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Hierarchically Multiscale Vertically Oriented NiFeCo
Nanoflakes for Efficient Electrochemical Oxygen Evolution
at High Current Densities

Asim Riaz,* Zelio Fusco, Felipe Kremer, Bikesh Gupta, Doudou Zhang,
Chennupati Jagadish, Hark Hoe Tan, and Siva Karuturi*

Crucial advancements in versatile catalyst systems capable of achieving high
current densities under industrial conditions, bridging the gap between
fundamental understanding and practical applications, are pivotal to propel
the hydrogen economy forward. In this study, vertically oriented hierarchically
multiscale nanoflakes of NiFeCo electrocatalysts are presented, developed by
surface modification of a porous substrate with nano-structured nickel. The
resulting electrodes achieve remarkably low overpotentials of 139 mV at
10 mAcm−2 and 248 mV at 500 mAcm−2. Further, scaled-up electrodes are
implemented in a water-splitting electrolyser device exhibiting a stable voltage
of 1.82 V to deliver a constant current density of 500 mA cm−2 for over 17
days. Moreover, the role of the unique structures on electrochemical activity is
systematically investigated by fractal analysis, involving computation of
structure factors such as Minkowski connectivity, fractal dimension, and
porosity using scanning electron microscope images. It is found that such
structures offer higher surface area than typical layered double hydroxide
structures due to morphological coherence that results in a superhydrophilic
surface, while the base Ni layer boosts the charge transfer. This study
demonstrates a Ni/NiFeCo(OH)x heterostructure with highly porous
morphology, a key to unlocking extremely efficient oxygen evolution reaction
activity with exceptional stability. Moreover, fractal analysis is presented as a
valuable tool to evaluate the electrochemical performance of catalysts for their
structured morphology.
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1. Introduction

Hydrogen forms a cornerstone of the
shift away from fossil fuels to elimi-
nate CO2 emissions by 2050. Its uptake
in energy-intensive economic sectors is
deemed essential. Electrochemical water
splitting in an alkaline medium is an at-
tractive method for low-cost, industrial-
scale hydrogen production with zero pro-
cess emissions.[1] Research on develop-
ing efficient and stable electrocatalysts
is vital for a low-cost and durable elec-
trolyser. In particular, due to the slug-
gish kinetics (high overpotential: 𝜂anode >

𝜂cathode) and complicated reaction mech-
anism, oxygen evolution reaction (OER)
is considered the rate-limiting step for
water splitting reaction.[2] Catalysts such
as IrO2 and RuO2 have set a bench-
mark for OER performance, but the high
cost and low output current densities
of these precious group metals inspire
the search for earth-abundant catalysts.

Recently, layered double hydroxide
(LDH) structures (M(OH)2, MOOH,
where M═Ni, Fe, Co, and Mn) have
shown an extraordinary OER activity
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comparable to that of precious group metals.[2a,c,3] These architec-
tures hold prominence within the OER electrocatalysts domain
due to their distinct morphological attributes, which adeptly un-
veil the catalytically active sites and amplify the electrochem-
ical surface area.[3a,4] Moreover, their adaptable molecular ar-
rangement enables the fine-tuning of OER behavior through di-
verse coordination environments and oxidation states brought
about by a multitude of transition metal combinations.[2a,5] Cor-
rosion engineering techniques are widely adopted to develop
LDH structures because of their facile scalability.[6] For instance,
Wen et al.[2b] developed a NiFe-LDH-based OER electrocatalyst
using a combination of surface corrosion and electrodeposi-
tion techniques, achieving an overpotential of 230 mV to deliver
10 mA cm−2 of current density. Similarly, Zhao et al.[6a] synthe-
sized NiFe LDH structures on a corrosion-cell cathode and re-
ported 10 mA cm−2 at 188 mV. Nonetheless, the limited adoption
of the corrosion engineering technique can be attributed to the
sluggish and intricate growth processes involved.

Electrodeposition presents an alternative approach to corro-
sion engineering, utilizing applied potential to facilitate electron
transfer and expedite the formation of uniform films with the
desired thickness.[7] More importantly, the one-step electrode-
position method enables room-temperature synthesis of amor-
phous compounds while affording control over defect incorpo-
ration. This has the potential to elevate the OER performance
of the electrocatalysts.[6a,8] The electrodeposition technique has
been employed to explore diverse electrocatalysts characterized
by a spectrum of 2D and 3D morphological configurations. These
structures exhibit improved OER performance in comparison
to those prepared using an alternative solution or solid-state
methodologies.[7b,8c,9]

