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ole of iron carbide in oxygen
reduction catalysts for rechargeable zinc–air
batteries: a comprehensive kinetics & mechanistic
study†

S. Arya Gopal, Anook Nazer Eledath and Azhagumuthu Muthukrishnan *

Rechargeable metal–air batteries are an emerging electrochemical energy storage technology wherein the

invention of bifunctional electrocatalysts for the oxygen reduction reaction (ORR) and oxygen evolution

reaction (OER) plays a critical role in the device's performance. Recently, Fe3C-based carbon materials

have been reported for their excellent bifunctional activity. The lack of understanding in defining the role

of Fe3C impedes the design of high-performance catalysts. Fe3C on carbon (Fe3C/C) and Fe3C on

nitrogen-doped carbon (Fe3C/NC) are synthesised using various carbon substrates. The mechanistic

analysis from the rotating ring-disk electrode voltammogram demonstrates the formation of 4-electron

active sites while introducing Fe3C and nitrogen in the graphitic carbon substrate, and the reason for the

superior ORR activity is discussed. The activity and stability are evaluated using a zinc–air battery

experiment. Fe3C & N-doped Vulcan carbon exhibits higher power density (167 mW cm−2) and specific

capacity (756 mA h gZn
−1 @ 20 mA cm−2). Besides, Fe3C & N-doped Vulcan carbon shows excellent

stability with 88% efficiency after 300 cycles (20 minutes per cycle) of continuous charge–discharge

operation at a current density of 5 mA cm−2. All the Fe3C/NC catalysts show excellent stability in the

OER region, and this study guides the futuristic design of Fe3C-based catalysts for zinc–air battery

electrodes.
1. Introduction

Developing platinum-free electrocatalysts for the oxygen
reduction reaction (ORR) at cathodes of fuel cells and metal–air
batteries is one of the paramount research studies in energy
conversion and storage systems. Among the non-platinum
group metal catalysts developed so far, Fe-containing N-doped
carbon (Fe–N/C) materials are promising potential alternatives
for state-of-the-art catalysts in terms of activity and durability.
The activity of Fe–N/C can be tuned in many ways, such as by
using suitable precursors, pyrolysis temperature, time, atmo-
sphere, etc. The real active sites of Fe–N/C catalysts remain
unsolved despite various theories proposed depicting different
active sites for O2 adsorption.1–12 Though the Fe content is very
low (traces to 3 wt%) in most of the Fe–N/C catalysts, it was
believed that Fe–Nx active sites are responsible for the superior
ORR activity. Besides Fe–Nx, multitudinous iron-containing
compounds were found in Fe–N/C catalysts, such as oxides,
carbides, encapsulated iron nanoparticles, etc. It is essential to
te of Science Education Research

Vithura 695 551, Kerala, India. E-mail:

tion (ESI) available. See DOI:

3, 7, 4618–4629
study the role of individual components in Fe–N/C catalysts to
understand real active sites, which helps in designing very
active and highly durable electrocatalysts for the ORR.

Iron carbides are the frequently encountered species in heat-
treated Fe–N/C catalysts. It is well-known that heating carbon
with iron precursors at higher temperatures (>700 °C) generates
iron carbides.13–16 Hence the formation of iron carbide is inev-
itable in the process of Fe–N/C synthesis via the pyrolysis of
organic precursors in an inert atmosphere. The synthesis of
Fe3C from various precursors and their ORR activity were re-
ported elsewhere.15,17–26 Nevertheless, most reported materials
were synthesised from Fe and nitrogen-containing precursors
and denoted as Fe3C@N–C, Fe@Fe3C/Fe–Nx, Fe3C/Fe–Nx, etc. In
these catalysts, the origin of the ORR activity is not only from
the Fe3C sites but also from the Fe–Nx and N–C active sites
formed during the process. The ORR activity and mechanism of
Fe3C (without nitrogen precursors) on carbon supports were not
analysed in the literature. The role of Fe3C can be demonstrated
only in the absence of any other heteroatoms, particularly the
absence of Fe–Nx active sites.

Fe3C/Fe–Nx or Fe–Fe3C encapsulated N-doped carbon mate-
rials were studied, and their improved ORR activity was
observed in the literature. The reason for the improved activity
was explained by the synergistic effect of the encapsulated Fe3C
This journal is © The Royal Society of Chemistry 2023
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with Fe–Nx or N–C active sites.14,27–33 In the case of Fe3C/Fe–Nx

composites, the relative content of each species determines the
mechanistic pathway. Fe–Nx promotes the 4e− direct pathway
whereas Fe3C directs the reduction via the stepwise pathway (2 +
2e ORR).34,35 The N-doped carbon encapsulated Fe3C nano-
particles are active towards the oxygen evolution reaction (OER),
whereas Fe–Nx or N–C active sites are known for the ORR. Hence
the dual active sites of Fe3C/Fe–Nx composites act as a bifunc-
tional catalyst in Zn–air batteries.19,30,36,37 It was also believed
that the formation of Fe3C suppresses the formation of Fe–Nx

active sites, which is mandatory for the ORR. Thus, the forma-
tion of Fe3C (2-electron active sites) was suppressed by adding
sulphur, which enhanced Fe–Nx sites.38 The theoretical analysis
indicates that Fe3C enhances the ORR activity by minimising
the adsorption activation energy. However, the ORR kinetics
limited by the strongly adsorbed intermediates, especially the
reductive desorption of *OH from the active sites, is not ther-
modynamically favoured.13

