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The design of the nanoarchitecture of hierarchical three-dimensional (3D) nanosheets for use as free-
standing, non-precious electrocatalysts for oxygen evolution reaction (OER) is critical for building
commercial water-splitting systems. Herein, we report a facile, scalable, efficient and binder-free
fabrication of earth-abundant bimetallic iron cobalt oxide nanoclusters embedded on 3D flower-like
iron cobalt oxide nanosheets (FeCoO NC@3D-FeCoO NS) grown on a nickel foam (NF) substrate for the
improved OER under an alkaline electrolyte. The as-developed FeCoO NC@3D-FeCoO NS|NF electrode
materials exhibited an excellent OER catalytic activity with low OER onset potential (~1.37 V),
small overpotential () (~0.22 V) @ 10 mA cm™2 and Tafel slope (~53 mV dec™), high mass activity
(500 A g7} and turn over frequency (TOF) (2.83 s7%), and long-term durability (over 100 h) in 1.0 M
KOH. The attained high catalytic OER performance of the FeCoO NC@3D-FeCoO NSINF electrode is
due to its unique bimetallic heterostructure, rich in oxygen deficient sites and active sites, large
electrochemical active surface area (ECASA), low polarization resistance, rapid charge-transfer kinetics,
facilitation of mass diffusion/transport of OH™ ions and improved electronic conductivity, and ease of
H,O adsorption onto nearby active sites. Impressively, the FeCoO NC@3D-FeCoO NS|NF|PtC/C couple
exhibited less positive potential (~1.82 V) to attain a current density of ~50 mA cm™2 and high catalytic
OER performance, which is ~150.0 mV smaller than that of the benchmark RuO,|Pt/C couple in the
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Introduction

Electrocatalytic water splitting is one of the most encouraging
methods for resolving the energy issue since it can convert
“waste power” (solar and wind) into renewable energy sources
like green hydrogen (H,) energy.'” Unavoidably, the sluggish
anodic oxygen evolution reaction (OER) significantly impedes
the complete process of water splitting because of its multistep
proton-coupled four-electron transfer processes.*” Iridium and
ruthenium based metal and metal oxides are currently consi-
dered as the state-of-the-art catalysts, but their high cost and
scarcity severely limit their commercial application for large-
scale use.> ™! As a result, a lot of research studies have focused
on the design of low-cost OER electrocatalysts based on first-
row transition metals and their oxides including cobalt oxide
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alkaline electrolysis cell, suggesting good practicability.

nanoparticles, iron oxide, nickel oxide, manganese oxide com-
posite thin films, etc.'>*®

Over the past few decades, transition metal oxide (TMO)-
based nanomaterials have offered a range of possible unique
features such as shape- and size-dependent properties, high
crystallinity, high surface energy and other chemical composition
related characteristics that can contribute to electrocatalytic
properties.'®>* Nonetheless, because of their undesirable adsorp-
tion energy (AE) of the chemical intermediates and weak con-
ductivity, the apparent performance of virgin metal oxides is
often unsatisfactory.>* Particularly, the non-precious transition
metal-based spinel oxide compounds (SOCs) such as Co0;0,,
NiFe,0,, NiCo,0,, CoMn,0,, CoFe,0,, etc. have been investi-
gated for OER performance.'®*>2° The partial substitution of an
active redox element Fe (d®) may result in increased d-electron
deficiency, favouring OER features. To date, numerous
approaches on non-noble metal-based SOCs have been used to
compete with the high OER performance of noble metal-based
catalysts, including regulating phase composition, shape, and
intrinsic defects and metal doping.*°* For example, Basu et al.**
developed a 2D structure for cobalt iron oxide (CoFe,0,) that was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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used in OER. The as-synthesised CoFe,O, only needed a
~410 mV overpotential to reach a current density of 10 mA cm™>
in 1.0 M KOH. Li et al>' constructed a sequence of MFe,O,
(M = Co, Ni, Cu, and Mn) nanofibers, and discovered that CoFe,O,
with spinel structures exhibited good catalytic activity towards
OER with an overpotential of ~0.40 V @ 5 mA c¢cm > More
recently, Zhang et al.*® reported a highly effective electrocatalyst
for OER consisting of bimetallic cobalt iron oxide (CoFe,0,) with a
nanosphere structure which required an overpotential of ~0.28 V
to reach a current density of 10 mA cm > under an alkaline
electrolyte. Research studies demonstrated that direct fabrication
of the spinel transition metal-based nanomaterials using an
electrochemical method offers a wide range of advantages.**>®
In the electrochemical method, the surface structure and compo-
sition of TMO nanomaterials may be easily controlled or altered
by varying the current density/potential, deposition time, and
choice and composition of precursors/additives.**™**