Notwithstanding the progress in refining structural aspects
and identifying optimal transition metal combinations, the ki-
netics of the OER in these electrocatalysts remains a signifi-
cant impediment to the practical implementation of commercial-
scale electrolyser systems.[3a,8c,10] Research investigations have
both empirically and theoretically examined the chemical com-
position to comprehend and enhance the electrocatalytic effi-
cacy of the catalyst materials.[2b,11] While numerous research ar-
ticles have documented electrocatalysts exhibiting both porous
and nonporous configurations, the understanding of the role
that structural morphology plays in influencing electrocatalytic
performance remains limited.[3a,12] Furthermore, commonly uti-
lized 3D porous substrates, such as Ni foam, exhibit restric-
tions that hinder their suitability for integration into commer-
cial zero-gap electrolyser systems. This underscores the need for
a methodical exploration of electrocatalyst structures deposited
through straightforward and scalable techniques onto electrode
substrates compatible with zero-gap electrolyser systems.

In this study, we present an approach to fabricate a remarkably
porous and hydrophilic NiFeCo(OH)x electrocatalyst featuring
HM–VON structures for highly efficient OER activity. The effect
of surface modification toward achieving such structures is high-
lighted in terms of conductivity and charge transfer between the
catalyst–Ni interface. Furthermore, factors affecting the growth
of these porous structures such as stoichiometric ratios of Ni,
Fe, and cobalt, substrate, and parameters of the electrodeposi-
tion technique are explored. Where, the role of cobalt addition
on the size of nanoflakes and growth of flower-like structures on

Ni-modified substrate are presented. Enhanced OER activity of
the catalyst electrodes is related to the hydrophilicity, achieved on
highly porous nanoflake architecture. A thorough examination
of these structures is conducted utilizing fractal analysis tech-
niques, enabling the determination of the achieved 2D poros-
ity on various substrates and under different deposition param-
eters. An important aspect explored in this study is “Minkowski
connectivity,” which highlights the significance of lateral connec-
tivity among flakes within 2D porous structures toward charge
transfer for electrochemical reactions. In summary, this study
emphasizes a methodical evaluation of electrocatalyst structure
for water splitting performance and orients the research efforts
toward use in industry for low-cost and efficient hydrogen pro-
duction.

2. Results and Discussion

2.1. Morphological Optimization

Different compositions of Ni, Fe, and Co elements with various
stoichiometric ratios were deposited onto the nickel foam to de-
termine the most efficient and stable OER performance. Clearly,
an equimolar mixture of Ni, Fe, and Co showed promising OER
results as compared to NiFe and NiCo, as shown in Figure S2
(Supporting Information).

Further, the Electrodeposition process was optimized to
achieve the HM–VON structures onto substrates suitable for
commercial electrolyser systems. Surface morphologies of the as-
synthesized NiFeCo electrocatalyst on NF, PNF, SSF, and Ni/SSF
were characterized by SEM. The choice of substrate was made by
considering the electrochemical characteristics and suitability to
be used in a zero-gap configuration.

An alternative to NF, SSF was evaluated as a potential substrate
candidate for catalyst deposition. SSF has been widely utilized
in commercial electrolysers as a gas diffusion layer sandwich-
ing catalyst-coated anion exchange membrane. Coating porous
electrocatalysts directly onto the gas diffusion layer could sig-
nificantly reduce interfacial resistance while avoiding any bub-
ble build-up between the thick catalyst and gas diffusion layer.
Here, smaller diameter wires in SSF provide a higher degree of
micro-porosity leading to enhanced surface features of the cat-
alyst which could be helpful to increase the OER performance.
This can be confirmed in the surface morphological analysis of
NiFeCo electrocatalyst with similar a VON structure but smaller
nanoflakes as compared to the one deposited on NF (Figure S5,
Supporting Information).

The surface of the SSF substrate was modified by electroplat-
ing Ni prior to the coating of NiFeCo electrocatalyst. The nanos-
tructured Ni surface promoted a homogeneous growth of the
HM–VON structures as compared to the bare SSF substrate, as
confirmed by the SEM image of the as-deposited NiFeCo–Ni–SSF
electrode in Figure 1a. In addition, the density of these flower-like
structures of NiFeCo increased on Ni–SSF substrate, resulting in
multiscale porous vertically oriented nanostructures as shown in
Figure 1b,c. A thin layer of Ni is also advantageous in terms of
improving the surface conductivity of the SSF which is higher
than nickel foam itself. Where, high current densities for Ni–SSF
sample (Figures S7 and S8, Supporting Information) depict lower
ohmic resistance and efficient charge transfer than NF, which
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Figure 1. Structural and compositional analysis of NiFeCo HM–VON structures: a–c) SEM micrographs of as-deposited NiFeCo catalyst on Ni–SSF
substrate at different magnifications, showing homogeneously dispersed flower-like structure onto the porous nanoscale network. d) TEM image of
as-prepared NiFeCo electrocatalyst with dark and light regions, showing NiFeCo making a porous network, e) shows the flower-like structure made up
of NiFeCo nanoflakes. f) HRTEM image of a NiFeCo nanosheet and insert shows amorphous rings in SAED image. g) STEM–EDS elemental mapping
of the LDH nanoflakes showing the distribution of Co, Fe and Ni elements.

significantly contributes toward the intended use of the NiFeCo
HM–VON catalyst electrodes for electrolyser devices requiring
high current densities.

