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Low-temperature anion exchange membrane water electrolysis (AEMWE) is one of the most promising tech-
nologies to produce green hydrogen. To date, membrane-electrode assembly (MEA) based on platinum group
metal (PGM) electrocatalysts shows higher performance than PGM-free ones. Here, a single and easy synthesis for
non-noble metal electrocatalysts (PGM-free) for both hydrogen and oxygen evolution reactions (HER and OER)
was developed. Both electrocatalysts consist of FeNis/FeNiOx nanoparticles obtained through chemical reduction
using hydrazine. The electrocatalyst exhibits an overpotential of 210 mV and 234 mV for HER and OER
respectively, at a current density of 10 mA cm ™2 in 1 M KOH electrolyte, allowing a comparison between mass
activity and geometric activity compared to PGM catalysts. In addition to a preliminary electrochemical char-
acterization of the FeNi3/FeNiOy, the electrocatalyst were integrated into a pilot-scale AEMWE at both anode and
cathode, which reaches (without iR-correction) 1.72 V and 1.94 V at a current density of 0.4 A cm2and 1A
cm ™2 respectively at 60 °C. This PGM-free MEA outperforms the one based on Pt/C at cathode and RuO; at anode
with a voltage gap of 284 mV at 1 A cm™2. The aforementioned MEA was tested for 150 h with a discontinuous
power profile, in order to get an idea of the possible degradation trends for a future industrial application, the
reversible and irreversible voltage losses were calculated resulting in a degradation rate of 886 uV/h. This work
demonstrates a simple and scalable synthesis of earth-abundant electrocatalytic materials for high-efficiency
AEM water electrolysis.

1. Introduction

Electricity production plays a key role in modern society, its pro-
duction from renewable sources and the parallel transition away from
fossil fuels represents the turning point for environmental protection
[1]. The use of renewable energies is expected to increase in the coming
years, but these production methods suffer from intermittence issues due
to daily, seasonal and regional factors. Often electricity from renewables
is not absorbed by the grid and it is lost. To overcome those problems,
hydrogen could be exploited as chemical storage due to its high energy
density which makes it an excellent energy vector. Indeed, hydrogen can
be obtained from surplus electricity and it can be stored, transported and
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reconverted into electricity on demand [2].

One of the most promising methods for hydrogen production is the
water electrolysis operating at low temperatures. Nowadays, there are
three different technologies that exploit this principle: proton exchange
membrane water electrolysers (PEMWE), alkaline water electrolysers
(AWE) and anion exchange membrane water electrolysers (AEMWE)
[31.

PEMWEs have high efficiency, rapid response to load changes and
are compatible with intermittent energy sources but requires expensive
materials like platinum for electrocatalysts and fluorinated polymer
membranes, in addiction to high corrosion problems due to acid envi-
ronment [4].
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AWE is a mature technology for large-scale hydrogen production at
low cost and high durability. Disadvantages are larger plant size, lower
efficiency, not compatibility with intermittent energy sources and
problems related to high corrosive environment due to the high
concentrated electrolyte (up to 6-7 M KOH) [5].

AEMWESs combine the advantages of PEMWE and AWE technology
named i) compatibility with intermittency renewable sources, ii) pres-
ence of solid polymeric membrane that guarantees physical separation
with the possibility of pressurizing hydrogen internally, iii) low cost of
electrocatalysts, iv) membranes that do not contain fluorinated poly-
mers. Nowadays, the AEMWE technology is not used on a large scale due
to problems mainly related to scarce durability of membranes and ion-
omers and to the low electrocatalytic activity of the electrocatalysts for
both anodic and cathodic reactions, that lead to a lower efficiency
compared to PEMWEs [6].

In the water electrolysis process, the reactions that take place
respectively at the cathode side and at the anode side are the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER).
Electrocatalysts are used to lower overpotentials and improve the elec-
trocatalytic activity. Typical HER and OER reference electrocatalysts are
platinum group metals (PGM), even in alkaline media. Particularly,
RuO and Pt supported over carbon (Pt/C) represent the most active
electrocatalysts on AEM-WE for OER and HER, respectively [29,30].
Despite their excellent performance, they suffer from high costs and
extreme scarcity as they are identified as critical raw materials (CRMs)
by the European Union. These factors significantly limit their practi-
cality and feasibility [3,7]. The substitution of these CRMs with more
abundant and cheaper materials is a must for boosting up the massive
deployment of this technology.

Among non-precious metal-based electrocatalysts, nickel-based ma-
terials have attracted attention for their low cost, conductivity and
resistance to alkaline environments. Importantly, Ni belongs to the 10th
group, sharing similar electronic structure with Pt and Pd. It’s known
that doping nickel-based electrocatalysts with heteroatoms or other
metals can increase the electrocatalytic activity and an appreciated
doping agent, due to its availability, is iron [8-10]

There are many works exploring electrocatalysts based on non-noble
and earth-abundant metals such as nickel and iron for both HER and
OER. Although many progresses have been made, they are currently
unable to compete with PGM, both in terms of performance and dura-
bility [7,11,12].