In this study, we demonstrate earth-abundant bimetallic
iron cobalt oxide nanoclusters embedded on 3D flower-like
iron cobalt oxide nanosheets (FeCoO NC@3D-FeCoO NS)
directly grown on a nickel foam substrate through a one-step
electrochemical strategy for the first time towards enhanced
OER activity under an alkaline electrolyte. The present electro-
chemical fabrication of FeCoO NC embedded on 3D-FeCoO NS
nanomaterials offered the following merits: (i) easy single-step
fabrication approach; (ii) hard or soft template- and binder-free
strategy; (iii) low cost and short time approach; (iv) ability to
develop under mild experimental conditions and bulk scale
production; (v) online continuous monitoring of the deposition
process, which is useful for industrial scale operations; (vi) low
power consumption by avoiding the calcination step and
organic solvents; and (vii) exclusive surface morphology of
FeCoO nanoclusters @ 3D flower-like iron cobalt oxide
nanosheets, creating the potential interfacial reaction, effective
chemical/interfacial distributions at the nanoscale, fast elec-
tron-electron transfer kinetics and high degree of solidity
without using a binder. Owing to the unique bimetallic hetero-
structures, rich in oxygen deficient sites and active sites, high
ECASA, low polarization resistance, and rapid charge-transfer
kinetics, the as-fabricated FeCoO NC@3D-FeCoO NS electrode
materials exhibited an outstanding catalytic OER activity with
low OER onset potential, small overpotential (1) and Tafel
slope, high mass activity, long-term durability, and low cell-
voltage and high current density in the real alkaline water
electrolyzer.

Experimental section
Chemical reagents

Ferric chloride anhydrous (FeCls), cobalt(u) nitrate hexahydrate
(Co(NO3),-6H,0), and potassium hydroxide pellets were pur-
chased from Sigma Aldrich. Nitric acid was purchased from
Alfa-Aesar. The commercial ruthenium(v) oxide (RuO,) and
platinum carbon (PtC, 10%) were obtained from Sigma-Aldrich.
All analytical grade reagents were used exactly as they were

© 2022 The Author(s). Published by the Royal Society of Chemistry
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obtained. All the solutions in this investigation were made with
pure water (18.2 M cm) collected from a NANO pure Diamond
UV ultrapure water purification system.

Fabrication of the FeCoO NC@3D-FeCoO NS|NF Electrode

Typically, a single-step electrochemical deposition approach
was adopted to fabricate FeCoO NC@3D-FeCoO NS nano-
structures on a cleaned NF electrode substrate with a geometric
surface area of ~0.12 cm®. The NF electrodes were well-cleaned
by sequential sonication for 15 min in water, acetone, and
isopropanol prior to the electrodeposition process. Continuous
cyclic voltammetry (CV) measurements were applied for the
pre-cleaned NF electrode in the electrolyte solution consisting
of 0.05 M cobalt(u) nitrate (Co (NO3),-6H,0) and 0.05 M iron(u)
chloride (FeCl;) + 0.1 M HNO; solution for five continuous
cycles at a scan rate of 5.0 mV s '. The operating potential
window was chosen between of ~—0.16 and ~1.63 V vs.
reverse hydrogen electrode (RHE). The as-fabricated electrode
was washed numerous times with DI water and 100% ethanol
after the electrodeposition, and was designated as FeCoO
NC@3D-FeCoO NS|NF. The mass loading of the catalyst of
FeCoO NC@3D-FeCoO nanosheets was measured to be
~0.16 cm 2. In order to compare the OER activity, the single
iron and cobalt oxides were made using the same procedure as
described above. The commercially available state-of-the-art
RuO, and Pt/C catalyst ink was made by dispersing ~5.0 mg
of catalyst in 0.5 mL of DI water containing 1.0% Nafion. The
catalyst ink was ultrasonically dispersed for around 30 minutes,
resulting in a highly dispersed catalyst ink. The catalyst ink
(~10 pL) was drop cast onto an NF (RuO,|NF and Pt-C|NF)
surface and dried at room temperature.