Transmission electron microscopy (TEM) image in Figure 1d,e
represents the wrinkled NiFeCo sheets with vertically oriented
morphologies. The high-resolution TEM image (Figure 1f) of
the nanosheet exhibits lattice fringes of NiFeCo with a spacing
of 2.05 Å, and insert contains the SAED image, showing amor-
phous rings of the NiFeCo(OH)x phase. Elemental mapping in
the STEM–EDS analysis in Figure 1g shows a uniform distribu-
tion of Ni, Fe, and Co on the substrates.

2.2. Compositional Characterization

X-ray diffraction analysis of the as-deposited NiFeCo deposited
onto the Ni–SSF substrate shows distinct diffraction peaks of
NiFeCo LDH structure (ICSD # 96-900-0089) mainly with (012),
(015), (110), and (113) plane, which reflects of an amorphous
hydrotalcite-like structure of VON nanosheets. While LDH na-
ture of NiFeCo is evident from the signature peaks ((003),
(006), and (002)), as shown in Figure 2a.[14] Raman spectrum
of as-prepared NiFeCo–Ni–SSF, NiFe–Ni–SSF, and Ni–SSF sam-

ples shows a band at ≈550 cm−1 which is associated with the
one-phonon (1P), while two-phonon vibrational modes of NiO
can be observed at ≈700 cm−1 (Figure 2b). A downward shift
of ≈25 cm−1 in the wavenumber is noted for the 2P vibra-
tional mode in the NiFeCo–Ni–SSF sample. This phenomenon
can be ascribed to the elongation of the Ni─O bond due to
the incorporation of Co into NiFe. This interpretation gains
further support from the discernible peak at 525 cm−1 corre-
sponding to the Ni─O bond in the spectrum. The presence
of Co─O is observed due to a peak of Eg vibrational mode at
480 cm−1.[15]

The as-prepared materials underwent additional characteriza-
tion using XPS, aimed at assessing both the electronic structure
and surface properties of the NiFeCo(OH)x electrocatalyst, which
was deposited onto the Ni–SSF substrate. Wide-range scanning
of the XPS spectrum revealed the co-existence of Ni, Fe, Co, and
O elements after deposition, while no obvious signals of Fe and
Co are observed in the XPS spectrum of the Ni–SSF electrode.
The Ni 2P3/2 peak at 855.5 eV in the Ni 2P spectrum shows Ni─O
species, as shown in Figure 2c. Nevertheless, the multiplet split-
ting of the Ni 2P3/2 peak observed on the surface of the Ni–SSF
electrode indicates a transformation from surface NiO species to
predominantly M─OH species following the deposition of NiFe
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Figure 2. Structural characterization of NiFeCo electrocatalyst: a) X-ray diffraction pattern of Ni-SSF and NiFeCo-Ni-SSF electrodes. b) Raman spectra
of as prepared Ni-SSF, NiFe–Ni–SSF and NiFeCo–Ni–SSF electrodes showing distinct characteristics of metal-oxides and hydroxide vibrational bands.
High-resolution XPS spectra of c) Ni 2P and d) Fe 2P, depicting the oxidation states and electronic structures of Ni, and Fe elements, respectively.

and NiFeCo. This is substantiated by the presence of a singular
Ni 2P3/2 peak.[2b] In Figure 2d, the Fe 2P spectrum is meticu-
lously fitted with a pair of discernible peaks: the Fe 2P3/2 peak
at 710.2 eV and the Fe 2P1/2 peak at 722.4 eV. This spectral pat-
tern unequivocally corresponds to the +2 oxidation state of iron
(Fe).[2b] The meticulous deconvolution of these peaks, namely
the 2P3/2 peak at 713.2 eV and the Fe 2P1/2 peak at 724.9 eV,
distinctly uncovers the presence of surface-bound Fe3+ species.
Conversely, a prevalence of Fe2+ species at 710.5 eV is noted in
the NiFeCo–Ni–SSF sample, contrasting with the NiFe-Ni-SSF
and NiFeCo-SSF samples. XPS spectra of Co with 2P3/2 peaks
at 781.6 eV and Co 2P1/2 at 796.7 eV can be attributed to the
+3 oxidation state of cobalt (Figure S10, Supporting Informa-
tion). The O 1s core level spectrum depicts two distinct peaks
i.e., M─O and M─OH for both NiFeCo–SSF and NiFeCo–Ni–
SSF electrodes unveiling the coexistence of mixed oxides and
the hydroxide characteristics (Figure S11, Supporting Informa-
tion). No obvious difference in positioning of the M─O peaks
is observed for both the electrode surfaces which are located at
529.2 eV. However, a larger M─O peak area depicts higher con-
centrations of Ni─O species on the NiFeCo–SSF electrode than
on the NiFeCo–Ni–SSF surface. In addition, a peak attributed to
the lattice oxygen in the O 1s spectrum is shifted to higher bind-
ing energy, which indicates layered double hydroxide structure
(─Ni (Fe)─O─Fe─Co) as the dominating species in NiFeCo–Ni–
SSF as compared to NiFeCo–SSF.[2b] These strongly coupled in-
terfaces in the LDH heterostructures significantly influence the

