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Plasma-Driven Synthesis of Self-Supported Nickel-Iron
Nanostructures for Water Electrolysis

Ameya Ranade, Mengmeng Lao, Remco H.M. Timmer, Erwin Zoethout, Hans J.N. van
Eck, and Mihalis N. Tsampas*

Nickel-based electrocatalysts are deemed as promising low-cost,
earth-abundant materials in the development of the next-generation alkaline
and anion exchange membrane water electrolyzers. Herein, a
plasma-processing technique is presented for fabricating self-supported
nanostructures from planar NiFe substrates and its performance for water
splitting reactions. Irradiating the samples with helium plasma results in the
formation of nano-tendrils, which are affixed to the metallic substrate. This
unique design not only enhances charge and mass transport, but also
increases the electrochemical surface area by 3 to4 times, as compared to the
unmodified/planar surfaces. For the benchmark 10 mAcm−2

geo current
density, the nanostructured electrodes demonstrate overpotentials of 330 and
354 mV for oxygen evolution reaction and hydrogen evolution reaction
respectively in 1 M- KOH. Moving forward, application of this technique can
be extended for fabricating self-supported 3D substrates (e.g., foams, felts,
perforated sheets), all of which find practical applications in energy
conversion and storage devices.

1. Introduction

Hydrogen is considered as a future energy carrier, which is con-
ventionally produced via fossil fuel-intensive processes, result-
ing in greenhouse gas emissions. Water electrolysis, when cou-
pled with renewable energy sources is a promising approach
for producing green hydrogen, due to its eco-friendliness and
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ability to obtain high hydrogen purity.
In the development of water electrolyz-
ers, platinum (Pt) for hydrogen evolu-
tion reaction (HER), and the oxides of
ruthenium and iridium (Ir) for oxygen
evolution reaction (OER) are considered
as the benchmark catalysts.[1] However,
their high cost and scarcity has lim-
ited the scaling up of water electrolysis
on a global level. Hence, recent efforts
have been devoted for developing low-
cost, earth-abundant electrocatalysts.[2–8]

Amongst the alternatives, nickel (Ni) is
a well-known material and has been
extensively studied for water electroly-
sis in alkaline media.[9–12] Particularly,
nickel-iron compounds are considered as
promising materials due to the syner-
gistic effects between nickel and iron.
On the anodic side, low levels of iron
(Fe) incorporation from the electrolyte
into the nickel electrode has a significant

increase in the catalyst performance for OER.[13,14] As cath-
odes, nickel-iron (NiFe) compounds can mitigate hydride for-
mation during HER on the electrode surface, which is known
to cause severe degradation in the case of monometallic nickel,
and thus help to restore the electrode performance.[15,16] Thus,
NiFe compounds have also been employed as bifunctional cata-
lysts for electrochemical water splitting, owing to their increased
activity.[17–22]

In addition to increasing the catalyst’s activity (by efficient cata-
lyst design), increasing the number of active sites via nanostruc-
turing or interfacial engineering is often employed to improve
the catalyst performance.[23] Nanostructured catalysts (that are
typically synthesized in a top-down or a bottom-up manner[24])
possess several advantages such as providing different transition
states, lowering the activation energy, increasing the number of
active sites that ultimately alleviate overpotentials and minimize
energy losses.[25] In the literature, a variety of methods for syn-
thesizing nickel-based nanostructures have been reported.[26–32]

The nanostructured electrocatalysts are typically synthesized in
a powder form and thus, require a binder to coat them on a
substrate.[33] The extra interfaces between the catalyst, substrate
and the electrolyte can cause charge and mass transfer limita-
tions as well as restrict the availability of active sites.[33] Carbon-
based additives and/or supports can help to improve charge
transfer limitations. However, they can corrode under OER
conditions leading to mechanical shedding, and weakening of
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Figure 1. Schematic illustration of the growth of nanostructures on metallic surfaces. The self-supported nanostructures are utilized as electrocatalysts
for water electrolysis in alkaline media. Scale bar: 500 nm.

bonding strength.[34,35] These factors reduce the electrochemical
performance and limit the applicability of conventional nanos-
tructured electrocatalysts on a practical scale. This implies that
there is a need of exploring novel nanostructuring approaches in
order to expand the library of the electrocatalyst fabrication meth-
ods.