Characterisation of the FeCoO NC@3D-FeCoO NS|NF electrode

High-resolution scanning electron microscopy (HR-SEM, FEI
QUANTA 200 with a 20 kV accelerating voltage) and transmis-
sion electron microscopy (TEM, JEOL 2010F) with energy-
dispersive X-ray spectroscopy (EDX) were used for the morpho-
logical and elemental analyses of the FeCoO NC@3D-FeCoO
NS|NF electrode. An X-ray diffractometer (XRD, PANanalytical-
Xpert Pro diffractometer with a Ni filtered monochromatic Cu
Kr (1.5406, 2.2 KW Max)) was used to examine the crystalline
structures of FeCoO NC®@3D-FeCoO NS|NF. X-ray photo-
electron spectroscopy (XPS, PHI Versaprobe III) was employed
to study the change in the binding energies of Co, Fe, and O
elements and the composition of the developed nanomaterials.
The water contact angles were measured using a surface/
interface tension goniometer (DMs-401) by dropping 2 pL of
DI water on samples at room temperature. All electrochemical
tests were performed with the three standard electrode cell
setup using Biologic workstation (VSP-300) in a 1.0 M KOH
electrolyte. Nickel foam (NF; geometrical surface area:
~0.12 cm %) was used as the working electrode, Pt coil was
employed as the counter electrode and Ag/AgCl (3.0 M KCI)
acted as the reference electrode. Electrochemical impedance
spectroscopy (EIS) was carried out with the frequency range of
100 kHz to 50 mHz.
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All the electrodes’ potential against the Ag/AgCl (Eag|agc)
electrode was converted to potential vs. RHE (Egy) by eqn (1):*

ERuE = Eaglagcl + Eppe = Eaglagar +1.036 (1)

On the other hand, the overpotential for OER can be obtained
with the help of eqn (2):

1j = (Eaglagal + 1.036) — 1.23 (2)

where subscript j represents the current density at a given
potential.

The mass activity (A g~ ') value of the electrodes was calcu-
lated from the electrocatalyst loading m (0.02 mg cm™?) and the
observed current density j (mA cm™?) at an overpotential of
~220 mV:

Mass activity = a (3)
m

The electrochemical active surface area (ECSA) of the FeCoO
NC@3D-FeCoO NS|NF electrode was computed using double-
layer capacitance (Cq, mF) and specific capacitance (Cs, mF cm™?),
which were measured using cyclic voltammetry (CV) at various
scan rates:

ECSA = CdI/CS [4)
The TOF of the electrocatalysts was determined by eqn (5):****
S

TOF = 1 )

where ‘4" is the current density in mA cm ™2 at the overpotential
of ~220 mvV, “S” is the geometrical surface area of the elec-
trode (~0.12 cm™?), “F” is the Faraday constant (96 485 C mol %),
and “n”, the number of moles of active sites of the electrode,
is given by the following equation:

Mmass
n=—-— 6
with m,, the mass loading of active materials and M the molar

mass of active materials.*®

Results and discussion

Fig. 1(a) shows the XRD pattern of the bimetallic iron cobalt
oxide nanoclusters embedded on the 3D flower-like iron cobalt
oxide nanosheet electrode (FeCoO NC@3D-FeCoO NS|NF).
As displayed in Fig. 1(a), FeCoO NC@3D-FeCoO NS|NF exhi-
bited three XRD peaks at ~18.2°, ~35.3° and ~36.9°, corres-
ponding to the crystalline planes (111), (220) and (311) with the
spinel phase structure of Fe-Co oxides (PDF#22-1086).3%4%47
The XRD pattern of the pure iron oxide (Fig. 1(b)) nanomaterials
displayed a peak at ~30.2° which was ascribed to the charac-
teristic peaks of Fe oxides (JCPDS 39-1346).® As depicted in
Fig. 1(c), the bare cobalt oxide nanostructure demonstrated three
XRD peaks at ~31.3°, ~36.4° and ~42.3°, corresponding to the
cubic phase of (220), (111) and (200) Co;0, (JCPDS 48-1719).%"°
Fig. 2(a—c) depicts the SEM images of the FeCoO NC@3D-FeCoO
NS|NF (a), 3D-FeO NS|NF (b), and 3D-CoO NS|NF (c) electrodes.
The hierarchical 3D flower like FeCoO nanostructures consisted
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Fig. 1 XRD patterns of the FeCoO NC@3D-FeCoO NS|INF (a), 3D-FeO