Herein, the role of Fe3C present in heat-treated Fe–N/C
catalysts is demonstrated using pure Fe3C on various carbon
supports with different porosities. The encapsulated or Fe3C-
supported carbon materials are studied using RRDE voltam-
metry, and their role in the ORR is dened by analysing the
mechanism using kinetic parameters. The Fe3C encapsulated or
Fe3C supported by N-doped carbon materials is also studied to
understand the role of each active site (Fe3C, Fe–N and N–C)
towards the ORR. The zinc–air battery testing demonstrates
excellent OER performance for longer cycles, revealing the dual
active site concepts for the OER and ORR in Fe3C-containing N-
doped carbon catalysts. The role of carbon supports is also
discussed elaborately.
2. Methodology
2.1 Synthesis of Fe3C/C and Fe3C/NC composites

The synthesis of Fe3C on carbon materials was explained as
shown in Fig. 1. Briey, the conductive carbon (Ketjen black
EC300J (KB) or Vulcan carbon XC-72 (VC) or graphene oxide
(GO)) was uniformly dispersed in 0.1 M Fe(NO3)3$9H2O
Fig. 1 Schematic representation of the synthetic methods of Fe3C/C
and Fe3C/NC materials.

This journal is © The Royal Society of Chemistry 2023
solution, followed by the slow addition of 0.05 M K4(Fe(CN)6) to
form a carbon–Prussian blue (PB) composite. The precipitate
was washed with DI water and dried. The carbon–PB composite
was transferred into an alumina boat and kept in a tube
furnace. The furnace was heated at a rate of 5 °C min−1 under
a ow of N2 (ow rate: 40mLmin−1) and was kept at 900 °C for 2
hours before cooling to room temperature naturally. Finally, the
samples were collected from the furnace and washed with 0.1 M
HCl to remove excess iron species from the material. Thus the
synthesised material is referred to as Fe3C/C (C refers to KB or
VC or rGO). The heat-treated (900 °C) bare carbon substrates
(synthesised using a similar method adopted for Fe3C/C) were
employed as control samples to study the role of Fe3C. Previ-
ously, the carbon samples (KB and VC) were washed with 1 M
HCl solution to remove metal impurities, whereas GO was
synthesized using a modied Hummers' method, as reported
earlier.39

The Fe3C/NC materials were synthesised from a mixture of
previously synthesised Fe3C/C and dicyandiamide (DCDA) in
a ratio of 1 : 10. The mixture was transferred to an alumina boat
and heated at 700 °C with a ramp rate of 3 °C min−1 (other
conditions are very similar to those in the procedure described
above). Thus the synthesised material is referred to as N-doped
Fe3C/carbon (Fe3C/NC) catalysts.

Pure Fe3C was synthesized by the thermal decomposition of
Prussian blue (PB) at higher temperatures. An aqueous solution
of 0.1 M Fe(NO3)3$9H2O was mixed with 0.05 M K4(Fe(CN)6)
with constant stirring, producing a blue colour precipitate of
PB. The PB was ltered and washed with ethanol and water. The
vacuum-dried PB was heated to 900 °C under similar conditions
described above to get Fe3C. The formation of pure Fe3C was
further conrmed by X-ray diffraction spectroscopy.
2.2 Electrochemistry

The electrochemical studies were performed using a PARSTAT
multichannel potentiostat in a custom-made electrochemical
cell (200 ml). The linear sweep hydrodynamic voltammetric
technique was employed using a rotating ring-disk electrode
(RRDE, PINE Instruments) in O2-saturated 0.1 M KOH electro-
lyte. The RRDE consists of a glassy carbon (GC) disk (5.6 mm
diameter) and a Pt ring electrode with a theoretical collection
efficiency of 0.37. The GC disk of the RRDE was modied with
the catalysts as given below. The catalytic ink was prepared by
weighing 5 mg of the catalysts (Fe3C or Fe3C/C or Fe3C/NC or N–
C) with isopropanol (0.15 ml), Type 1 water (0.15 ml) and
a Naon® (0.05 ml of 5 wt%) binder.40,41 The catalyst ink was
made by dispersing the above mixture using a sonicator. A
known amount of the ink was taken using a micropipette and
drop-coated on the GC disk of the RRDE, maintaining a loading
density of 200 mg cm−2. The catalyst-modied GC disk, carbon
cloth with a graphite rod and Ag/AgCl (sat. KCl) were used as
working, counter and reference electrodes, respectively. All the
potentials were corrected against a reversible hydrogen elec-
trode (RHE) using the pH of the electrolyte. Blank experiments
in N2-saturated electrolytes were performed to measure the
background charging current. The disk electrode was scanned
Sustainable Energy Fuels, 2023, 7, 4618–4629 | 4619
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linearly from 1 V to 0 V at a scan rate of 10 mV s−1, whereas the
ring electrode was kept at a constant potential of 1.2 V to esti-
mate the H2O2 intermediate quantitatively. The stability of the
catalysts was analysed using the accelerated durability test.42

