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Amorphous nanostructured Ni-Fe oxide as a
notably active and low-cost oxygen evolution
reaction electrocatalyst for anion exchange
membrane water electrolysisy
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The oxygen evolution reaction (OER) is a critical bottleneck in the commercial evolution of anion
exchange membrane water electrolyzers (AEMWEs). As a potential substitute for the scarce and
expensive noble metal-based electrocatalysts typically used to improve the OER activity, here amorphous
NiFe oxides with varying Ni/Fe ratios were synthesized using a simplistic and cost-effective sol-gel
method. After carefully investigating the structural and morphological attributes of the derived
electrocatalysts, their OER activities were analyzed by acquiring the half-cell measurements. First, the
influence of the electrochemical ink formulation and additives on the activity of the electrocatalyst was
studied, followed by elucidating the electrocatalyst loading to configure the working electrode on the
rotating disk electrode (RDE). By comparing the activities of different synthesized NiFe oxides, it was
observed that Nig7s5Feq 250 delivers the peak performance with a minimum overpotential of ca. 290 mV.
Therefore, the aforementioned sample was utilized to configure the anode electrode for a lab-scale
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1 Introduction

The prime dependence on dwindling fossil fuels is not only
engendering severe energy crises but also leading to critical
environmental issues that could have adverse repercussions
for the next generations. Above all, the release of greenhouse
gases and linked climate change are the major concerns of
today's world. To alleviate such a pressing scenario, the
transition toward cleaner and renewable power sources will
ensure global sustainability.! Green hydrogen, owing to its
high energy density (more than two-fold higher than
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AEMWE, achieving 3.7 A cm™2 at 2 V and 80 °C while demonstrating promising stability trends.
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traditional fuels), chemical simplicity, and eco-friendliness, is
emerging as a reliable and novel energy vector without any
contribution to planetary carbon footprints.>™* Moreover, due
to the huge consumption in a variety of sectors, hydrogen has
become a high-demand commodity, exceeding the global
market value of 117 billion US dollars.* So far, the current
hydrogen demands, up to 96% of total hydrogen production,
still rely on non-renewable and fossil fuel-based routes, which
contradicts the ambitions of environmental sustainability.>®
Nevertheless, renewable (solar, wind, and hydro) energy-
driven electrochemical water splitting demonstrates potential
to produce extra-pure hydrogen with net zero CO, emissions;
yet, the mass-scale deployment of this process is limited by
the weaker economic competitiveness and system
inefficiencies.” Among the different water electrolysis
technologies, proton exchange membrane water electrolyzers
(PEMWES), with the merits of lower operational temperature,
compact design, and pressurized and efficient hydrogen
production, can be regarded as reliable development.”® The
system involves two half-cell reactions: the hydrogen
evolution reaction (HER) at the cathode and the oxygen
evolution reaction (OER) at the anode. As compared to the
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HER, the multielectron transfer OER is a thermodynamically
complex and kinetically sluggish reaction, and thus it
represents the major hindrance to the overall water
splitting.”'® To improve the kinetics of the OER, scarce and
overpriced noble metal oxides such as IrO, and RuO, are
typically used as anode side electrocatalysts in PEMWEs,
while an acidic environment requires the utilization of Pt-
based electrocatalysts for the HER, making it unfeasible from
the economic point of view.>® Also, in acidic media, the lower
stability of noble metal oxides is known.” Shifting to the
analogous technology of an anion-exchange membrane water
electrolyzer (AEMWE) opens the opportunity to use low-cost
transition metal-based electrocatalysts for the OER and HER.
This medium shift may also rationalize the usage of abundant
seawater since chlorine evolution reactions are hindered
when the OER in alkaline media has an overpotential below
480 mV.'" Nevertheless, compared to the HER, the OER
remains a limiting reaction in the basic media, contributing
to greater overpotentials at 10 mA cm ™2, a typical performance
descriptor. While the development of Pt-free HER
electrocatalysts is of great interest,"*** a sustainable solution
for the anodic bottleneck is urgently required. Therefore,
devising innovative strategies to fabricate robust and cost-
effective OER electrocatalysts is of critical priority in the given
research domain to realize water electrolysis."”>°