electron injection from Ni to the NiFeCo surfaces, which plays a
key role in faster catalytic kinetics.

2.3. Electrochemical Characterization

To evaluate the electrocatalytic OER performance, linear scale
voltammetry analysis is performed on the electrodeposited
NiFeCo HM–VON structures, along with NiFe LDH, Ni–SSF, and
bare NF substrates for reference. 1 m KOH solution was used as
the electrolyte, while Pt and SCE were used as counter and refer-
ence electrodes, respectively.

After NiFeCo electrocatalyst coating, both the NF and Ni–SSF
electrodes exhibited a marked enhancement in their OER activ-
ity. This enhancement can be attributed to the activation of a
more conductive NiOOH phase, facilitated by the charge trans-
fer effect imparted by the presence of cobalt and iron. Further-
more, the notably low onset potential (1.36 V) observed in the
NiFeCo–Ni–SSF configuration can be attributed to the oxidation
of Ni2+ to Ni3+ (Figure 3a), a phenomenon brought about by the
incorporation of cobalt and iron.[16] The introduction of cobalt
led to a noticeable shift of the redox reactions toward lower po-
tentials, as shown in Figure S12 (Supporting Information). This
phenomenon is attributed to the enhanced charge transfer oc-
curring within a strained lattice resulting from the inclusion of
cobalt, which proves more effective than the underlying NiFe-
LDH structure.
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Figure 3. Electrochemical performance evolution: a) Polarization curves, b) Tafel plots c) linear sweep voltammetry (LSV) curves normalized by ECSA
of catalyst-coated electrodes showing remarkable OER activity of NiFeCo HM–VON structures on Ni-coated SSF. d) Long-term three-electrode stability
of NiFeCo–Ni–SSF electrode at 250 mA cm−2. e) Comparison of the IR-compensated overpotentials at 10 mA cm−2 and stability at operational current
densities in 1 m KOH solution of various electrocatalysts from the recent literature.[2b,6a,11,17]

Remarkably, the required overpotential to deliver 10 mA cm−2

is reduced to 139 mV with NiFeCo HM–VON structures de-
posited on Ni–SSF substrate as compared to 180 and 230 mV
for NiFeCo–SSF and NiFe–Ni–SSF electrodes, respectively. This
is reflected by the impedance study of bare and catalyst-coated
electrodes, where the trend of resistance follows NiFeCo–Ni–
SSF < NiFeCo–SSF < NiFe–Ni–SSF < NiFe–NF < Ni–SSF < NF,
as shown in Figure S13 (Supporting Information). Table S1 (Sup-
porting Information) provides a comprehensive summary of the
impedance study conducted on both uncoated and catalyst-coated
electrodes. Notably, the NiFeCo–Ni–SSF electrode emerges with
the most favorable results, exhibiting the lowest resistance val-
ues for both solution and circuit resistances. In addition, nanos-
tructured Ni on SSF performs better in terms of OER kinetics,
which is reflected in a lower (135 mV dec−1) Tafel slope than
bare NF (210 mV dec−1), as shown in Figure 3b. Furthermore, the
NiFeCo–Ni–SSF electrode has a Tafel slope of 23 mV dec−1, fol-
lowed by 39 and 63 mV dec−1 for NiFeCo–NF and NiFe LDH–NF
electrodes. Nanostructured NiFeCo, featuring a nano-flake mor-
phology on a nickel base, demonstrates advantageous kinetics in
facilitating the oxygen evolution reaction. This superiority can be
attributed to the increased availability of active sites within the
nanoflakes, enhancing the efficiency of the oxygen evolution re-
action in contrast to the comparatively less active bulk NF coun-
terpart. Here, it is worth noting the intrinsic OER activity of cata-
lyst electrodes which is obtained by dividing its polarization curve
(current densities) by the electrochemically active surface area.
As shown in Figure 3c, the intrinsic activity of the NiFeCo–Ni–

SSF electrodes is significantly boosted as compared to NiFeCo–
SSF and NiFe–Ni–SSF samples.