Briey, the catalyst-coated GC rotating disk electrode (5 mm
diameter) was scanned between 1.0 and 0.6 V at a scan rate of
100 mV s−1 for 10 000 cycles in an O2-saturated 0.1 M KOH
electrolyte. Linear sweep voltammetry before and aer the
durability cycles was performed at 1600 rpm rotational speed in
O2-saturated 0.1 M KOH electrolyte (scan rate is 10 mV s−1).

3. Results and discussion
3.1 Characterisation

X-ray diffraction (XRD) spectroscopy (Bruker XRD, CuKa, l =

1.5406 Å, 40 kV, 40 mA) was used to conrm the crystalline
nature of the materials (Fe3C and carbon). The diffraction
patterns of pure Fe3C nanoparticles (JCPDS No. 35-0772) have
been compared with those of the synthesised composites.20 All
the synthesised materials (before the acid-washing step) show
a characteristic peak at 45°, which corresponds to the bulk Fe
Fig. 2 (a) The powder XRD pattern of Fe3C, Fe3C/C and Fe3C/NC compo
iron contents in the samples. N 1s XPS spectra of (c) Fe3C/NKB, (d) Fe
deconvolution.

4620 | Sustainable Energy Fuels, 2023, 7, 4618–4629
particles (JCPDS-06-0696) formed along with the Fe3C nano-
particles (Fig. S1†).26 The acid-washed Fe3C/C compounds
exhibit a diffraction peak at 25.5° (002), which corresponds to
the graphitic carbon. Only excess Fe3C is removed during acid-
washing, and the presence of Fe3C is conrmed by the less
intense peaks (Fig. 2a). The encapsulated Fe3C or Fe nano-
particles present inside the micro and mesopores of the carbon
matrix remain in the materials aer acid washing. In the case of
Fe3C/NrGO, a small peak observed at 35° indicates the presence
of iron oxides (Fe2O3), and later, it was conrmed by elemental
mapping using transmission electron microscopy (TEM).

The quantitative estimation of Fe in Fe3C or Fe3C/NC was
performed using the thermogravimetric analysis43 (SDT-Q-600,
TA Instruments). More accurate measurements using induc-
tively coupled plasma optical emission spectroscopy (ICP-OES)
result in a signicant error due to the difficulty in sample
preparation for ICP-OES (incomplete extraction of metal species
using acids). The TGA experiment was performed under a ow
of air. From the thermogravimetric curves, the weight loss
observed above 450 °C (Fig. 2b) can be attributed to the oxida-
tion of carbonaceous content. The TGA curves are parallel to the
sites. (b) TGA plots of Fe3C/C and Fe3C/NC composites to estimate the

3C/NVC and (e) Fe3C/NrGO compounds and their components after

This journal is © The Royal Society of Chemistry 2023
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x-axis beyond 650 °C, indicating that all the carbon-based
materials are burned out and the remaining must be the
oxides of iron species. The powder XRD analysis reveals the
formation of Fe2O3 aer the removal of carbon content
(Fig. S2†). The Fe content was calculated from Fe2O3, as shown
in Table S1.† The higher Fe content in Fe3C/rGO can be
explained by the relatively signicant carbon content loss of the
carbon support (GO) compared with other carbon supports. The
Fe content of Fe3C/NVC retains its original values, whereas the
Fe in Fe3C/NKB and Fe3C/NrGO increased to 3 times that of the
Fe content in Fe3C/C. This indicates that KB and rGO lose
carbon content during the N-doping.

X-ray photoelectron spectroscopy (XPS) exhibits the elements
in the materials and their chemical states. XPS experiments
(Omicron Nanotech, excitation source: MgKa, kinetic energy:
1253.6 eV in constant analyser energy mode with a pass energy
of 50 eV) were performed to investigate the bonding nature of
the elements. The survey spectra of Fe3C/C compounds indicate
that the major component of the materials consists of carbon
(Fig. S3†), wherein the C-1s peak was centred at 284.2 eV, cor-
responding to sp2 carbon. The small pre-peak at 283.4 eV
represents the carbon bonded with Fe (in Fe3C). The deconvo-
luted peak from 286 to 288 eV indicates the carboxyl group
(Fig. S4†). Fe is not seen in the survey spectra because of the
carbon layers encapsulating Fe3C, which makes it more difficult
to detect the core Fe3C. However, Fe3C/NKB and Fe3C/NrGO
show less intense peaks at 708.6 eV (2p3/2) and 721.7 eV (2p1/
2), corresponding to the Fe-2p XPS peaks (Fig. S5†). No Fe-2p
peak was observed due to the lower Fe content in Fe3C/NVC.
Fig. 2c–e show the N-1s XPS spectra of Fe3C/NC compounds,
which were deconvoluted into four peaks corresponding to
pyridinic, pyrrolic, and graphitic nitrogen and nitrogen oxides.
The nitrogen content estimated from the XPS peaks is given in
Table S1.† Due to the lower Fe content in Fe3C/NVC, nitrogen
doping is signicantly reduced to 1.2 wt%. The majority of the
nitrogen content is in the form of pyridinic nitrogen, known for
its positive impact on the ORR activity.7,44,45