NSINF (b), and 3D-CoO NS|NF (c) electrodes. The peaks marked with

spades were derived from the NF substrate.
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of 2D nanosheets. The diameter of the FeCoO nanosheets was
found to be in the range of ~150-200 nm. As shown in Fig. 2(a),
the average dimension of the 3D flower of FeCoO nanostructures
was measured to be ~180 nm and the nanostructures were
homogeneously dispersed. For comparison, pure 3D-FeO NS|NF
and 3D-CoO NS|NF electrodes were fabricated under similar
experimental conditions. The 3D-FeO NS|NF electrode (Fig. 2(b))
demonstrated similar 3D flower like surface morphology with an
average dimension of ~211 nm. As can be easily seen in Fig. 2(c),
the 3D-CoO NS|NF electrode showed the homogeneous disper-
sion of 3D-flower like surface structures with an average diameter
of ~340 nm. Fig. 2(d) presents the elemental mapping of the
FeCoO NC@3D-FeCoO NS|NF electrode. The elemental mapping
results showed that Fe, Co and O elements were homogeneously
dispersed on the electrode substrate. Based on the EDX data of
Fig. S1 (ESIf), the elements of Fe and Co were existed in the
FeCoO NC@3D-FeCoO NS|NF electrode.

Fig. 2(e) and (f) show the TEM and HRTEM images of the
FeCoO NC@3D-FeCoO NS. As shown in Fig. 2(e, f) and Fig. S2a
(ESIY), the FeCoO nanoclusters with an average dimension of
~2.8 nm were uniformly dispersed on 3D FeCoO nanosheets.
The Fe and Co ions can primarily be adsorbed on to the rough
surface of NiO. The resulting heterogeneous nucleation process
may majorly take place on the direct growth of FeCo oxide
clusters. Owing to its large surface-to-volume ratio, the 3D
nanosheet-like structure offered abundant space to permit fast
mass transport of ions through the electrolyte/electrode inter-
face. The HRTEM image (Fig. 2(f)) of the FeCoO NC@3D-FeCoO
NS showed an interplanar distance of ~0.29 nm, ascribed to
the spinel plane of (220) FeCoO nanostructures. The selected
area electron diffraction (SAED) pattern of the FeCoO NC@3D-
FeCoO NS demonstrated well-defined diffraction spots with the
crystalline planes of (331), (422), and (533). Furthermore, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of the FeCoO NC@3D-FeCoO NS|NF (a), 3D-FeO NS|NF (b), and 3D-CoO NSINF (c) electrodes. The elemental mapping of the
FeCoO NC@3D-FeCoO NS|NF electrode (d). TEM (e), HR-TEM (f), and SAED pattern (g) of the FeCoO NC@3D-FeCoO NS.

TEM-EDS measurements showed the co-existence of Fe, Co,
and O elements (Fig. S2b, ESIT).