Helium plasma irradiation (consisting of a high flux of low en-
ergy ions) is a potential alternative wherein the nanostructures
are grown on the substrate itself. Commonly termed as “fuzz”,
the nanostructures grown via plasma irradiation were first ob-
served on a tungsten surface while studying the plasma-wall in-
teractions of a fusion reactor.[36] The growth of fuzz can modify
the rate of surface erosion that causes embrittlement of the di-
vertor, ultimately affecting the reactor performance. Since its dis-
covery, there have been multiple experimental, theoretical and
numerical studies to model the fuzz growth and identify the
underlying mechanisms.[37,38] In this direction, plasma nanos-
tructuring has been realized on titanium, nickel, iron, tantalum,
molybdenum[39–41] as well as on precious metals such as ruthe-
nium, iridium, platinum.[42]

Apart from fusion research, a few studies have investigated
this technique in the field of photoelectrochemical hydrogen
production, wherein nanostructuring of photo-absorbers was
achieved for improving the performance.[41,43,44] Additionally,
other plasma species (such as O2, H2, N2, and PH3) have been
utilized to enhance the chemical structure and/or morphology
of the electrocatalyst.[45–48] These studies typically utilized low-
energy plasmas for modifying catalyst coatings, and the plasma-
induced modifications are mainly focused on the near-surface
region. The reactivity of the plasma species employed induced
chemical changes like oxidation, reduction, and introduction of
phosphorus or nitrogen into the surface of the catalysts. On the
contrary, He plasma does not affect the material composition
(due to inert nature of He), and has bulk effects as compared
to the previous techniques. As a result, this technique becomes
suitable for nanostructuring substrates. To the best of our knowl-
edge, helium plasma nanostructuring in the field of water elec-

trolysis has not been investigated yet. As Ni-based materials are
promising low-cost alternatives for water electrolysis, nanostruc-
turing by helium plasma and its effect on the electrochemical
performance represents a useful case study. Moreover, using he-
lium plasma can overcome the two main bottlenecks of fabri-
cating nanostructured electrodes: i) Influence of heterogenous
substrates by fabricating self-supported nanostructures, and ii)
Zero-chemical waste while maintaining the intrinsic material
properties.[49]

Hence, to incorporate plasma irradiation as a sustainable elec-
trocatalyst fabrication method, we have developed nanostruc-
tures on NiFe foils by helium plasma irradiation and evaluated
their electrochemical performance in alkaline media (schemat-
ically represented in Figure 1). The morphology, physical com-
position and the thickness of nanostructures are analyzed by
various spectroscopic techniques and the electrochemical char-
acterization compares the performance of the nanostructures
to the planar unmodified surfaces. This work aims to pave the
way for exploiting helium plasma irradiation for the develop-
ment of nanostructured electrocatalysts based on low-cost, earth-
abundant materials.

2. Results and Discussion

2.1. Structural Analysis

The morphology of the Ni-based surfaces is modified after ex-
posure to a high flux of low-energy helium ions. Various stud-
ies have attempted to understand the mechanism of fuzz for-
mation and the broad consensus has attributed it to the forma-
tion and coalescence of helium bubbles in the near-surface re-
gion, that after bursting create fuzz.[50] During plasma irradia-
tion, individual He atoms diffuse through the surface and form
helium clusters. The clusters then eject the host metal (in this
case, NiFe), forming a Frenkel pair and subsequently reorganiz-
ing the interstitial atoms. This results in clustering of intersti-
tials into prismatic dislocation loops. As more He atoms cluster
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Figure 2. a) SEM image of NiFe nanostructures, b) cross-sectional view of nanostructures, c) TEM image of nanostructures attached to the metallic
substrate (inset: SAED pattern from the region shown in (c)), d–f) XPS spectra of Ni 2p, Fe 2p, and O 1s regions.

together, the size and/or pressure of loops (commonly called He
bubbles) increases, whereby it effectively bursts, leaving nano-
tendrils attached to the surface.[51,52] This way, the nanostructures
are grown on the surface.