The surface area and pore size distribution were measured
using N2-sorption isotherms (Micrometrics 3Flex analyser), as
shown in Fig. 3. The Fe3C/C and Fe3C/NC materials exhibit type
Fig. 3 The N2-sorption isotherms of carbon supports (a) KB, (b) VC and (c
N-doping.

This journal is © The Royal Society of Chemistry 2023
IV adsorption isotherms with H3/H4 hysteresis loops. The
Brunauer–Emmett–Teller (BET) surface area and the pore
volume of the composite materials are listed in Table 1. Pure KB
exhibits the highest surface area, followed by rGO and VC. BET
surface area of the composites (Fe3C/C) is smaller than the
corresponding bare carbon support surface area, and it can be
rationalised by lling pores (of the carbon support) with non-
porous Fe3C. The Fe3C/C compounds before acid washing
(Fe3C/C(BAW)) show less surface area than Fe3C/C (Fig. S6†),
supporting the above statement. The substantial decrease in the
surface area of Fe3C/NC compared with Fe3C/C can be explained
as follows. A graphitic carbon layer was formed on the surface of
porous carbon materials during the pyrolysis at a higher
temperature. The subsequent reduction in the pore volume
from bare carbon to Fe3C/C to Fe3C/NC validates the pore
blocking by Fe3C followed by the graphitisation. The non-linear
density functional theory (NLDFT) modelling of pore size
(Fig. S7†) indicates no signicant changes in the pore size
distribution of Fe3C/KB and Fe3C/VC from their corresponding
carbon supports. However, rGO lost its micropores aer the
incorporation of Fe3C followed by the N-doping. The pore size
distribution curves of Fe3C/NC show a decrease in micropores
with the formation of meso and macropores. The decrease in
the surface area in each step (carbon to Fe3C/C to Fe3C/NC) is
less pronounced in VC composites46 due to the low Fe content
(corroborated by TGA analysis).

The morphology of the Fe3C/C composites was analysed
using high-resolution TEM images which demonstrate the
presence of Fe3C particles distributed on the carbon support
(Fig. 4). The Fe3C nanoparticles are encapsulated by the
graphite layer (Fig. S9†), and Fe3C particles were seen to be less
than 50 nm in size. However, Fe3C formed on rGO is larger in
size as bulky particles. The selected area diffraction (SAED)
pattern of Fe3C/C indicates fringes with a d-spacing value of
0.24 and 0.2, corresponding to the 112 and 121 planes of
Fe3C.29,47 The TEM images of Fe3C/NC compounds indicate the
presence of connected carbon particles with occasional nano-
tubes in Fe3C/NKB, and more pictures are shown in Fig. S10.†
The high-angle annular dark-eld scanning transmission elec-
tron microscopic (HAADF-STEM) images clearly distinguish the
) rGO before and after the incorporation of Fe3C and Fe3C followed by

Sustainable Energy Fuels, 2023, 7, 4618–4629 | 4621
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Table 1 Parameters obtained from the N2-adsorption isotherm

Compound Stotal (m
2 g−1) Smicro

a (m2 g−1) Smeso
b (m2 g−1) Vtotal

c (cm3 g−1) Vmicro
d (cm3 g−1) Vmeso

e (cm3 g−1)

KB-900 891 71.4 309.3 1.320 0.025 0.223
Fe3C/KB 654 55.7 278.8 1.007 0.019 0.20
Fe3C/NKB 155 — 107.6 0.416 — 0.080
VC-900 335 35.0 138.6 0.545 0.010 0.109
Fe3C/VC 235 15.7 82.8 0.447 0.008 0.05
Fe3C/NVC 157 — 71.2 0.400 — 0.058
rGO 430 6.2 489.4 1.442 0.012 0.450
Fe3C/rGO 176 3.4 207.9 0.471 0.003 0.150
Fe3C/NrGO 88 — 70.7 0.171 — 0.054

a Microporous surface area (Smic).
b Mesoporous surface area (Smeso) obtained from Barett–Joyner–Halenda (BJH) method. c Total pore volume.

d Microporous volume (Vmic) obtained from the t-plot. e Mesoporous volume (Vmeso).

Fig. 4 High-resolution TEM images of Fe3C/C (a–c) and Fe3C/NC (d–f). From left to right: KB, VC and rGO supported Fe3C with and without N-
doped carbon. HAADF-STEM images and EELS elemental mapping of (g) Fe3C/NKB, (h) Fe3C/NVC, and (i) Fe3C/NrGO. From left to right: HAADF-
STEM images and carbon, iron, nitrogen and oxygen elemental mapping.