Fig. 3 displays the XPS spectra of the survey (a), and Fe 2p
(b), Co 2p (c), and O 1s (d) regions of the FeCoO NC@3D-FeCoO
NS|NF electrode. From the survey XPS spectra of Fig. 3(a), the
presence of Fe, Co, and O elements was identified at the FeCoO
NC@3D-FeCoO NS|NF electrode. The XPS results display an
atomic ratio of Fe:Co:0O of 2.8:1.0:35.6 for the FeCoO
NC@3D-FeCoO NS|NF electrode. In Fig. 3(b), two peaks are
observed for Fe 2p;, and Fe 2p,, located at ~709.3 and
~723.0 eV, and the Fe 2p;,, and Fe 2p,,, peaks are at ~711.3
and ~726.2 eV, revealing the presence of Fe’* and Fe’" in the
FeCoO NC@3D-FeCoO NS|NF electrode.”’ In the Co 2p core
level for the FeCoO NC@3D-FeCoO NS|NF electrode (Fig. 3(c)),
the fitted Co 2p peak at ~781.3 €V can be attributed to Co*",
whereas the peaks obtained at ~784.7 and ~788.6 €V can be
attributed to Co®".>' Moreover, the XPS spectra of O 1s are
presented in Fig. 3(d), where two primary distinctive peaks at
~531.9 and ~530.9 eV, ascribed to the substituted OH™ group
and lattice oxygen, respectively, are observed.”> The surface
wettability of the catalyst is determined by measuring its
contact angle, which has consequences for constructing the
electrode-electrolyte interface in test systems for electrochemi-
cal assessments. The hydrophilicity of the system facilitates
improved interaction of the electrolyte with the catalyst in water
electrolysis. Improved electrode/electrolyte interactions, in addi-
tion to active centres, would boost the OER catalytic performance.

© 2022 The Author(s). Published by the Royal Society of Chemistry

The water contact angle of the FeCoO NC@3D-FeCoO NS|NF
electrode is found to be ~99.8° only, which is desirable for water
wetting (Fig. S3(b), ESIt). It is anticipated that it was caused by the
rough surface of the FeCoO NC@3D-FeCoO nanosheets, revealing
their improved wettability nature. However, the contact angle of
the bare NF with water is measured to be ~125.3° indicating that
the bare NF is highly hydrophobic (Fig. S3(a), ESIT). The improved
hydrophilic rough surface is beneficial to OER because it exposes
more active sites, which speeds up the release of O, bubbles and
the diffusion of electrolytes.>*>*

Primarily, the electrochemical redox characteristics of the
FeCoO NC@3D-FeCoO NS|NF electrode were studied under
1.0 M KOH and are shown in Fig. S4 (ESIT). The as-fabricated
FeCoO NC@3D-FeCoO NS|NF electrode exhibited an anodic
peak at ~1.3 V (vs. RHE) and a couple of cathodic peaks at
~1.2 Vand 1.0 V, ascribed to the redox couple of Fe**/Fe*" and
Co**/Co**.>>" Fig. $5(a) (ESIT) presents the CVs of the FeCoO
NC@3D-FeCoO NS|NF electrode at different scanning rates,
starting from 10.0 to 125.0 mV s~ '. The linear plots showed
peak currents for both oxidation and reduction against the
square root of the scan rate, revealing the typical diffusion-
controlled process (Fig. S5(b), ESIt). Fig. 4(a) displays the LSV
curves of the 3D-FeO NS|NF (black curve), FeCoO NC@3D-
FeCoO NS|NF (green curve), 3D-CoO NS|NF (blue curve) and
commercial RuO, (dark red curve) electrodes recorded in 1.0 M
KOH at a scan rate of 20.0 mV s~ '. The as-developed FeCoO
NC@3D-FeCoO NS|NF electrode (green curve) exhibited the lowest

Energy Adv., 2022,1,562-571 | 565
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Fig. 3 XPS spectra of the FeCoO NC@3D-FeCoO NS|NF electrode: (a) survey and (b) Fe 2p, (c) Co 2p, and (d) O 1s regions.
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Table 1 Comparison of the electrochemical OER performance of the transition metal based electrocatalysts functioning in alkaline electrolytes

S. No. Material Synthetic method

Overpotential (1) (mV) Current density (mA cm™?) Tafel slope (mV dec ') Ref.

1 FeCo0,-Vo-S Thermal treatment 260
2 3D NiSe@Ni,Fe,Se, Solvothermal 236
3 CosFeP, Thermal treatment 260
4 FeCo(Mn)-O/NF Electrodeposition 235
5 Ni,_,Fe, oxyhydroxide Electrodeposition 300
6 Ni,Co3,04, NWs Co-precipitation 269
7 CoFe LDH-S Wet-chemistry process 270
8 CoFe LDH Electrodeposition 250
9 FCND Hydrothermal 300
10 Fe-Co-O/Co@NC/NF Thermal decomposition 305
11 FeCoO NC@3D-FeCoO NS Electrodeposition 218

