electrocatalytic activity of FeS2. The
electronic structure of the pyrite having lower lattice strain
and smaller crystallite size was favourable for the physicochemical steps involved in the HER and OER.
3.2f Overall
water-splitting
activity
investigation: Satisfactory bifunctional HER and OER
catalysing activities of FS3 were evidenced from the
previous investigations and thus, its overall water-splitting
efficiency was studied from the polarization curve as shown
in figure 10a. FS3 in a symmetric two-electrode setup
showed superior water-splitting efficiency than the state-ofthe-art electrolyzer, RuO2||Pt/C up to 1.742 V and showed
inferiority afterwards. Polarization of water started near the
thermoneutral potential of water splitting i.e., 1.48 V
(figure 10a) [57]. The FS3||FS3 cell required the potential
of 1.567 V to achieve the benchmarking current density of
10 mA cm-2, which was only 337 mV higher than the
thermodynamic potential of water electrolysis (1.23 V)
[57]. On the other hand, RuO2||Pt/C achieved the 10 mA
cm-2 current density at a full cell potential of 1.645 V. The
FS3||FS3 on applying 2 V potential achieved a current
density of 238 mA cm-2. The RuO2||Pt/C achieved the same
current density at a cell potential of 1.883 V. Moreover, the
bifunctional overall water-splitting efficiency of FS3 was
found to be comparable with or superior to the recently
reported iron sulphide-based (supplementary table S7) and
other non-noble-metal-based electrocatalysts (supplementary table S8).
3.2g Stability
investigations: HER
and
OER
polarization curves for FS3 were obtained after
performing 1000 CV cycles between 0 and 350 mV
overpotential. The final HER polarization curve matched
well with the initial curve (figure 10b). A minor difference
in current density was recorded between the initial and final
OER polarization curves at lower potential region; however,
these two curves matched well at higher potential region
(figure 10c). The chronoamperometric curve for FS3||FS3
obtained at 1.84 V (figure 10d) showed that the twoelectrode setup retained its *96% current density even
after *17 h long overall water-splitting performance. The
chronopotentiometric curves (figure 10e) showed that there
was no significant change in required potential even after
rapidly biasing the FS3||FS3 setup at different high current
densities (40, 50, 100, 150 and 200 mA cm-2). These
observations confirmed that besides electrocatalytic
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efficiency, FS3 possessed robustness and long-term
operation stability.
4.

Conclusions

In summary, iron pyrites (FeS2) were synthesized following
the hydrothermal reaction pathway after varying the amount
of Fe2? and Fe3? in the precursor. The crystallite size and
lattice strain of the pyrite were altered with the change in
Fe2? and Fe3? ratio. These changes in crystal parameters of
FeS2 altered its charge carrier density, charge transfer
dynamics, substrate adsorption–desorption efficiency and
interfacial ion accumulation. Alteration in these physicochemical phenomena modulated the HER and OER catalytic activities of FeS2. In addition, these changes in crystal
parameters altered the pathways of the catalysed reactions.
FS3, the pyrite with the lowest lattice strain and the smallest
crystallite size, showed superior electrocatalytic activity
towards both HER and OER. Moreover, all the pyrites
synthesized for this investigation overcame the drawback
faced by most of the Fe–S based HER electrocatalysts i.e.,
sluggish H-adsorption step. The electrocatalytic overall
water-splitting activity of FS3 was comparable with the
state-of-the-art RuO2-Pt/C couple. Along with efficiency,
FS3 showed competent stability in operational condition
which confirmed that FeS2 could be a potential candidate as
cheap and efficient bifunctional electrocatalyst for overall
water splitting. This investigation established that modulation of crystal parameters like crystallite size and lattice
strain can be an efficient technique for tuning the electrocatalytic activity of transition metal-based materials.
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