The morphology of the NiFe nanostructures, as observed from
SEM (Figure 2a) exhibits a fuzz-like growth with a thickness
of ≈200 nm (Figure 2b). The EDS mapping of the elements
(Figure S1a–d, Supporting Information) indicate that Ni, Fe and
O are uniformly distributed throughout the sample. Additionally,
the proportion of nickel and iron in different regions is compa-
rable to that of the pristine alloy. This suggests that the origi-
nal chemical composition of the sample does not change signifi-
cantly after plasma irradiation. Figure 2c displays a TEM image,
wherein the nano-tendrils attached to the metallic substrate are
visible. On the surface, a thin layer (≈ 10 nm) is observed, pre-
sumably corresponding to the oxidized portion and adventitious
hydrocarbons. The selected area diffraction pattern (SAED) con-
firms the existence of metallic species and a weak marginal signal
from the oxide. The XRD patterns of the NiFe nanostructures is
shown in Figure S1e (Supporting Information), where the main
peaks correspond to the metal substrate, suggesting that the fuzz
grown is either locally ordered and/or the oxides too thin, all of
which cannot be detected by the XRD.

XPS analysis was performed to obtain information about the
electronic states and the elemental composition of the surface re-

gion of the samples, shown in Figure 2d–f. In the Ni 2p spectra,
the Ni 2p3/2 peak at 856 eV and the Ni 2p1/2 peak at 873 eV can be
ascribed to Ni(II) species. The broad peaks centering ≈862 and
880 eV are related to the shakeup satellites. The Fe 2p spectra
displays two broad peaks ≈712 and 725 eV, with a small satel-
lite peak ≈719 eV, indicating that the Fe is predominantly in 2+
and/or 3+ state. Regarding the O1s spectra, the main peak cen-
tering ≈531 eV can be ascribed to the hydroxide species on the
surface. These results corroborate that the nanostructures have a
thin layer of oxides (detected by XPS) while the bulk is present in
the metallic state (detected by XRD, SAED). The physical charac-
terization of nickel nanostructures fabricated via plasma irradia-
tion is given in Figure S2 (Supporting Information). Additionally,
the morphology of the Ni and NiFe samples before the plasma
exposure, that is, before nanostructuring is shown in Figure S3
(Supporting Information).

2.2. Electrochemical Performance

The morphological changes that take place via plasma irradiation
increase the surface area available for reactions. Hence, it is nec-
essary to compare the active sites of nanostructures with those
of planar electrodes. Although various techniques can be used to
determine the active surface area of Ni-based catalysts,[53] most
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Figure 3. Comparison of electrochemical surface area of NiFe/n and
NiFe/p by double-layer capacitance, adsorbate capacitance and redox-peak
integration methods.

conventional methods possess certain inherent limitations such
as low conductivity of Ni(II) compounds,[54] influence of trapped
oxidized films during Ni(II) ⇌ Ni(III) transition,[55] structural
evolution,[56] electrochemical conditioning,[57] all of which limit
accurate active area measurements. In addition, the complexity
of Ni-based electrochemistry also calls for assumptions and es-
timations when trying to measure the active surface area. Thus,
to get a better representative scenario, the active sites of nanos-
tructures and planar surfaces are compared using double-layer
capacitance, adsorbate capacitance, and redox peak integration
methods (Figure 3). It is observed that irrespective of the method
employed, approximately a 3 to 4 times increase in the active sur-
face area is observed for nanostructures as compared to planar
electrodes. Thus, even under various assumptions, the increased
active sites via nanostructuring can be primarily attributed to the
improvement in the electrochemical performance.