200 21.0 56

100 36.8 57
10 58.0 58
10 44.5 59
50 30.0 60
10 120.0 61
10 58.3 62
10 35.0 63
50 77.0 64

100 96.0 65
10 53.0 This study

NF: nickel foam; NW: nanowire; NC: nanoclusters; NS: nanosheets; FCND: iron cobalt nickel dichalcogenides.

electrodes such as 3D-FeO NS|NF (black curve), FeCoO NC@3D-
FeCoO NS|NF (green curve), 3D-CoO NS|NF (blue curve) and
commercial RuO, (dark red curve) electrodes. The value of
the Tafel slope was found to be ~61.0, ~53.0, ~64.0, and
~61.0 mV dec ' for the 3D-FeO NS|NF, FeCoO NC@3D-FeCoO
NS|NF, 3D-CoO NS|NF, and commercial RuO, electrodes,
respectively. As displayed in Fig. 4(d), the FeCoO NC@3D-FeCoO
NS|NF electrode demonstrated a small Tafel slope value of
~53 mV dec™ ', which is lower than that of other bimetallic oxides
reported in the literature (Table 1).”~°® The FeCoO NC@3D-FeCoO
NS|NF electrode exhibited a high mass activity of 500.0 A g™ " at
a low overpotential of ~0.22 V, which is more than ~1.5 and
~2.0 times that of the 3D-FeO NS|NF (333.3 A g ') and 3D-CoO
NS|NF (250.0 A g~ ") electrodes. The turnover frequency (TOF) was
also calculated to be 2.83 s~ for the FeCoO NC@3D-FeCoO NS|NF
electrode, which is ~13.0 and ~7.2 times higher than that of the
3D-FeO NS|NF (0.21 s~ ') and 3D-CoO NS|NF (0.39 s~ ') electrodes.

Fig. 5 shows the chronoamperometric (j vs. ¢) curves of the
3D-FeO NS|NF (black curve), FeCoO NC@3D-FeCoO NS|NF
(green curve), 3D-CoO NS|NF (blue curve) and commercial
RuO, (dark red curve) electrodes recorded at different applied
potentials of ~1.59 V (a), ~1.65 V (b), and ~1.69 V (c) under
1.0 M KOH. As depicted in Fig. 5(d), the FeCoO NC@3D-FeCoO
NS|NF electrode exhibited maximum OER current densities of
~114, ~160, and ~196 mA cm 2 at the applied potentials of
1.59, 1.65, and 1.69 V, respectively. The FeCoO NC@3D-FeCoO
NS|NF electrode showed the best anodic current density at
the applied potential of ~1.59, ~1.65, and ~1.69 V, which was
over ~2.2, ~1.7 and ~1.5 and ~2.8, ~1.9, and ~1.6 times
that of the 3D-FeO NS|NF and 3D-CoO NS|NF electrodes. The
chronopotentiometric (E vs. t) measurements of Fig. 6 show
that the FeCoO NC@3D-FeCoO NS|NF electrode possessed a
less positive electrode potential at all the applied current
densities of ~41, ~83, and ~124 mA cm > when compared
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Fig. 5 Chronoamperometric response of the 3D-FeO NS|NF (black curve),

Eapp/V (RHE)
FeCoO NC@3D-FeCoO NS|NF (green curve), 3D-CoO NS|NF (blue curve)

and commercial RuO, (dark red curve) electrodes under the applied electrode potentials of 1.59 V (a), 1.65 V (b), and 1.69 V (c). The plot of measured
current density against the different applied potentials of the developed electrodes (d).
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and commercial RuO, (dark red curve) electrodes under the applied current densities of ~40 mA cm™2 (a), ~80 mA cm™2 (b), and ~125 mA cm™2 (c).
The plot of measured electrode potentials against the different applied current densities of the developed electrodes (d).