Being a reliable substitute for noble metal-based OER
electrocatalysts, NiFe materials, especially oxides, are drawing
scientific attention, which is attributed to their higher

abundance, low cost, favorable electronic structure,
adjustable stoichiometries, and intrinsic electrocatalytic
activities.>"*> Nevertheless, there remains a considerable

allowance for optimizing their electrocatalytic activity by
improving the structural characteristics.”*>> Recently, Shi
et al. disclosed an interesting relationship between the
crystallographic structure of NiFe oxide and electrocatalytic
activities.” They found that crystalline NiFe oxide facilitates
the HER activity, whereas amorphous oxide significantly
uplifts the kinetics of the OER. Later, Li and coworkers
observed that the amorphousness improves the OER
performance in NiFe oxides as the tiny grain boundaries
provide additional active sites.”® Recently, Poudel et al.
reported NiFe alloy nanoparticles encased in pyridinic-N
enriched carbon nanotubes that realized outstanding OER
performance.>” Furthermore, Zuber et al. showed that the
choice of precursor materials for the synthesis of NiFe oxide
also influences the OER activity by giving rise to the evolution
of multiple phases. Hence, the experimental route is also an
important parameter to control the structure and then the
corresponding electrocatalysis.?® In every experimental route,
the metallic stoichiometries are one of the main factors
controlling the OER performance, and therefore, the Ni to Fe
ratio needs to be optimized. Yu et al experienced peak
current densities when the Ni/Fe ratio approached 32/1;* in
contrast, Kumar et al. reported the best performance with a
Ni/Fe molar ratio of 3:2 in the cubic NiFe oxides.**
Meanwhile Fominykh et al claimed the highest OER
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performance for Fe, ;Niyo0.>° Therefore, such discrepancies
have to be resolved. Another way to increase the
electrocatalytic activity of Ni-Fe materials is to increase
defective sites where active species are generated. For
example, Kaiser et al. found that the intrinsic Ni defect of a
NiO, thin film can improve its electrocatalytic activity.*' Next,
Koper's group identified that deprotonation of NiOOH gives
rise to proton-deficient surface species, which are responsible
for the enhanced OER activity of NiOOH at highly alkaline
pH.*> Recently, there has been considerable research interest
in improving the characteristics, durability, and performance
of the AEM in AEMWESs. While this area remains outside the
scope of the present work, the relevant literature may still be
of interest to readers.**~*°

In any case, a porous architecture is a prerequisite to
improve mass transport and ensure the exposure of active
moieties. Regarding high surface area systems, aerogels are
highly porous, covalent frameworks that are emerging as
interesting materials for the production of self-standing
electrodes for the OER.*”*® Due to their high porosity, the
interactions between the electrocatalyst and electrolyte are
enhanced, and thus, the activity of the aerogel-
electrocatalysts is improved. Other typical methods to
fabricate NiFe oxide may involve evaporation-induced self-
assembly, hard templating, electrodeposition, solvothermal
methods, and dip coating, each having various advantages
and disadvantages.”**%**%° For instance, though the hard-
templating method might produce performing
electrocatalysts, removing silica templates always demands
energy-intensive processes and harsh acids.”® However, it
should be noted that even if their synthesis is relatively
simple, it is generally time-consuming and requires the use
of high-pressure and specialized equipment,’” which
ultimately challenges the deployment of electrocatalysts for
the targeted application. In addition to the synthesis route,
the experimental conditions, particularly electrocatalyst
loading and electrode configuration, can influence the OER
activity."’** Nonetheless, at the state of the art,
uniformity and inconsistency prevail in benchmark
measurements and data communications.

As  already  discussed, the  synthesis  design,
stoichiometries, and physicochemical characteristics of the
evolved electrocatalysts dictate the overall OER activity. A
comprehensive elucidation of these factors on the progress of
NiFe amorphous oxide via a simplistic and controllable
fabrication pathway is an important task. In light of the
aforementioned considerations, herein, nanostructured
amorphous Ni-Fe oxide materials with different Ni/Fe ratios
have been synthesized to study the synergic effect of intrinsic
Ni and Fe-induced structural defects. An easy and cost-
effective sol-gel method was used to obtain oxo/hydroxo Ni-
Fe materials that were morphologically, structurally, and
physicochemically characterized. Afterward, electrochemical
characterization ~was commenced to optimize the
electrocatalyst ink formulation and electrocatalyst loading to
configure the electrode. Different formulations involving

non-
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electrode deposition inks were produced, and the effect of
the additives on the electrocatalytic activity was studied by
linear sweep voltammetry (LSV) on a rotating disk electrode
(RDE). Eventually, with the optimum electrocatalyst loading
and ink formulation, the produced electrocatalysts with
varying Ni/Fe ratios were compared, and it was found that
Niy 75Feq.,50 is the best-performing electrocatalyst in alkaline
media with an overpotential of ca. 290 mV. In addition,
laboratory-scale full-cell AEMWE performance and stability
tests over 100 hours were conducted.

2 Results and discussion

Based on the simplified sol-gel method, reported in the
Materials and methods section, different NiFe oxides were
synthesized with varying Ni and Fe ratios. Fig. 1 schematically
illustrates the synthesis route, while Table 1 reports the
proportion of Ni and Fe, along with the nomenclature of the
derived samples.