4622 | Sustainable Energy Fuels, 2023, 7, 4618–4629 This journal is © The Royal Society of Chemistry 2023
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individual Fe3C particles. The electron energy loss spectroscopy
(EELS) elemental mapping conrms the presence of carbon,
iron, nitrogen and oxygen distributed in the materials. Besides
Fe3C, the Fe2O3 formation is also conrmed based on over-
lapping the individual elemental mappings in the composites.
However, other than Fe3C/NrGO, the XRD cannot show any
Fe2O3 peaks, as reported earlier.

3.2. Oxygen reduction reaction activity

Fig. 5a–c show RRDE voltammograms of the ORR on bare
carbon, Fe3C/C and Fe3C/NC catalysts. The onset (Eonset)
potential (kinetically controlled region), half-wave (E1/2) poten-
tial (mixed kinetic-diffusion controlled region) and limiting
current density (jDL) (diffusion controlled region) are used as
activity descriptors to compare the ORR activity (Table S4†). The
bare carbon materials show a typical double sigmoidal curve,
pertaining to the 2-electron ORR (O2 to H2O2) at lower over-
potentials (>0.4 V) and 2 + 2-electron ORR (O2 to H2O via H2O2)
at higher overpotentials (<0.4 V). The number of electrons (n) is
estimated using ring and disk currents (see the ESI†), which is
close to 2, corroborating the 2-electron ORR. However, it is
increasing to 3 and above on bare KB and VC compounds at
larger overpotentials (Fig. 5f) due to H2O2 reduction catalysed by
narrow micropores (<0.7 nm).48 In rGO, the n value is almost
constant throughout the applied potential due to the negligible
number of narrow micropores (Section 3.1). The introduction of
Fe3C in the carbon materials exhibits improved Eonset and E1/2
Fig. 5 RRDE voltammograms of the ORR on a pure carbon substrate, ba
electrode in O2-saturated 0.1 M KOH electrolyte at a scan rate of 10 mV
density 20 mgPt cm

−2). The ring potential was kept at 1.2 V, and the electro
from the ring and disk currents with applied potential on (d) Fe3C/NC, (e

This journal is © The Royal Society of Chemistry 2023
and jDL, indicating a positive impact of Fe3C on the ORR activity.
The positive shi in Eonset and E1/2 is more pronounced in Fe3C/
NC than in Fe3C/C. The Eonset values are 0.96 (Fe3C/NKB), 0.90
(Fe3C/NVC) and 0.95 V (Fe3C/NrGO), which are 70, 50 and 30mV
more positive than those of Fe3C/KB, Fe3C/VC and Fe3C/rGO,
respectively. Similarly, E1/2 values show a positive shi and
the limiting current improved in Fe3C/NC materials. Besides,
a well-dened mass transport-controlled limiting region was
observed with smaller ring currents. The n values are increased
for Fe3C/NC catalysts compared with Fe3C/C catalysts (Fig. 5d
and e). The n value of Fe3C/NKB and Fe3C/NVC compounds is
3.9, indicating the complete reduction of O2 to H2O. The RRDE
voltammograms of Fe3C/C, Fe3C/NC, NC and only carbon
supports at various rotational speeds are given in Fig. S11.†

Nitrogen-doped carbon materials were prepared without
Fe3C to study the role of Fe3C. The ORR activity of N-doped
carbon was evaluated under similar conditions. The compar-
ison of the linear sweep voltammograms of Fe3C/C and Fe3C/NC
with those of N–C catalysts is given in Fig. S11.† The compar-
ison between the Fe3C/C with N–C catalysts demonstrates that
the N-doped carbon (N–C) catalysts (without Fe3C) show better
Eonset, E1/2 and jDL values. The results indicate that Fe3C is not
the only reason for the improved ORR activity of Fe3C/NC. The
superior activity of Fe3C/NC catalysts can be rationalized by the
synergistic effect between the Fe3C and N-doping active sites.
Nevertheless, heating Fe3C/C with nitrogen precursors can lead
to formation of Fe–Nx species, popularly known as active sites
re carbon support, and Fe3C/C and Fe3C/NC material (a–c) coated GC
s−1. The dotted line represents the benchmark Pt/C catalysts (loading
de rotational speed was 1600 rpm. The number of electrons estimated
) Fe3C/C and (f) carbon supports with the benchmark Pt/C catalyst.
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for the ORR. These Fe–Nx active sites can form only on the
surface of Fe3C particles in smaller quantities and are very
difficult to analyse quantitatively by XPS. Detailed mechanistic
studies may help dene the active sites and role of Fe3C in the
ORR activity. The ORR activity of Fe3C/NC catalysts is compared
with that of the benchmark Pt/C catalysts, coated on the glassy
carbon disk of the RRDE with a loading density of 20 mgPt cm

−2.
The Pt/C catalysts show Eonset and E1/2 potentials of 0.99 and
0.86 V, respectively, which are 30 (in Eonset) and 60 mV (in E1/2)
more positive compared to those of the best performing Fe3C/
NKB catalyst.