to other electrodes investigated in this study. The FeCoO
NC@3D-FeCoO NS|NF electrode exhibited 1.50, 1.55, and
1.60 V at the applied current densities of ~41, ~83, and
~124 mA cm %, which is less positive in comparison to
3D-FeO NS|NF and 3D-CoO NS|NF electrodes, respectively.
Fig. 7 displays the Nyquist plots of the 3D-FeO NS|NF (a),
FeCoO NC@3D-FeCoO NS|NF (b), 3D-CoO NS|NF (c) electrodes
recorded at the various applied potentials of 1.60 V (blue curve),
1.65 V (red curve) and 1.69 V (green curve) in 1.0 M KOH.
In Fig. 7, the EIS data (dotted curve) were fitted with the
electronic equivalent circuit (solid curve). As depicted in
Fig. 7, the FeCoO NC@3D-FeCoO NS|NF electrode exhibited
the smallest polarization resistance (R,) of ~2.1, ~1.1, and
~1.0 Q at the applied potentials of 1.60 V, 1.65 V, and 1.69 V,
respectively, when compared to the 3D-FeO NS|NF and 3D-CoO
NS|NF electrodes, revealing the fast charge transfer process
through the electrode/electrolyte interface. The electrochemical
active surface area (ECASA) of the FeCoO NC@3D-FeCoO NS|NF
electrode was calculated based on the double layer capacitance
(Cay). Fig. S6 (ESIT) depicts the CV curves of the FeCoO NC@3D-
FeCoO NS|NF electrode recorded in 1.0 M KOH with different
scan rates (from 10.0 to 125.0 mV s ‘). The Cq of the
FeCoO NC@3D-FeCoO NS|NF electrode was calculated to be
~5.53 mF cm 2, revealing the high ECASA values (~ 138.2) and
a large amount of accessible active sites (~8.82 x 10~ moles). The
attained outstanding OER performance of the FeCoO NC@3D-
FeCoO NS|NF electrode was due to the unique bimetallic
heterostructure, rich in oxygen deficient sites and active sites,
high ECASA, low polarization resistance, rapid charge-transfer
kinetics, facilitation of mass diffusion/transport of OH™ ions
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and improved electronic conductivity, and ease of H,O adsorp-
tion onto nearby active sites. The Fe-Co co-electron deficiency
centers can prime the Co-sites to be highly active towards OH™
adsorption, and Co doping aids in improving the charge-
transfer kinetics, increases the active sites, affords an opti-
mized electronic structure, and improves the intrinsic catalytic
activity. Moreover, the intermediates such as M-OH and M-O
can be formed generally nearby the catalytic OER. The bonding
interactions of M-O within the intermediates (M-OH, MO and
MOOH) are crucial in the heterogeneous OER.

The stability performance of the FeCoO NC@3D-FeCoO
NS|NF electrode was primarily evaluated by chronopotentio-
metric (E-t) measurements for 100 h in 1 M KOH at an applied
current density of ~10 mA cm™ > (Fig. S7, ESI%). As depicted in
Fig. S7 (ESIf), in the E-t test, the electrode potential reached
~1.71 V from ~1.65 V after the 100 h continuous OER test
under an alkaline electrolyte. This result revealed that the
as-developed FeCoO NC@3D-FeCoO NS|NF electrode was not
only OER active but also demonstrated durable electrocatalytic
OER performance. It is understood that the surface of
the FeCoO NC@3D-FeCoO NS may be reconstructed as amor-
phous Fe(OH), or Co(OH), rather than crystalline FeCoO
materials.””’®® Thus, the present FeCoO NC@3D-FeCoO NS
based electrode materials as efficient OER electrocatalysts can
aid in improving the hydrogen-producing efficiency. Moreover,
to test the overall water splitting, a two-electrode cell was
constructed by using FeCoO NC@3D-FeCoO NS||Pt/C (red line)
as both anode and cathode. Fig. 8 displays the chronoampero-
metric curves of the FeCoO NC@3D-FeCoO NS| Pt/C (red line)
and RuO,||Pt/C (black curve) couples for overall water splitting

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Nyquist plots of the 3D-FeO NS|NF (a), FeCoO NC@3D-FeCoO
NSINF (b), and 3D-CoO NS|NF (c) electrodes recorded at the various
applied potentials of 1.60 V (blue curve), 1.65 V (red curve) and 1.69 V
(green curve) in 1.0 M KOH. Inset: Equivalent circuit for EIS fitting.