After the fabrication of the samples, their physicochemical
and electrochemical characteristics thoroughly
investigated, which will be discussed in the following sections.

were

2.1 Physicochemical characterization

Characterization of the as-developed materials was
commenced with semi-quantitative compositional analysis via
X-ray fluorescence spectroscopy (XRF). The spectra reported
in Fig. Slaf show peaks at 6.4 and 7.5 keV that are
respectively related to the K12 X-ray emission of Fe and Ni
elements. The ratio between the amount of Fe and Ni was
estimated considering the ratio between the areas of the
peaks that were obtained from the computation of the XRF
spectra performed using the instrument software. As reported
in Fig. S1b,i the ratio between the two areas increases as the
Fe nominal content in the material increases, thus confirming
the good outcomes of the synthesis. Subsequently, using X-ray
diffraction (XRD) the -crystallographic structures of the
derived samples were investigated, and the results are
reported in Fig. 2. In the absence of Ni, the sample Ni,Fe;O
appeared to be typically crystalline, despite being treated at a
relatively low temperature, and the observed diffraction
pattern was consistent with thermodynamically stable iron
oxide phase hematite o-Fe,O; (card number 01-089-2810,
ICDD).** Quite interestingly, the gradual substitution of Ni
led to the amorphization of the system. In the sample

Nickel(ll) Nitrate Iron(lll) Chloride

Hexahydrate Hexahydrate
Dripping to Drying at RT
DI Water
Citric Acid
Solution

Fig. 1 Schematic illustration of NiFe oxide synthesis.
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Table 1 Sample name and corresponding %mo Of metal oxide
precursors
Sample name %mol Ni %mol Fe
Ni,Fe,O 100 0
Nio.0975F€0.00250 99.75 0.25
Nig.995F€0.0050 99.50 0.50
Nig.0gFe€g.0.0 98 2
Nig.o5F€g.050 95 5
Nig.oFeo10 90 10
Niy.ssFeq.250 75 25
Niy sFeq 5O 50 50
NigFe,O 0 100

containing 50%,, of both iron and nickel (Nij 50Feq 500), the
crystallinity tended to be lost, and instead, three broad peaks
at ca. 36°, 42° and 62° 20 emerged which could be attributed
to either the formation of a short-range ordered NiO phase
(20 = 6.97°, 43.26° and 62.8°)*" or the formation of nickel
ferrite with a spinel-like structure (26 = 35.7°, 43.4°, and
63.0°, card number 00-054-0964, ICDD).*> However, above
75%mo1 Ni, just two amorphous humps were visible which
were further reduced to just one between ca. 30 and 45° in the
sample Nipo9s5Fe900s0 and no extra ferritic phases were
observed, suggesting the complete dissolution of iron into the
amorphous NiO matrix. Shi et al. also witnessed a loss in the
crystallinity when the Ni proportion was slightly increased,
and the arisen amorphousness contributed to the OER.*®
Similarly, Cai et al. reported an amorphous NiFe alloy that
showed higher OER activity than the crystalline counterparts,
and they concluded that the exposure of the active sites in the
amorphous electrocatalyst can be enhanced due to the short-
range order, which in turn uplifts the electrocatalytic
performance.*’

Next, the surface chemistry of the derived electrocatalysts was
examined using XPS. More detailed surface chemistry
characterization of the synthesized Ni/Fe electrocatalysts was
conducted using XPS on some selected samples, namely
Ni;Fe O, Nij.os5Fe( 050, Nigs5Feg 150, NigsoFeq 500, and NiyFe,O.
In particular, the analysis of the Ni 2p emission spectra allowed
for the characterization of the metallic Ni (not present), Ni*",
and Ni*" oxidation states, as shown in Fig. 3 Ni** is associated
with the fitting peaks at 855.1 eV and 872.7 eV, whereas Ni** is
accountable for the peaks at 856.6 eV and 874.4 eV.*%
Furthermore, two strong shake-up-type peaks were also detected
at 861.2 and 879.7 eV."*** The Ni**/Ni*" ratio rises, passing from

Muffle Furnace
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Aging for 24 h 250°C

>

110 °
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Fig. 2 XRD diffractograms of the synthesized NiFe oxides.