The long-term stability of the NiFeCo–Ni–SSF electrode is
evaluated for OER activity at 250 mA cm−2 current densities in
a three-electrode measurement setup at room temperature as
shown in Figure 3d. Negligible decay in applied potential is ob-
served during the continuous 200 h test while retaining 98.6% of
its performance, suggesting its remarkable durability at higher
current densities. For comparison, the overpotentials and sta-
bility for recently reported OER electrocatalysts are shown in
Figure 3e and Table S2 (Supporting Information). The NiFeCo–
Ni–SSF electrode outperforms the reported electrodes with the
lowest overpotential (139 mV at 10 mAcm−2), and superior stabil-
ity tested for over 200 h at high current densities (250 mA cm−2),
when compared to the recently reported work.

Specific intrinsic activities are assessed by normalizing their
electrocatalytic activities to the electrochemically active surface
area, using the double layer capacitance (Cdl) method based
on cyclic voltammetry, as shown in Figure S14a (Supporting
Information). The high electrochemically active surface area
of NiFeCo–Ni–SSF electrode for OER activities is indicated
by its higher double-layer capacitance value (9.62 mF cm−2)
as compared to the NiFe-LDH structures with a value of
0.775 mF cm−2.[18] In Figure S14b (Supporting Information),
it is evident that the NiFeCo–Ni–SSF electrode exhibits a no-
tably larger electrochemically active surface area in comparison
to NiFeCo–SSF. This observation indicates that the augmenta-
tion in surface area predominantly underlies the enhancement in
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Figure 4. a–c) Scanning electron microscopy images of the NiFeCo–Ni–SSF catalyst showing self-similar properties at different magnifications. d,e)
Minkowski connectivity, fractal dimension and porosity, respectively, computed for the NiFeCo–NF, NiFeCo–Ni–SSF and NiFeCo–SSF catalysts. f) Contact
angle measurements of Ni-coated, NiFeCo–Ni and NiFe–LDH on bare SSF felt substrate depicting efficient wetting on NiFeCo–Ni–SSF felt electrode.

OER activity. This enhancement can be further attributed to the
synergistic effects of cobalt incorporation, which facilitates effi-
cient charge transfer the Ni/NiFeCo and Ni/NiFe interfaces. For
instance, NiFe–Ni–SSF possesses higher ECSA than NiFeCo–
SSF electrode due to a high population of HM–VON structures,
and low ohmic resistance due to efficient charge transfer over the
Ni/NiFe interface. However, the NiFeCo electrocatalyst is proven
to outperform NiFe, which is evident by lower overpotentials ex-
hibited by NiFeCo–SSF than that of NiFe–Ni–SSF electrodes.

The turnover frequency (TOF) of nickel active sites experiences
an impressive nearly threefold increase in the case of NiFeCo–
Ni–SSF electrode, as compared to the NiFeCo–SSF configuration.
When comparing the respective current densities at an overpo-
tential of 270 mV, the NiFeCo–Ni–SSF electrode exhibited a three-
fold increase in the TOF values at a remarkable current density
(563 mA cm−2) when compared to the NiFeCo–SSF electrode.
This is corroborated by the correlation between TOF and over-
potential, where the NiFeCo–Ni–SSF electrode emerges as the
prominent leader among the various samples, (Figure S14d, Sup-
porting Information). TOF quantification relative to the Fe and
Co active sites is carried out by inductively coupled plasma-optical
emission spectrometry (ICP–OES). The TOF values based on Ni
sites computed from the electrochemical data are close to those
acquired from ICP–OES data based on Fe and Co active sites, for
the NiFeCo–Ni–SSF samples. However, the Co-TOF and Fe-TOF
values are almost half to that of Ni-TOF for the NiFeCo–SSF and
NiFe–Ni–SSF electrodes (Figure S19, Supporting Information).
Comparing the TOF values depicts the role of each metal active
site toward the intrinsic catalytic activity. The role of Ni coating
prior to the NiFeCo catalyst deposition should be highlighted for
achieving homogeneous elemental distribution that significantly
contributes toward remarkable OER performance.