under an alkaline electrolyte at an applied potential of 1.99 V.
As displayed in Fig. 8(a), the FeCoO NC@3D-FeCoO NS| Pt/C
couple exhibited enormous OER activity with a current density
of ~60 mA cm 2 after 5 h whereas the commercial RuO,||Pt/C
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couple showed a cutrent density of ~12 mA cm™>. The devel-
oped FeCoO NC@3D-FeCoO NS| Pt/C electrode couple showed
5 times higher OER catalytic activity than the commercial
RuO, ||Pt/C couple. Fig. 8(b) presents the LSV curves of the
FeCoO NC@3D-FeCoO NS|Pt/C (red line) and RuO,|Pt/C
(black curve) couples recorded in 1.0 M KOH with a scan rate
of 20 mV s~ . As shown in Fig. 8(b), the FeCoO NC@3D-FeCoO
NS|NF|Pt/C couple exhibited a less positive potential of
~1.82 V to attain a current density of ~50.0 mA ecm™ 2, which
is ~150.0 mV smaller than that of the benchmark RuO,| Pt/C
couple in an alkaline electrolysis cell. Besides, the FeCoO
NC@3D-FeCoO NS|/Pt/C couple reached a higher current den-
sity of ~156.0 mA cm ™ at a potential of ~2.2 V in comparison
to the commercial RuO, | Pt/C couple, suggesting good practic-
ability. The present nanoarchitecture of the hierarchical three-
dimensional (3D) FeCoO NC@3D-FeCoO NS demonstrated the
following features: (i) unique surface structures without any
complicated procedures; (ii) in situ formation of nanoclusters
on 3D nanosheets of FeCo oxides offering higher ECASA and
more accessible active centers; (iii) high intrinsic catalytic OER
activity of Fe-Co metal centers and their electronic structure;
(iv) optimized bonding strength of metal centers with oxygen
intermediates; (v) high dispersion of small-dimension of FeCo
nanoclusters on 3D FeCo sheets facilitating the creation of
oxyhydroxides; and (vi) the enormously increased number of
active sites increasing the wettability of the nanostructures.
These features aid in the enhancement of OER performance of
the FeCoO NC@3D-FeCoO NS.

Conclusion

In summary, we demonstrated a facile, scalable, efficient and
binder-free fabrication of earth-abundant bimetallic iron cobalt
oxide nanoclusters embedded on 3D flower-like iron cobalt
oxide nanosheet (FeCoO NC@3D-FeCoO NS) electrocatalysts
with outstanding catalytic OER activity under an alkaline
electrolyte. The FeCoO NC@3D-FeCoO NS|NF electrode exhi-
bited a small overpotential (1) of ~0.22 V to drive an anodic
current density of 10 mA em ™ in 1.0 M KOH. The attained high
catalytic activity of the fabricated FeCoO NC@3D-FeCoO NS|NF

(2) 180 - ind Ve FUC (b)150 —— RuO,Vs. PU/C
120 ] = FeCo0 NC@3D-FeCo0 Ns V. Prd = FeCoO NC@3D-FeCoO NS V. Pt/(
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Fig. 8 Chronoamperometric curves of the FeCoO NC@3D-FeCoO NS||Pt/C (red line) and RuO,||Pt/C (black curve) couples for overall water splitting (a).
(b) LSV curves of the FeCoO NC@3D-FeCoO NS|/Pt/C (red curve) and RuO,||Pt/C (black line) couples recorded in 1.0 M KOH at a scan rate of

20 mV s~ (b).
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electrode arises not only from the large quantity of catalytically
accessible active sites due to the smaller dimension of
nanoclusters, but also from the improved activity of each
catalytic site due to the interactions between Fe-Co metal
centers and the rich oxygen deficient sites and active sites.
The developed heterostructured FeCoO NC@3D-FeCoO NS also
display an excellent durability without significant activity decay
during the OER performance. In addition, the FeCoO NC@3D-
FeCoO NS|NF||Pt/C couple exhibited a less positive potential of
~1.82 V to attain a current density of 50 mA cm™>, which is
~150.0 mV smaller than that of the benchmark RuO,|Pt/C
couple in the alkaline electrolysis cell. It is therefore highly
believed that the research findings of this study may provide
insights into the design of novel non-precious electrocatalysts
based on the nanocluster-based nanoarchitecture of hierarch-
ical three-dimensional (3D) nanosheets towards the alkaline
electrolyzer.
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