Ni;Fe,O to the Nij;5Fey,50 samples, highlighting a more
significant contribution of Ni(m) compounds. For NijsFe, 50,
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there is a strong reversal trend, suggesting that the equimolar
content of Fe stabilizes a predominant Ni(u) phase. The Fe 2p
peaks of NigFe,;O and the other Ni/Fe ECs are reported in Fig.
S2; where the Fe 2p;, and Fe 2p,, XPS peaks are displayed.
The Fe 2p;, significantly overlaps with the Ni L;M,;M,5 Auger
lines, hindering the quantitative evaluation at higher Ni content.
For NigosFep 050, the peaks are not visible due to the low Fe
abundance in this compound. Ni, ;sFeq,50 is characterized by
an increment of the Fe signals that remained broad, whereas
both NiysFe,s0 and NigFe;O have defined peaks as
expected.”>* The satellite peak of Fe 2ps, for Fe,0; (NigFe,0) is
about 8 eV higher than the primary Fe 2p;, peak. The current
investigation yielded binding energies of Fe 2p;, and Fe 2p;,, of
710.6 and 724.0 eV, respectively, and a satellite peak at 718.6 eV,
clearly visible only for NigFe;O. The XPS spectra of O 1s for the
Nig.o5Feg.050, Nig;5Feq 250, and Nig sFey 50 samples are reported
in Fig. S3; showing three peaks located at 529.4 eV, 530.9 eV,
and 532.7 eV related to the lattice oxygen, the bond seen in
metal oxides, hydroxides or defective oxide (M-OH), and the
surface-adsorbed oxygen, respectively.”>** Upon fitting the O 1s
spectra, the contribution of the lattice oxygen peak intensifies
with increasing Fe content in the NiFeO, species, confirming the
transition from an amorphous phase to a reticular species, as
revealed by XRD analysis.

The morphology and the composition of the as-produced
Ni/Fe electrocatalysts were determined by high-resolution
transmission electron microscopy (HR-TEM) coupled with
energy-dispersive X-ray detection (EDX). In Fig. 4, the most
indicative acquired images are shown. The structure of the
Ni-containing materials can all be associated with the base
structure of Ni;Fe,O and only small changes can be
addressed at high Fe loadings. The morphology of these
systems is composed of big and thick particles. Moreover,
NiO is peculiarly sensitive to the electron beam, being able to
reduce to Ni if irradiated with a sufficiently low dose. It is

a | Ni2p Ni,Fe,0 23

2?1/2

Nis*

bl ni2
P st

Nig gsFeg 050
2pyp

Sat./

Nig 7sFeg 250 2032
2pqp

C | Ni2p

Sat.

Ni24

Nis*

890 885 880 875 870 865 860 855 850
Binding Energy (eV)

d

| Ni2p NigsFeosO 2py,

2pqp2 Ni2*

/

Nis*

Sat.
Ni2* A

N
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Fig. 3 XPS spectra of Ni 2p for (a) Ni;FeoO, (b) Nig.9s5Fe0.050, (c) Nig 75Fep 250, and (d) NigsFeo sO ECs.
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220 pm
(113) Hematite

Fig. 4 Low and high magnification TEM images of Ni;FeqO (left), NigsFeg sO (middle) and NigFe;O (right).

thus difficult to determine the smaller structure. As expected,
diffraction fringes are not detected, confirming their
amorphous nature. Analogous results were also obtained for
NipsFeqs0. NigFe;O results in being composed of
nanoparticles with a size ranging from 20 to 150 nm, and the
crystal plane reflexes suggest the occurrence of a more
crystalline structure, in agreement with the XRD analysis.

Scanning TEM images and the relative EDX mapping
(Fig. 5) give the presence of iron on/in the NiO particles
in a ratio that strictly resembles the theoretical one (Fig.
S4t). Moreover, the ratio between Fe and O in NiyFe;O is
equal to 2.

2.2 Electrochemical characterization

2.2.1 Optimization of the ink formulation in the RDE
experiments. Electrochemical activities of the derived
electrocatalysts were analyzed in alkaline media, ie. 1 M
KOH, by acquiring linear sweep voltammograms (LSV).
Therefore, different electrocatalyst-containing ink
formulations were used to study the influence of ink
additives on the OER activity. The final intent is to evaluate a
suitable ink formulation and an adequate electrocatalyst
loading that may influence the electrocatalytic performance.
Ni;Fe,O and NiggsFeq0s0 were wused as ECs in
formulations,>° as reported in Table 2.

Two electrocatalyst loadings were studied, 0.2 and 0.6
mg cm™?, respectively. In Fig. S5, the LSVs of Ni;Fe,O and
NiposFe 050 are reported, whereas in Fig. 6a and b, the
overpotentials measured at a current density of 10 mA cm™
are reported for Ni;Fe,O and NijgsFeg 50, respectively. In
both cases, the ink composition was varied, as reported in

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

Table 2. The rationale behind the selection of different
ingredients to fabricate the ink consists of: i) the use of a
binder-free ink (ink 1), ii) the use of a surfactant with the
intention of better dispersing the electrocatalyst (ink 2), iii)
the use of Nafion as a binder (ink 3), and iv) the use of an
anion exchange ionomer (AEI) that operates as a binder and
an ionomer at the same time (ink 4).