2.4. Fractal Study of the Electrocatalyst

Figure 4a–c shows the characteristic morphology of NiFeCo–Ni–
SSF obtained from top-view SEM images taken at magnifications
(15×, 35×, and 50×). The catalyst structure possesses a multiscale
hierarchical architecture consisting of many porous flower-like
clusters deposited onto an interconnected network of self-similar
ultrathin VON with widths ranging from 20 to 50 nm. This pe-
culiar morphology could be responsible for the enhanced perfor-
mance, as such morphology is expected to increase the surface
area in contact with the electrolyte and lead to better interfacial
charge transport.[3c,19] Conversely, the NiFeCo–NF does not show
multiscale features and it is characterized by larger nanosheets
with widths ranging from 30 to 90 nm (Figure S20, Supporting
Information). On the other hand, the electrodeposition of NiFeCo
on SSF leads to nanosheets with the same width of NiFeCo de-
posited on Ni–SSF but with a sporadic appearance of flower-like
structures, as shown in Figure S21, Supporting Information.

Figure 4d plots the Minkowski connectivity for all the catalysts,
showing minima in the range of 0 < z < 0.4 and maxima in the
range of 0.5 < z < 0.8, where z is the normalized greyscale in
the SEM images, related to the structure’s height.[23] For z→1
all structures show a vanishing Minkowski functional, indicat-
ing their high connectivity. Particularly, NiFeCo–NF and NiFeCo–
SSF are characterized by an equal presence of peaks and val-
leys, indicated by the same positive and negative magnitudes of
the Minkoswki connectivity, |0.007| and |0.004|, respectively. The
NiFeCo–Ni–SSF sample shows the least number of valleys/holes
(negative peak) indicating that is the most interconnected. This
is also confirmed by the analysis of the 2D-porosity computed as
the ratio between foreground and background pixels in the SEM
images (red line in Figure 4d).[24] NiFeCo–Ni–SSF has a porosity
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of 65%, showing an increase of ≈25% and ≈18% compared to
NiFeCo–SSF and NiFeCo–NF, respectively. This is attributed to
the presence of a multitude of interconnected multiscale flower-
like clusters, which increase the porosity and surface area for in-
teraction with the electrolyte.

In summary, this topological analysis demonstrates that de-
spite all the catalysts possessing similar Df (Figure 4e, black
line), they can be distinguished by differences in connectivity
and porosity, providing a quantitative approach to assess the
relationship between morphology and electrochemical perfor-
mance. Based on this analysis, we propose that multiple factors
contribute to the higher catalytic efficiency of NiFeCo–Ni–SSF:
the higher porosity enables larger surface area which facilitates
the interaction with the electrolyte while the interconnected net-
works aided by its crystallinity improve electron transport by re-
ducing electron scattering by grain boundaries.[25]

Surface adsorption of water molecules and electrolyte-catalyst
interaction are important determinants for wettability and elec-
trochemical activity of catalysts, respectively. Hence, water con-
tact angles are measured to evaluate the effect of morphology on
the wettability of NiFeCo–Ni and NiFe electrocatalyst structures.
Figure 4f illustrates much smaller contact angles on NiFeCo–Ni
(23.3°) than NiFe-LDH (41°), indicating an enhanced hydrophilic
nature of HM–VON structures than a typical LDH structure,
which significantly contributes toward efficient OER kinetics.[26]

The highly hydrophilic nature of these structures on a porous
substrate helps in wetting the catalyst layer. This, in turn, reduces
the surface tension that holds the bubble to the surface. As a re-
sult, bubbles on hydrophilic surfaces are more likely to detach
from the catalyst surface.

This confirms the findings from the fractal analysis, where
HM–VON structures demonstrate higher active sites for the OER
than the typical LDH structures due to a high degree of intercon-
nectivity and 2D porosity. In addition, the inclusion of the nanos-
tructured Ni layer plays a key role in enhancing the catalytic activ-
ity than the bulk NF, which translates into lower overpotentials
at the operating current densities.

To better understand the intrinsic phase transformation, Ra-
man spectroscopy analysis was carried out ex-situ and operando.
First, the Raman spectra of NiFeCo–Ni–SSF are obtained before
and after the OER reaction. A broad band located at ≈530 cm−1 is
observed in a fresh sample that depicts a distorted LDH struc-
ture (Figure S24a, Supporting Information).[15,27–28]After carry-
ing out the OER reaction, the former band disappeared, and two
new bands were present at 468 and 550 cm−1, indicating the LDH
into NiOOH conversion.[29] Low intensities of these broad bands
of NiOOH species reflect complex local environments around
Ni─O due to dominant structural defects in the LDH structures
caused by the incorporation of Fe and Co, which creates more
active sites and enhances the OER activity.[28]