The OER performance of the NiFe nanostructures (NiFe/n)
and other control samples was evaluated in a 1 m KOH solu-
tion. As shown in Figure 4a, synergistic effects between nickel
and iron achieve a high electrochemical performance, wherein
NiFe nanostructures (NiFe/n) achieve ≈2.5 times higher current
density than planar NiFe foils (NiFe/p) at 1.7 V. The redox peak
centering ≈1.4 V is associated with the Ni2+/3+ transformation.
Iron incorporation shifts this peak anodically, and this phenom-
ena has been well documented in literature.[58,59] The bench-
mark 10 mA cm−2

geo current density is achieved at 330 mV for
NiFe/n, and 378 mV for NiFe/p, comparable with other state-of-
the-art catalysts (Table S1, Supporting Information). In compar-
ison, nickel nanostructures (Ni/n) and planar nickel foil (Ni/p)
require overpotentials of 372 and 452 mV respectively, to deliver
10 mA cm−2

geo. For Ir, IrOx nanoparticles are typically deposited
on a heterogenous substrate when employed as electrocatalysts.
However, in order to have similar catalyst design, an Ir/IrOx foil
was used for comparison. In this case the overpotential to reach
10 mA cm−2

geo is 426 mV, which is in good agreement with
literature.[1] The polarization curves for OER (Figure 4a) are also

normalized by the ECSA in Figure S4a (Supporting Information)
(via adsorbate capacitance method). The Tafel plots (Figure 4b)
provide further insights into the kinetics of electrocatalysts. The
NiFe/n has the lowest Tafel slope, suggesting fast reaction kinet-
ics for OER. This is consistent with the EIS (Figure S5a, Sup-
porting Information), wherein lower charge transfer resistance
suggests higher conductivity and a faster charge transfer process.
The faradaic efficiency of 97% for oxygen production measured at
a constant current density of 10 mA cm−2

geo (Figure 4c) suggests
that almost all charge is utilized for OER, without any parasitic
reactions.

Long-term durability tests were performed to evaluate the sta-
bility of the nanostructured catalysts (Figure 4d). At a constant
current density of 10 mA cm−2

geo, the NiFe/n shows excellent sta-
bility, degrading only by ≈30 mV in 100 h. In comparison, Ni/n
degrade ≈100 mV in 100 h. Post the durability test, the morphol-
ogy of the nanostructures is observed via SEM (Figure S6a, Sup-
porting Information). The depth of the nanostructures (Figure
S6c, Supporting Information) remains the same (≈200 nm), in-
dicating that even after long-term testing (>100 h), no mechan-
ical shedding or weakening of the nano-tendrils is observed.
The XRD patterns of the reacted nanostructures exhibit metallic
peaks (Figure S6d, Supporting Information), and the XPS spectra
(Figure S7a–c, Supporting Information) indicate complete oxida-
tion of the surface. These results indicate the robustness of the
electrocatalysts and their applicability on a practical level.

The HER performance of the NiFe nanostructures (NiFe/n)
and other control samples was also tested in 1 m KOH solution.
As shown in Figure 5a, Ni/p requires an overpotential of 450 mV,
while NiFe/p requiring 384 mV to achieve 10 mA cm−2

geo. Nanos-
tructuring increases the number of active sites, thus alleviating
the overpotentials to 319 mV for Ni/n and 354 mV for NiFe/n,
to deliver 10 mA cm−2

geo (this is comparable with literature data
presented in Table S2, Supporting Information). Pt foil shows su-
perior HER activity with an overpotential of 196 mV to achieve
10 mA cm−2

geo. The polarization curves for HER (Figure 5a) are
also normalized by the ECSA in Figure S4b (Supporting Informa-
tion). Comparing the Tafel slopes from Figure 5b, both Ni/p and
Ni/n exhibit similar Tafel slopes suggesting similar mechanisms
for HER. This is also observed in EIS (Figure S5b, Supporting In-
formation), wherein the charge transfer resistance of the planar
as well as nanostructured samples is comparable. In case of NiFe
samples, similar trend is observed, albeit at lower Tafel slopes.
The NiFe/n exhibits a faradaic efficiency of 96% (Figure 5c) for
hydrogen production, which suggests that almost all charge is
utilized for HER, and not for other parasitic reactions.