When Ni;Fe,O, simple nickel oxide, was tested, no
notable differences were visible in the electrocatalytic
activity between the different ink formulations used, except
for the Nafion®-containing ink (ink 3), resulting in higher
overpotentials (0.43 + 0.01 V) (Fig. 6a). This behavior could
be explained by the fact that Nafion® self-assembles on the
electrocatalyst surface, inhibiting the OER and hindering
the mass transport of OH™ and 0,.°”®" Moreover, Nafion
operates as a binder, but it does not contribute to the OH~
transport. The difference in ink formulation for ink 3 is
more evident for the loading comparison of NiggsFeg 050
due to higher electrocatalytic activity, showing an
overpotential of 0.40 + 0.03 V (Fig. 6b). Usually, the ink
composed of Nafion is the one that is commonly used in
the community.

TritonX-100 is a non-ionic surfactant commonly used as a
dispersant for different applications.®> Compared to ink 1,
which is only a dispersion of the electrocatalyst in IPA, the
addition of TritonX-100 (ink 2) permits enhancing the
deposition, resulting in lower overpotential values and lower
variability, especially for Niy 9sFe( 05O at a higher loading of
0.6 mg cm™? (Fig. 6b).

Interestingly, the substitution of Nafion® (ink 3) with
PiperION-A TP-85 (ink 4), an anion exchange ionomer (AEI)
acting as both an OH  exchange ionomer and a binder,

Ind. Chem. Mater,, 2025, 3, 485-497 | 489
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Flg 5 STEM images of samples (a) NilFeoO, (b) Ni0_995Feo_0050, (c) Ni0_95Fe0_050, (d) Ni0_75Feo_250, (e) Nio_soFEo_soo and (f) NioFelo. From left to

right columns: STEM bright field images, Ni map, O map, and Fe map.

Table 2 Formulations of inks used for the study of additive influence on the OER

Compound Ink 1 Ink 2 Ink 3 Ink 4
ECs 4 mg 4 mg 5 mg 5 mg
Isopropyl alcohol 1000 pL 500 pL 985 uL 800 puL
Water — 475 uL — 185 uL
TritonX-100, 5% solution in water — 25 uL — —
Nafion® solution, 5% in water/ethanol — — 15 pL —
PiperION-A TP-85, 5% in ethanol — - — 15 pL
showed improved performance for both electrocatalysts and Interestingly, the use of ink 4 containing PiperION-A TP-

both loadings as reported in Fig. 6a and b.

490 | /nd. Chem. Mater,, 2025, 3, 485-497

85 did not show variation in the overpotentials despite the

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5im00008d

Open Access Article. Published on 26 March 2025. Downloaded on 12/4/2025 2:08:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Industrial Chemistry & Materials Paper
0.46 0.46
a NiqFegO b Nig.95Fe0,050
o 044 ., 044
; : ;
4 < 0.42
E 0.42 £ N
e | & e
® 040 ' . i 040 T
s )i ] s
T 038 [ * :gasa- L
8 0.36 80364 ¢
$ 2
3 [ :
0341 m 02mgcm? 0344 m 02mgem?
® 06mgcm? e 06mgcm?
0.32 0.32

T T T T
Ink1 Ink 2 Ink 3 Ink 4

T T T T
Ink 1 Ink 2 Ink 3 Ink 4

Fig. 6 OER overpotentials of (a) NijFeqO and (b) NigesFeposO measured at 10 mA cm™2. The effect of different ink formulations on the OER

electrocatalytic activity is reported.

increase of electrocatalyst loading deposited on the surface of
the electrode and the two different electrocatalysts
investigated (Fig. 6a and b).

2.2.2 Optimization of electrocatalyst loading in the RDE
experiments. An optimization of the electrocatalyst loading
on the glassy carbon electrode was also conducted utilizing
the most promising ink, ink 2, containing a mixture of
water, Triton X, isopropanol and the electrocatalyst. In Fig.
S6a and b,f the LSVs of Ni;Fe,0O and NiggsFeq 050,
respectively, varying the EC loadings are reported. In
Fig. 7a and b, the overpotentials measured at a current
density of 10 mA cm™ are reported for Ni;Fe,0 and
Nip.o5Feg. 050, respectively. The overpotentials for Ni;Fe,O
measured at 50 mA cm™> and 100 mA cm™> are reported in
Fig. S7a and b.jf The overpotentials for NigosFeg 050
measured at 50 mA cm > and 100 mA cm™> are reported in
Fig. S7c and d.f Also, in this case, the electrocatalyst
loading was varied. Once again, Ni;Fe,O and NigosFeg 50
were taken as example ECs.