3.3 Kinetic & mechanistic analysis

The ORR mechanistic analysis shed some light on the various
active sites responsible for the 2-electron and 4-electron ORR.
The distinction between 2-electron and 4-electron active sites
implies the critical roles of individual species in the catalysts.
The elementary kinetic model proposed by Damjanovic et al.49

can be used to calculate the rate constants, followed by the
mechanistic analysis, as shown in Scheme 1.

The mass-balanced O2 and HO2
− equations from the above

kinetic model (Scheme 1) and disk and ring current equations
are used to estimate the individual rate constants (see the
ESI†).50,51 The O2 can be reduced to OH in a direct or indirect
(peroxide) pathway. The direct reduction rate constant is
referred to as k1, whereas k2 (O2 to HO2

−) and k3 (HO2
− to OH−)

indicate the peroxide pathway rate constants. The estimated
Scheme 1 Kinetic model of the oxygen reduction reaction proposed
by Damjanovic et al. k1, k2 and k3 are the rate constants. ‘ad’ refers to
the adsorbed species.

Fig. 6 Potential dependent rate constants of the ORR on (a) Fe3C/KB, (b

4624 | Sustainable Energy Fuels, 2023, 7, 4618–4629
individual rate constants for Fe3C/C are shown in Fig. 6. Simi-
larly, the rate constants of the bare carbon supports were esti-
mated to study the role of Fe3C (Fig. S12†). The rate constant of
O2 to HO2

− (k2) is higher than k1 (O2 to OH−) on the carbon
supports, indicating that the carbon supports facilitate the
partial reduction of O2. However, Fe3C/C shows higher k1 values
indicating improved kinetics via the 4-electron pathway.52,53 The
increase in k1 values is more signicant in the lower applied
potential region (<0.4 V for Fe3C/KB and Fe3C/VC), demon-
strating the need for a higher overpotential for the complete 4-
electron ORR. Fe3C/rGO does not show any improved 4-electron
reduction activity at higher applied potentials, perhaps due to
the nature of the carbon substrate. The k1 value of Fe3C/C is 2–3
times higher than that of the bare carbon supports and it is
more prominent for Fe3C/KB. This may be attributed to that KB
could be a better host for the Fe3C particles due to its higher
surface area and porous nature, which effectively retains Fe3C in
pores. The carbon supports in Fe3C/C materials can catalyse the
2-electron ORR, indicated by smaller k2 values. Based on the
rate constants, the ORR activity can be arranged as Fe3C/KB >
Fe3C/VC > Fe3C/rGO.

The presence of a heteroatom (N-doping) on the Fe3C/C
composite (Fe3C/NC) brought about signicant changes in the
ORR kinetics. The estimated rate constants of Fe3C/NC
compared to those of Fe3C/C are shown in Fig. 7. Fe3C/NKB
exhibits the highest activity with a signicant increase in the
k1 values even at more positive potential (lower overpotential
region). Although Fe3C/NVC shows a similar trend as the Fe3C/
NKB, the k2 values are increasing with potential at the higher
overpotential region. The notable increase in the k1 values
suggests that the heteroatom (nitrogen)-doping on Fe3C/C
promotes the entire reduction reaction via the 4-electron
pathway at lower overpotentials. Although Fe3C/NrGO shows
a similar trend, the k1 values are smaller than those of the other
carbon supports. Conversely, the k2 values of Fe3C/NC decrease
at lower overpotentials (>0.4 V) compared with those of Fe3C/C,
indicating a decrease in the 2-electron active sites. At higher
overpotentials (<0.4 V), the k2 value shows an increasing trend.
The moderate increase in the 4-electron active sites from the
) Fe3C/VC and (c) Fe3C/rGO composites.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Potential dependent rate constants (a) k1 and (b) k2 of the Fe3C/NC (solid lines) and Fe3C/C (dashed lines) catalysts.
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bare carbon to Fe3C/C and a signicant improvement were
observed while doping with nitrogen (Fe3C/NC), indicating the
formation of 4-electron active sites from bare carbon to Fe3C/
NC.

The durability of the catalysts was examined using the
accelerated durability test as explained in the Experimental
section. The linear sweep rotating disk electrode voltammo-
grams of the ORR on Fe3C/NC catalysts before and aer the 10
000 cycles of ADT are shown in Fig. 8. The E1/2 was taken to
study the stability of the catalysts. The negative shi in the E1/2
values was observed in all three catalysts. Fe3C/NVC shows high
stability among the catalysts studied with a 30 mV negative
shi, followed by Fe3C/NKB (40mV). Fe3C/NrGO shows the least
stability with a 120 mV negative shi. The jDL shows a little
decrease aer the durability test for Fe3C/NKB and Fe3C/NVC.
However, the decrease in the jDL is signicant in the case of
Fe3C/NrGO.

3.4 Zinc–air battery testing

A rechargeable zinc–air liquid electrolyte battery was assembled
to evaluate the performance of Fe3C/NC catalysts. Based on the
previous reports, Fe3C and N–C sites were assumed to be OER
Fig. 8 The linear sweep voltammograms of the ORR on (a) Fe3C/NKB, (
electrolyte. The electrode rotational speed is 1600 rpm and the scan ra
durability test.