Operando Raman spectroscopy was employed to evaluate alter-
ations in the composition and structure of electrocatalysts during
the OER process. A screen-printed electrode (SPE) was used to
perform operando Raman spectroscopy on NiFeCo–Ni–SSF elec-
trode. A 0.09 cm2 sample was placed onto the working electrode
(WE) disk region and a droplet of 1 m KOH solution was poured
onto the active area of SPE covering WE, counter electrode (CE),
and reference electrode (RE), as shown in Figure S24b (Support-
ing Information). Raman spectra were obtained while perform-

ing electrocatalysis reaction in the OER potential ranging from
1.3 to 1.7 V versus RHE, (Figure S24c, Supporting Information).
With an increase in potential, the band intensity of Ni(OH)2 lo-
cated at ≈462 and 525 cm−1 showed a decreasing trend. The shifts
in Raman bands are usually related to stress/strain generation
such as lattice extension contraction, and charge distribution.[30]

For instance, stretching of the NiOOH vibrations was observed
with a shifting of 475 cm−1 toward lower energies, while no ob-
vious change was detected in the m(Ni, Fe, Co)─OOH band at
715 cm−1. Similarly, the band at ≈460 cm−1 was slightly blue-
shifted due to the Ni2+ to Ni3+ transition, which caused lattice
shrinking by shortening the Ni─O bond.[30a]

Further, chemical alterations on the surface after the OER re-
action are assessed by XPS analysis. The Fe2P spectra show an
increase in Fe3+ species, that depicts Fe2+/Fe3+ oxidation (Figure
S24d, Supporting Information).[30a] The O 1s region in Figure
S25 (Supporting Information) revealed two distinguished peaks
OI (529.2 eV) and OII (531.5 eV) representing metal (Ni, Fe, and
Co)─O and surface oxygen defect/vacancy, respectively. An in-
crease in the OI peak shows the oxidation of the electrocatalyst
after the OER reaction. Moreover, redshift and increased area of
OII peak in fresh sample depict a high concentration of surface
oxygen vacancies that help enhance the OER activity.[31]

Fractal analysis of catalysts after the OER reaction was carried
out to investigate the contribution of porous structures achieved
after Ni modification, on the OER activity. From a “nesting” anal-
ysis, Ni modification has a significant effect on the OER per-
formance in terms of material stability. The catalysts with Ni
and deposited onto SSF retain much of their morphology and
a clear nesting (=repetition of morphology at different mags),
while the other degrade and undergo a drastic change in mor-
phology/porosity. Figure S24e (Supporting Information) shows
the results of the morphological analysis on samples after OER.
All samples show a reduction in porosity, however, NiFeCo–Ni–
SSF still possesses the highest porosity value. Here it’s worth
mentioning that retaining the morphological features is also a
critical factor to consider along with the 2D porosity, which di-
rectly affects the surface area for efficient catalytic activity. This is
related to carrying out the Minkowski connectivity analysis on the
SEM images (Figures S26–S29, Supporting Information), where
a negative ordinate of the Minkowski connectivity plot indicates
the presence of many disconnected flat valleys, while a posi-
tive one, the presence of disconnected, rough features, Figure
S24f (Supporting Information). NiFeCo–Ni–SSF and NiFe–Ni–
SSF show the least amount of degradation/dissimilarity between
before and after the OER. This is reflected in a similar Minkowski
connectivity as before the reaction. NiFeCo–Ni–SSF shows the
least number of valleys/holes (negative peak), indicating that it
is still the most interconnected. NiFe–Ni has still a good inter-
connection, indicated by the low negative peak, but also shows a
high value of disconnected rough features, due to a large amount
of submicron aggregates/structures. NiFe–NF has a sharp nega-
tive peak, Indicating the presence of numerous isolated voids.

2.5. Zero-Gap Electrolyser Testing

Electrodes for water splitting in industrial electrolysers generally
require current densities over 500 mA cm−2.[2b] Large area up
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Figure 5. Electrochemical performance of NiFeCo–Ni–SSF electrodes in a zero-gap electrolyser: a) Illustration of a zero-gap device consisting of an OER
and HER coated porous electrodes, separated by an anion exchange membrane. b) Overpotentials required to achieve 10, 100, and 500 mA cm−2 current
densities on various bare and catalyst-coated electrodes. c) Polarization curves of NiFeCo–Ni–SSF || Pt–PNF electrodes in the electrolyser device, before
and after stability run at 500 mA cm−2, d) 17 days stability evaluation of NiFeCo–Ni–SSF || Pt–PNF electrodes in the electrolyser device at 500 mA cm−2.

to 12 cm2 NiFeCo–Ni–SSF electrodes is evaluated for a lab-scale
zero-gap alkaline water electrolyser device. Figure 5a presents the
schematic illustration of the electrolyser device. Both the elec-
trodes (NiFeCo–Ni–SSF for OER and Pt-PNF for HER) are sepa-
rated by an anionic exchange membrane (Sustanion X37-50 from
Dioxide Materials). A thin (10 nm) Pt layer is coated onto the PNF
substrate (Pt-PNF) via the e-beam technique, which is used as
a cathode. 1 m KOH with a flow rate of 3 mL min−1 flow rates
was used to perform electrochemical testing at 40 °C. Figure 5b
shows a significant reduction in the overpotentials at 10, 100,
and 500 mA cm−2 for NiFeCo–Ni–SSF electrodes when compared
to those of NiFeCo–NF and NiFe–NF electrodes. Despite higher
impedance than that of bare NF substrate, Ni coating on SSF elec-

trode plays a key role in achieving high current densities as de-
picted in Figure 5b.