The results showed that Ni;Fe,O performed differently
from Nij¢5Feq050; in fact, when no Fe is present in the
electrocatalyst, the increase of the loading seems not to
affect the overpotentials (Fig. 7a). This might be due to
the organization of the EC on the electrode surface. For
Nip.osFeg 050, instead, the overpotential decreases while
increasing the EC loading on the electrode surface
(Fig. 7b). This was visible while increasing the loading
from 0.1 to 0.6 mg cm?, and then a plateau value was
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reached. The lowest overpotential value 1is obtained
starting from 0.6 mg cm™> with a value of ca. 0.359 V.
The optimized conditions in terms of both ink and EC
loading were used to perform LSV for all the produced ECs.
LSVs are reported in Fig. S8,i whereas the overpotentials at
10 mA cm™” are reported in Fig. 8. The overpotentials during
the OER measured at 50 mA cm > and 100 mA cm > are
reported in Fig. S9.f The electrocatalytic activities toward the
OER of the synthesized ECs are strongly dependent on the
amount of Fe. The Fe introduction in the NiO structure, even
at a low amount (0.25%,,1), led to the reduction of the OER
overpotential compared to pure NiO. The lowest overpotential
of 0.291 V was obtained when 25%,, of iron was substituted
in the material (sample Nig,5Fe,50), whereas further
increments in the Fe proportion in the material led to a
slight increase of the overpotential reaching the NiyFe;O
overpotential, which contained only a-Fe,O; (Fig. 8).

2.3 Anion exchange membrane water electrolyzer integration
and results

Considering the simplified synthesis methodology that led to
the promising OER activity demonstrated in the half-cell
tests, Niy,sFey,s0 was tested at the anode side of a 5 cm?
AEMWE full electrolysis cell, using a PiperION membrane
and an ionomer solution on both anode and cathode inks.
To the best of our knowledge, this is the first time that an
amorphous structure of the NiFeO, anode electrocatalyst,
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Fig. 7 Overpotentials of (a) Ni;FeoO and (b) Nig osFeg 050 measured at 10 mA cm™2. The effect of different electrocatalyst loadings on the OER

electrocatalytic activity is reported.
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Fig. 8 Overpotentials measured at 10 mA cm™2 from LSVs obtained by
the screening of all the electrocatalysts synthesized.

prepared using a simple sol-gel method, has been integrated
and studied in an AEMWE. Regarding the scalability of the
system, the lower temperature required to form the
amorphous phase, as opposed to the crystalline structure,
could be advantageous for energy savings throughout the
entire process. Polarization curves in the 30-80 °C
temperature range were acquired to assess the impact of
temperature on the cell performance. The results in Fig. 9a
demonstrate how the raising of the temperature causes an
increase in the performance. The higher performance was
achieved at 80 °C where, at 2.0 V, a current density of 3.7 A
ecm™ was reached, while at a lower voltage of 1.8 V, more
than 2 A cm™® was delivered. Moreover, it is feasible to
observe that a 10 °C rise in cell temperature results in about
0.5 A cm™> improvement in current density. This effect could
be attributed to the enhanced ionic conductivity of the
anionic membrane, as well as the improved kinetics of the
processes taking place at the electrodes, as demonstrated by
the Nyquist plots recorded at 1.8 V, which show a decrease
both in the series (R;) and charge transfer resistance (R.)
(Fig. 9b and Table 3). A direct comparison of these results
with the current literature is not straightforward, as different
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Table 3 Series resistance (Rs) and charge transfer resistance (R.) of the
Nig 75Feg 250-based AEMWE cell at different temperatures

Temperature R, (ohm cm?) Re (ohm cm?)
30 °C 0.131 0.284
40 °C 0.105 0.260
50 °C 0.087 0.167
60 °C 0.074 0.128
70 °C 0.066 0.094
80 °C 0.060 0.064

researchers often use varying AEMs, supporting electrolyte
concentrations, electrocatalyst compositions, and loadings.
However, the results, displayed in Table 4, appear consistent
when compared with recent studies in AEMWEs based on
non-precious anode electrocatalysts.

A short-term (ca. 100 h) durability test under
galvanostatic operating conditions (1 A cm™) was
performed, and the obtained chronopotentiometric curve is
reported in Fig. 10a. The curve, after a slight increase in
initial potential, shows a constant behavior over time. After
replacing the KOH solution with a fresh one, a decrease in
voltage was observed, but subsequently, the potential
increased to reach the same value recorded before the
replacement.  Thus, the synthesized electrocatalyst
demonstrated not only high performance but also
exceptional stability. /-V plots (Fig. 10b) after this short-
term durability test (end of test, EOT) showed even higher
performance compared with the beginning of the test
(BOT), clearly attributable to the electrocatalyst activation
during the time.