This journal is © The Royal Society of Chemistry 2023
and ORR active sites, respectively.19 A Zn plate (0.5 mm thick-
ness) and catalyst-coated carbon paper (with a loading density
of 1 mg cm−2) were used as the anode and cathode, respectively.
The electrodes were placed 1.5 cm apart, and the cell was lled
with 6 M KOH + 0.2 M zinc acetate electrolyte.54

Discharge polarisation experiments were performed using
chronopotentiometry (from zero to 300 mA cm−2), as shown in
Fig. 9a. The highest positive open circuit potential (OCP) was
observed (>1.5 V) for Fe3C/NC (Fig. S13†). Fe3C/NVC exhibits
higher power density than the other two Fe3C/NC materials,
whereas Fe3C/NrGO shows the lowest values among the three
materials studied. The specic capacity of the Fe3C/NC
compounds was estimated from the chronopotentiometry
experiment with a constant discharge current density of 20 mA
cm−2 (Fig. 9b). The specic capacity varied from 650 to 750
mA h gZn

−1. The results obtained from the zinc–air battery
testing are shown in Table 2. The charging–discharging proles
at various current densities are shown in Fig. 9c.

Fe3C/NVC shows excellent efficiency. The efficiency of the
zinc–air battery was calculated from continuous galvanostatic
charge–discharging (GCD) experiments (10 minutes of charging
and 10 minutes of discharging with continuous 100 hours of
b) Fe3C/NVC and (c) Fe3C/NrGO catalysts in O2-saturated 0.1 M KOH
te is 10 mV s−1. The black and red lines indicate before and after the

Sustainable Energy Fuels, 2023, 7, 4618–4629 | 4625
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Fig. 9 (a) Discharge polarisation curves, (b) discharge profiles at a constant current of 20 mA cm−2 and (c) charging and discharging profiles of
Fe3C/NC materials. The galvanostatic charge–discharge cycles of (d) Fe3C/NKB, (e) Fe3C/NVC and (f) Fe3C/NrGO. Only the initial and final 20
cycles are shown here.
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operation) for 300 cycles with a current density of 5 mA cm−2.
The efficiency was calculated from the ratio of the potential
window of the initial cycle (in the 10th cycle) to the nal cycle
(300th cycle). Fig. 9d–f show the rst and last 20 charge–
discharge cycles of the Fe3C/NC catalysts. Fe3C/NVC is found to
be very stable for 300 cycles with an efficiency of 88%. This may
be attributed to the lower Fe content (2.6 wt%) compared with
the other materials (12 and 34 wt% in Fe3C/NKB and Fe3C/
NrGO, respectively) Passivation and leaching could be
possible reasons for deactivation of the catalytic activity in Fe3C/
NKB and Fe3C/NrGOmaterials. The individual roles of Fe3C and
N-doped carbon/Fe–N can be evaluated based on the cycling
performance, i.e., GCD experiments. Fe3C/NC materials show
stable OER potential, and the charging potential did not
increase even aer 300 cycles. This can be rationalised from
previous reports that Fe3C sites facilitate the OER activity.
Table 2 Zinc–air battery performance parameters of various Fe3C/NC m

Compounds OCP (V)
Power density
(mW cm−2)

Fe3C/NKB 1.50 142
Fe3C/NVC 1.56 167
Fe3C/NrGO 1.54 102
Pt/C + Ir/C 1.44 154

a Current density at a maximum power density. b Specic capacity is estim
was calculated from the 10th cycle to the 300th cycle (aer 100 hours of
discharging current of 5 mA cm−2 where 10 minutes for charging and 10

4626 | Sustainable Energy Fuels, 2023, 7, 4618–4629
Conversely, the ORR overpotential increased (more than 200
mV) compared with the initial cycle (Fig. S16†), indicating that
ORR activity decreases over a period of time. Therefore the
bifunctional activity of Fe3C/NC catalysts OER and ORR activity
originates from Fe3C and N–C/Fe–N, respectively.

To evaluate the bifunctional activity of Fe3C/NVC, control
experiments were carried out with the Fe3C/VC and NVC cata-
lysts. Both of them (Fe3C/VC and NVC) result in much lower
power density and specic capacity values than Fe3C/NVC. The
GCD experiments indicate that the Fe3C/VC catalysts are not
stable for more than 230 cycles and the NVC catalysts are stable
until 300 cycles. Despite its stability, the NVC catalyst showed
lower efficiency than the Fe3C/NVC catalyst. The benchmark ORR
and OER catalysts were used to study the comparative perfor-
mance of the zinc–air battery. Pt/C and Ir/C (1 : 1) were mixed to
prepare the catalytic ink and coated under the similar conditions
aterials

Current densitya

(mA cm−2)
Specic capacityb

(mA h gZn
−1) Efficiencyc

211 738 79%
243 756 88%
179 663 58%
244 729 62%

ated with a constant discharge current of 20 mA cm−2. c The efficiency
continuous charging and discharging) difference with a charging and
minutes are for discharging.