When considering the stability of electrodes for HER, mono-
metallic nickel exhibits suboptimal results. At a constant current
density of 10 mA cm−2

geo, the Ni/n degrades >300 mV in 100 h.
This is primarily caused by hydride formation, which increases
the hydrogen concentration on the surface and thus requires ad-
ditional potential to carry the reaction.[60] Incorporation of iron
mitigates hydride formation and helps to improve the long-term
stability. This is duly observed for NiFe/n, which shows a smaller
increase in potential (≈70 mV) during 100 h of chronopotentiom-
etry (Figure 5d). The physical morphology of NiFe/n post the
durability test is shown in Figure S6b (Supporting Information),
wherein the nanostructures are observed on the surface. The XPS
spectra (Figure S7d–f, Supporting Information) show nickel and
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Figure 4. a) LSV polarization curves for OER at 20 mVs−1 after the accelerated durability test, b) Tafel slopes for OER, c) Faradaic efficiency measurement
for OER at 10 mA cm−2

geo, and d) stability measurement of Ni/n and NiFe/n for 100 h at 10 mA cm−2
geo.

Figure 5. a) LSV polarization curves for HER at 20 mVs−1 after the accelerated durability test, b) Tafel slopes for HER, c) Faradaic efficiency measurement
for HER at 10 mA cm−2

geo, and d) stability measurement of Ni/n and NiFe/n for 100 h at 10 mA cm−2
geo.

Adv. Mater. Interfaces 2023, 10, 2300486 2300486 (5 of 8) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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iron predominantly in their oxidized states (presumably due to
OH− adsorption and/or dissolved oxygen). This is also corrobo-
rated from the O 1s spectra where the main peak corresponds to
the hydroxide species on the surface of the catalyst.

The bifunctional activity and stability of the nanostructured
electrodes were also tested in a two-electrode configuration, and
is shown in Figure S8 (Supporting Information). The benchmark
10 mAcm−2

geo current density is achieved at 1.81 V for Ni/n and
1.91 V for NiFe/n. However, the NiFe/n catalyst shows supe-
rior stability (≈50 mV decay) as compared to Ni/n which shows
≈300 mV decay during 100 h of chronopotentiometric testing.

The current results were focused only on planar substrates
to demonstrate the applicability of this technique as an electro-
catalyst fabrication method, and to showcase the advantages of
fabricating self-supported nanostructured-electrodes via helium
plasma irradiation. As a next step, achieving plasma nanostruc-
turing of 3D substrates (e.g., felts, foams, mesh) can find prac-
tical applications in various sustainable systems such as water
electrolyzers, fuel cells, super-capacitors, and batteries.

3. Conclusion

In summary, helium plasma irradiation was employed for nanos-
tructuring nickel-based planar substrates, which were evaluated
for the first time for water electrolysis in alkaline media. The
top-down approach of developing nanostructures does not gen-
erate chemical waste and can have a zero-carbon footprint when
coupled with renewable energy sources. In addition, the growth
of self-supported nanostructures overcomes the issues related to
the adherence of the active materials on the electrode support or
blocking of active sites, which is often the case in conventional
methods. In essence, the nanostructures fabricated via plasma ir-
radiation had an electrochemical surface area 3 to 4 times higher
than the unmodified planar substrates. This improved the elec-
trocatalytic activity for OER and HER by approximately three
times, as compared to the planar surfaces. Going forward, the
versatile nature of plasma technology and the desirable character-
istics of mixed-metal oxides can be further integrated to advance
and find practical applications in next-generation renewable en-
ergy systems.