3 Conclusions

Amorphous NiFe oxides were synthesized using a simple and
cost-effective sol-gel method for oxygen evolution reaction
(OER) applications in alkaline media. Various oxide variants
were prepared by altering the Ni/Fe ratios. The material
properties were characterized, and their electrocatalytic
activities were evaluated as a function of ink formulations
and electrocatalyst loading. Under optimized conditions, the
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(a) Linear sweep voltammetry curves in the range of 30-80 °C of the AEM-WE cell based on the Nig 75Feq 250 electrocatalyst at the anode;

(b) electrochemical impedance spectroscopy plots (Nyquist), recorded at 1.8 V. The equivalent circuit of the EIS is shown in Fig. 9b.
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Table 4 Recent literature data obtained with non-precious anode electrocatalysts for AEMWEs at 60 °C and in 1 M KOH anode feeding
Anode loading Current density Current density
MEA (mg cm™) (Aem™) @1.8V (Aem™) @2.0 V Ref.
Niy 75Feq »50/Ni-felt//PiperlON//Pt/C 2.0 1.4 2.6 This work
Ni-foam//PiperION//Pt/C — 0.30 0.62 63
Ni-foam//PBP//Pt/C — 0.56 1.25 63
NiFe,0,//FAA3-50//Pt/C 3.0 1.5 2.5 64
g-CN-CNF-800//FAA3-50//Pt/C 4.0 0.48 0.98 65
NiFe,0,//Sustainion//NiFeCo 2.0 0.16 0.94 66
NiFe,0,//FAS-50//NiFeCo 2.0 0.25 0.90 66
NiFe,0,//Sustainion X37-50//Ni RANEY® 1.8 0.74 — 67
NiFe,0,//Sustainion//NiFeCo — 0.25 0.90 68
NiFe//PFTP-13//NiFe 20.0 0.60 1.2 69
Ni-felt//Fumion Recast//Pt/C — 0.74 1.3 70
320 b 24
—80°C ——80°C BOT
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1.8
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Fig. 10 (a) Chronopotentiometric curve at 80 °C, in 1 M KOH solution and at 1 A cm2 of the cell based on the Nig 7sFe.250 electrocatalyst at the
anode; (b) linear sweep voltammetric curves at the beginning of the test (BOT) and at the end of the test (EOT).

OER performances of the developed NiFe oxides were
analyzed using the rotating disk electrode (RDE)
methodology. Among the variants, Ni, ;5Fe 50 exhibited the
best performance, achieving a low overpotential of 0.291 V.
This superior performance 1is attributed to a higher
concentration of Ni** (NiOOH), a highly active species for the
OER. Furthermore, the same amorphous sample was
integrated for the first time, to our knowledge, in an anion
exchange  membrane  water electrolyzer =~ (AEMWE),
demonstrating promising performance and good operational
durability on a lab scale.

4 Materials and methods
4.1 Materials

All chemicals were used without further purification. Nickel(i)
nitrate hexahydrate (Ni(NOs),-6H,0, >98.5%, 13478-00-7),
potassium hydroxide (KOH, 85%, 1310-58-3), citric acid
(Ce¢HgO5, >99.5%, 77-92-9) and Triton X-100 were purchased
from Sigma Aldrich. Iron(u) chloride tetrahydrate (FeCl;-4H,O0,
98%, 13478-10-9) and Nafion® 5%, dispersion in water/
ethanol were purchased from Alfa Aesar. PiperION-A TP-85
5%, dispersion in ethanol was purchased from Versogen.
Milli-Q water with a resistivity of 18.2 MQ cm was used. 40 wt%
platinum on carbon (Pt/C, Alfa Aesar) was also used for
comparison.

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

4.2 Synthesis of Ni/Fe mixed oxides

The synthesis of Ni/Fe mixed oxide nanoparticles (NPs) was
prepared following a modified procedure taken from Danial
et al.”" In a typical synthesis, 0.01 mol of salt precursors (i.e.,
nickel(n) nitrate hexahydrate and iron(m) chloride
hexahydrate, in different ratios) were dissolved in 50 mL of
deionized water. The Ni/Fe molar ratios are 100/0, 99.75/0.25,
99.50/0.50, 98/2, 95/5, 90/10, 75/25, 50/50, and 0/100. This
solution was then dripped in a previously prepared solution
containing 2.1 g of citric acid and 50 mL of deionized water
under magnetic stirring. The mixed solution was then heated
from RT to 70 °C and maintained under isothermal
conditions for 12 h. Subsequently, the solution was
transferred to a Petri dish, and the solvent was allowed to
completely evaporate at RT until a gel was formed. The gel
was then dried and aged under an air atmosphere and
isothermal conditions at 110 °C for 24 h. The obtained
powder was then ground, placed in an alumina boat, and
heated in a muffle furnace from RT to 250 °C (heating rate
speed of 10 °C min'), and then maintained under
isothermal conditions for 4 h.