This journal is © The Royal Society of Chemistry 2023
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described earlier. The power density value is 154 mW cm−2 less
than that of the Fe3C/NVC catalyst. The specic capacity and the
GCD experiments indicate that Fe3C/NVC and Fe3C/NKB cata-
lysts perform much better than benchmark catalysts. Aer the
GCD cycles, the benchmark catalysts show poor performance in
OER and ORR regions, indicating the superior bifunctional
activity of Fe3C/NVC. The performance of the Pt/C + RuO2 (1 : 1)
catalysts was also used to compare the literature values. The
discharge polarisation curves, specic capacity, and stability
tests are given in the ESI (Fig. S13 to S17†).
3.5 Discussion

The N-doping on the Fe3C/C composites led to improved ORR
and OER activity. From the RRDE voltammograms and kinetic
analysis, it was found that Fe3C facilitates the ORR activity via
the 4-electron pathway. Similarly, the nitrogen-doped carbon
(NC) materials exhibit higher ORR activity than both bare
carbon and Fe3C/C materials. Hence the superior ORR activity
of Fe3C/NC catalysts can be dened by the synergy between
Fe3C/C and nitrogen-doped carbon sites.23,30 The mechanism of
the synergistic effect is not yet understood and it can be
visualised either by the simultaneous involvement of the two
active sites during the adsorption step or the involvement of
individual active sites at different parts of the reactions to
facilitate and sometimes both.55 However, the possibility of the
formation of Fe–Nx active sites on the surface of Fe3C particles
during the pyrolysis of Fe3C with nitrogen precursors cannot be
eliminated. The kinetic analysis indicates that a signicant
increase in the direct 4-electron reduction rate constant (k1) of
the ORR on Fe3C/NC supports the formation of Fe–Nx. XPS
cannot detect the Fe–N sites, perhaps due to the smaller
content. Furthermore, the ORR activity of the physical mixture
of the Fe3C/C and NC materials was analysed to evaluate the
synergistic effect and the importance of Fe–Nx active sites. The
physical mixture of Fe3C/C and NC compounds does not
contain any Fe–Nx active sites but consists of Fe3C and N–C
active sites. The ORR activity of such physical mixture catalysts
exhibits less ORR activity than individual catalysts such as Fe3C/
C, NC and Fe3C/NC. This indicates the role of Fe–Nx in the ORR
activity. On the other side, the Fe3C active sites contribute to the
OER activity.19,37,56 The OER potential did not increase even aer
300 charge–discharge cycles (100 hours), indicating that the
materials are very stable for the OER irrespective of the sup-
porting carbon materials. Fe3C active sites could be the OER
active sites, irrespective of the type of carbon support and
nitrogen content. Nevertheless, the role of Fe–Nx in the OER
cannot be neglected. The higher stability of Fe3C/NVC catalysts
can be seen from the lower Fe content (2 wt%). Higher Fe
content materials are susceptible to passivation and leaching,
deactivating the catalytic activity. Finally, the ORR and OER are
catalysed by Fe–Nx and Fe3C sites, respectively.
4. Conclusions

The role of Fe3C in Fe3C incorporated nitrogen-doped carbon
materials was studied on various carbon supports of different
This journal is © The Royal Society of Chemistry 2023
porosities. The PB–carbon (KB, VC, and rGO) composites were
pyrolysed in an inert atmosphere, leading to Fe3C/C. The
following conclusions were drawn aer the series of half-cell,
kinetic analysis and zinc–air battery experiments to dene the
role of Fe3C.

Fe3C/C shows improved ORR activity compared with the bare
carbon supports. Besides the positive shi in Eonset and E1/2
values, the kinetics analysis demonstrates the increasing rate
constants of direct 4-electron reduction. This implies the
generation of 4-electron active sites due to the introduction of
Fe3C on carbon supports.

The heteroatom (nitrogen)-doping on Fe3C/C exhibits supe-
rior activity, which may be attributed to the synergistic effect of
Fe3C and N–C active sites or Fe–Nx sites. The kinetic analysis
demonstrates that the direct 4-electron reduction rate constants
increased even at more positive potentials, supporting the
formation of Fe–Nx active sites.

The zinc–air battery shows excellent performance while
using Fe3C/NVC as the OER and ORR catalyst. The highest
positive OCP (1.56 V) and specic capacity (756mA h gZn

−1) with
a power density of 167 mW cm−2 were obtained, which is higher
than that of the benchmark catalyst Pt/C + Ir/C (1 : 1). Besides,
Fe3C/NVC shows an excellent efficiency (88%).

Finally, the Fe3C and N–C combination and/or Fe–Nx active
sites could be responsible for the ORR activity. Fe3C/NVC
consists of lower Fe content that shows higher stability. The
Fe3C active sites are facilitating the OER. Hence the materials
consisting of Fe3C, N–C and Fe–Nx act as excellent bifunctional
catalysts for rechargeable zinc–air batteries.
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