Linear sweep voltammetry plots are acquired in a potential
range of 1.4–2.0 V with a scanning rate of 50 mV s−1, as shown
in Figure 5c. The electrolyser system achieved impressive stabil-
ity at 500 mA cm−2 for over 17 days while retaining 97.8% of
the starting potential (Figure 5d). The superior catalytic activi-
ties and fast OER kinetics of NiFeCo–Ni–SSF electrode requires
low cell voltages (1.75 V) to deliver 500 mA cm−2, when coupled
with Pt as HER, which significantly surpasses the benchmark Pt–
C/IrO2 pair of electrodes (2.25 V), and further, polarization curves
were acquired at RT, 60 and 80 °C.[11] An obvious increase in the
current densities above potentials 1.8 V was observed with an
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increase in temperature, referring to a reduction in the ohmic re-
sistances, (Figure S30, Supporting Information) Interestingly, an
increase in the operating potential is observed in the polarization
curve acquired after the stability test (Figure 5d), which may be re-
lated to increase in the resistance caused by degradation of mem-
brane. This can be verified by impedance analysis before and after
the stability test, where calculated data in fitted the electrochem-
ical impedance spectroscopy curve clearly shows an increase in
Ra, Rc, and Rm, as shown in Figure S31 and Table S3 (Supporting
Information). The inset in the impedance plot shows the equiv-
alent circuit including the main components. To confirm phase
stability of the electrocatalyst, EDS analysis was performed after
long-term stability test on the 12 cm2 electrode. Strong intensi-
ties of Ni, Co, and Fe elemental maps depict promising phase
stability of the electrodes, Figure S32 (Supporting Information).

Faradaic efficiencies of the NiFeCo–Ni–SSF || Pt–PNF pair of
electrodes for the overall water-splitting reaction catalyst are cal-
culated in 1 m KOH to assess the presence of any parasitic reac-
tions. The chromatograms for H2 and O2 show a linear increase
in the signal intensities with current (Figure S33, Supporting In-
formation). Furthermore, H2 and O2 production rates are mea-
sured using a gas chromatography technique under continuous
water splitting reaction at 40 mA cm−2. The chromatogram at
different currents shows a linear increase in O2 and H2 species,
as indicated in Figure S34 (Supporting Information), which indi-
cates a faradaic efficiency of close to 97% when compared to Ru
and NiFe as reference catalysts.

This performance significantly surpasses the recently re-
ported studies on efficient OER electrocatalysts such as NiFe
LDH/NiS/commercial Raney Ni achieving only ≈400 mA cm−2

at ≈2.1 V in an alkaline water electrolyser using 6.9 m KOH at
80–85 °C.[2b] This demonstrates the suitability of NiFeCo–Ni–SSF
OER electrode for alkaline electrolysers without depositing cata-
lysts directly onto the membranes. In this way, the catalyst elec-
trodes can be reused by re-depositing a fresh layer of NiFeCo cat-
alyst on it without the need to replace the costly membrane.

3. Conclusion

In summary, the hierarchically multiscale vertically oriented
nanoflakes structure of NiFeCo electrocatalyst was successfully
synthesized by surface modification of SSF electrode substrate
with Ni. Nanostructured Ni facilitated the formation of nanoflake
structures which are deposited homogeneously onto large-area
(12 cm2) electrodes. The as-obtained NiFeCo HM–VON struc-
tures exhibited excellent catalytic activity toward the OER, pre-
senting very low overpotentials of 139 and 248 mV at 10 mA cm−2

and 500, respectively. The NiFeCo–Ni–SSF electrode demon-
strated remarkable stability of over 400 h when tested at constant
current densities of 500 mA cm−2 (at a low potential of 1.82 V)
in a zero-gap water-splitting electrolyser. This shows the suitabil-
ity of these low-cost earth-abundant catalyst electrodes for large-
scale commercial electrolysers. The correlation between topology
and electrochemical performance was developed by fractal analy-
sis, which revealed that the 2D porosity and connectivity of such
structures greatly influence the electrochemically active surface
area. This in turn significantly contributes to achieving high cur-
rent densities at low overpotentials via efficient local charge and
mass transfer at faster rates.
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Supporting Information is available from the Wiley Online Library or from
the author.
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