4.3 Material characterization

4.3.1 X-ray diffraction (XRD) instrument. X-ray diffraction

(XRD) was performed on a Rigaku MiniFlex 600

Ind. Chem. Mater., 2025, 3, 485-497 | 493
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diffractometer with a Cu Ko (1.54 A) radiation source
working at 40 kv and 15 mA. The diffractograms were
collected between 20 and 80° 26, with a step size of 0.02
degrees and an angular velocity of 2 degrees per minute.
Instrumental PDXL-2 software was used for the sake of
comparison with reference diffraction patterns from the
ICDD database.

4.3.2 X-ray fluorescence (XRF) instrument. X-ray
fluorescence (XRF) spectra were collected with a Bruker
Artax AXS instrument equipped with a Mo source between 0
and 25 keV, and the spectra were restricted to the interest
energy between 6 and 9 keV.

4.3.3 X-ray photoelectron spectroscopy (XPS) instrument.
X-ray photoelectron spectra were collected using an X-ray
photoelectron spectrometer, ESCA System PHI 5800 of
Physical Electronics to examine the surface characteristics of
the electrocatalysts. The instrument operates with Al Ko as a
monochromatic X-ray source at a power of 350 W. The
integration of the deconvoluted peak areas was provided by
MatLab in MultiPak V6.1A software.

4.3.4 HR TEM. HR-TEM and STEM characterization was
carried out using a Talos F200X G2 Thermo Fisher
transmission electron microscope, using its in-built 4
segment Super-X EDX detector. Images were acquired with a
beam energy of 200 keV.

4.4 Electrochemical measurements using a rotating disk
electrode (RDE)

Electrochemical measurements were carried out in a
standard three-electrode glass cell (Pine) with a glassy carbon
rotating disk electrode (@ 5 mm, area of 0.1963 cm?) as the
working electrode, a titanium spring as the counter electrode,
and an Ag/AgCl/Cl, electrode as the reference electrode.
The potentials were then converted to a reversible hydrogen
electrode (RHE) using the formula:
E(rits) = E(ag/agei/cr) + Efag/agaijcr) +0.059 pH

where Ely oc/cr)

Linear sweep voltammograms (LSV) were performed in 1
M KOH solution from 1.2 to 1.9 V vs. RHE at 5 mV s ', and
the rotation of the electrode was set to 1600 rpm. Before
starting the measurements, the solution was deaerated by
fluxing nitrogen; a smaller flux was also present during the
measurement to help the produced gas escape the solution.

=0.1976 V.

4.5 Anion exchange membrane water electrolysis test
(AEMWE)

The membrane-electrode assembly (MEA), with a geometrical
active area of 5 cm” was realized by a cold assembling
procedure. The anode ink, based on the Ni, ;5Feq,50 EC and
20 wt% of a PiperION® ionomer, was applied by the spray
coating technique directly onto the commercial PiperlON®
membrane (thickness 40 pum) surface to realize a one-side
electrocatalyst coated membrane (CCM). The electrocatalyst
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loading was maintained at 2.0 + 0.1 mg cm . Afterward, Ni
felt (Bekaert), acting as a backing layer and current
collector, was coupled to the anodic compartment. The
cathode electrode was made by mixing commercial 40 wt%
platinum on carbon (Pt/C, Alfa Aesar) and 20 wt% of a
PiperION® ionomer. The ink was sprayed onto a Sigracet
25-BC (SGL group) gas diffusion layer (GDL) to obtain a
catalyst-coated electrode (CCE), with a Pt loading of 0.5 +
0.05 mg cm 2, as reported elsewhere.””> Before the MEA
realization, the CCE and CCM were exchanged in a 1 M
KOH aqueous solution for 1 h to convert the bicarbonate
counter ions present in the pristine membrane and ionomer
in the active hydroxyl species. The electrochemical
characterization, in a 5 ecm” single-cell configuration, was
carried out in a temperature range of 30-80 °C, at
atmospheric pressure. As depicted in Fig. S10,f the
hardware setup for AEMWE tests comprises, from the
external to internal part, a gold plate, a Ni plate with a
gasket and flow field (anode), the Ni felt, the MEA
containing the CCM and CCE, another gasket on a graphite
plate (cathode) and another gold plate for the closure
frame. An alkaline aqueous solution (1 M KOH) was
supplied by a peristaltic pump to the anode side of the
single cell, with a flow rate of 5 mL min'. The
electrochemical measurements were carried out by using a
potentiostat-galvanostat device PGSTAT302 equipped with
an FRA module (Autolab). The electrochemical impedance
spectroscopy (EIS) measurements were performed under
potentiostatic control (at a cell voltage of 1.8 V) in a
frequency range between 10 kHz and 100 mHz by frequency
sweeping in the single sine mode. The amplitude of the
sinusoidal excitation signal was 0.01 V r.m.s.

A short stability test was carried out by
chronopotentiometric analysis, maintaining the current at 1
A cm™ for 100 h.
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