4. Experimental Section
Material Synthesis: NiFe (Ni:Fe = 4:1) foils (1 mm thickness, Goodfel-

low, 99.99 wt.%) were ultrasonicated with acetone, ethanol, and deionized
water for 20 min each prior to use. Nanostructuring on the metal surfaces
was obtained by exposing the foils to helium plasma in a linear plasma
generator (Upgraded Pilot-PSI).[61] Here, the plasma was generated by a
cascaded arc source that exhausts into a vacuum vessel. An axial magnetic
field was used to confine the plasma and generate a magnetized cylindrical
plasma beam. The nanostructures were formed by exposing the surface
to helium ions with incident energy up to 70 eV and a flux of 6–7 × 1023

m−2s−1 at a surface temperature of ≈923 K (650 °C) for a duration of 300
s. To remove any possible impurities or contamination from the plasma
device, the foils were washed with deionized water after nanostructuring.
The plasma conditions were selected based on the relevant literature[62]

as the scope of this work was mainly to investigate the electrochemical
performance of nanostructured substrates due to plasma irradiation.

Material Characterization: Scanning electron microscopy with the
backscattered electron detector (SEM; Desktop Phenom-Pharos, Thermo

Fisher Scientific) and transmission electron microscope (TEM; JEOL JEM-
2100) were used to examine the morphology of the nanostructured elec-
trocatalysts. A dual beam scanning electron microscope (SEM/FIB; FEI
nova6001 Nanolab) using the secondary electron detector to image the
cross-section of the surface after focused ion beam erosion, was used
to measure the thickness and the uniformity of the nanostructured elec-
trocatalysts. Energy-dispersive X-ray spectroscopy (EDS; Phenom-Pharos,
Thermo Fisher Scientific) was performed to determine the elemental com-
position of the electrocatalysts. X-ray Diffractometry (XRD; Bruker D8 eco)
using Cu K

𝛼
was used to determine the crystallinity of the electrocatalysts.

To increase surface sensitivity, fixed grazing angle XRD was employed at 1°,
limiting the information depth to ≈1 μm for Ni or NiFe. The surface chem-
ical analysis was carried out by X-ray Photoelectron Spectroscopy (XPS)
was performed with a Mg K

𝛼
non-monochromatic source (VG CLAMP1)

at 75 eV constant pass energy. The Binding energy (BE) scale of the spectra
was referenced to the C 1s line of the adventitious carbon contamination
at 284.8 eV.

Electrochemical Measurements: The electrochemical measurements
were carried out in a three-electrode cell using an Ivium-n-stat 1A.EIS
(Ivium Technologies B.V., the Netherlands). 1 m KOH (VWR) was used
as the electrolyte for all experiments. NiFe foils (1 cm2 geometric area ex-
posed to electrolyte), graphite rod (redox.me), and a Gaskatel Hydroflex
RHE (Gaskatel GmbH, Germany) were used as the working electrode,
counter electrode, and the reference electrode respectively. A Platinum and
an Iridium foil (Alfa Aesar, 99.9%) were used as benchmark catalysts for
comparison. Ir foil was converted to IrOx as described in the Supporting
Information.

The electrochemical analysis was performed in the following protocol:
Electrochemical Impedance Spectroscopy (EIS) measurements were per-
formed at open-circuit conditions in a frequency range from 100 kHz to
0.1 Hz and an amplitude of 10 mV. All electrochemical results are com-
pensated with 80% solution resistance (obtained from EIS). The electrode
performance was tested by accelerated durability test via cyclic voltam-
metry (CV) scans for 1000 cycles at a scan rate of 50 mV s−1. The ap-
plied potential window was from 1.2 to 1.7 V for OER and −0.05 to −0.4 V
for HER. The Tafel slope and the overpotential were determined by linear
sweep voltammetry (LSV; scan rate 1 mV s−1). Chronopotentiometric tran-
sient experiments at 10 mA cm−2

geo for 100 h were performed to test the
stability of the electrodes. The faradaic efficiency was calculated by com-
paring the theoretical gases produced to the actual gases produced, and
further details are given in the Supporting Information. The electrochem-
ical surface area was determined by double-layer capacitance, adsorbate
capacitance and redox-peak integration methods, and further details are
described in Figures S9–S11 (Supporting Information). The two-electrode
performance was determined by LSV from 1.2 to 2 V at 5 mV s−1 and the
stability test was carried out at 10 mAcm−2

geo for 100 h.
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Supporting Information is available from the Wiley Online Library or from
the author.
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