Many synthetic strategies used in the literature to obtain nickel-iron
electrocatalysts are based on electrodeposition [13]. Lian et al. obtained
a Nickel-Iron (NiFe) electrocatalyst via high-current density electrode-
position that exhibited an overpotential of 100 mV at 10 mA cm ™2 for
HER in alkaline environment. Hatami et al. synthesized a Ni-Fe alloy on
a Cu substrate via electrodeposition and tested it as a bifunctional
HER/OER electrocatalyst for water spitting; this alloy showed over-
potentials of - 124 mV at 10 mA cm ™2 for the HER and 292 mV at 10 mA
cm 2 for the OER. Luo et al. reported electrodeposition of NiFe nano-
sheets film on Ni foam (NiFe/NF) as a bifunctional electrocatalyst
(HER/OER), resulting in overpotentials of - 139 mV at 10 mA cm 2 for
the HER and 240 mV at 20 mA cm™2 for the OER [14-16]. Although
electrodeposition is an effective technique, it’s difficult to scale up due
to limitations related to geometry and distance between electrodes.
Recently the FeNis alloy is attracting attention for its promising elec-
trocatalytic activity for both HER and OER reactions [17-20]. The most
common synthetic route for the FeNij alloy is hydrothermal synthesis,
for example Wei et al. first obtained FeNis-layered double hydroxide
(LDH) nanosheets by reducing the nickel and iron salt in an autoclave at
120 °C for 12 h and then treated them with CHy4 plasma to support them
on carbon and switch from face-centered cubic phase (fcc) to hexagonal
close-packed (hcp). The latter showed higher activity with over-
potentials of 70 mV for HER and 201 mV for OER at 10 mA cm 2 [21]. A
simpler method to synthesize these materials could be obtained by the
chemical reduction at low temperature of Nickel and Iron salts in

Electrochimica Acta 507 (2024) 145109

aqueous solution using reducing agents. In particular, this procedure
could lower costs and allow the mass production of electrocatalysts for
green hydrogen. Sodium borohydride and hydrazine are common
reducing agents used to obtain metal nanoparticles, although it is known
that borohydride ions mainly give metal borate especially when water is
used as a solvent [22]. Lu et al. first reported the synthesis of FeNis
nanoparticles in aqueous solution with hydrazine and recently other
authors used this synthetic strategy to obtain electrocatalyst [23-25].

In literature, diverse Ni-based electrocatalysts that are integrated
into completely PGM-free membrane electrode assembly (MEA) are re-
ported and tested in AEMWE. Chen and Hu, prepared a NiMo electro-
catalyst by reduction in a NH3/H; atmosphere at high temperature and
used it as is for HER and doped it with Fe via an anodic oxidation for
OER. The single cell AEMWE with their PGM-free MEA reaches 1.57 V at
1 A em 2, with an operating temperature of 80 °C [26]. Wang et al.
synthesized a Ni/MosNg electrocatalyst, prepared by reduction in a
NH3/H, atmosphere at high temperature, as both anode and cathode;
their cell also reached 1.57 V at 1 A cm ™2 (operating temperature of 80
°C) [27]. Guo et al. prepared FeyP-NijoPs and CozP-NijoPs through
electrodeposition method and used it as OER and HER respectively
reaching 1.95 V at constant current density of 1 A cm ™2 and with a
temperature of 60 °C [28].

Here, we report a study related to the synthesis and characterization
of FeNiz/FeNiOy nanoparticles for both HER and OER. These materials
were obtained via a feasible synthesis in aqueous solution with hydra-
zine. The developed synthesis allows to obtain nanoparticles with an
average size of 70 nm. These nanoparticles were characterized micro-
scopically and spectroscopically by means of High-resolution trans-
mission electron microscopy (HRTEM), High-Angle Annular Dark Field
scanning transmission electron microscopy (HAADF-STEM), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), X-ray fluo-
rescence (XRF), and scanning electron microscope (SEM). They were
subsequently used to create electrodes capable of performing HER and
OER reactions in an AEMWE and an accurate evaluation of the perfor-
mance was obtained by comparing the voltage of the various set-ups at
the same current density and temperature. We chose to carry out these
tests in a pilot-scale electrolyzer (50 cm? of active area) to better eval-
uate, preliminarily, the possible future industrial application of elec-
trocatalysts. The resulting FeNi3/FeNiOyx nanoparticles exhibits an
overpotential of 210 mV and 234 mV for HER and OER respectively, at a
current density of 10 mA cm~ 2. The AEMWE tests using the PGM-free
MEAs resulted in 1.72 V and 1.94 V at a current density of 0.4 A cm ™2
and1 A cm ™2 respectively. These performances, although with a higher
catalyst loading, were better than the ones obtained with MEAs based on
PGM electrocatalysts especially MEAs containing Pt/C (cathode) and
RuO, (anode) with a voltage gap of 284 mV at 1 A cm 2. A concise study
on the degradation trends was conducted by observing the response of
the MEA to a power profile similar to that of renewable sources, a test
with a daily power profile, resulting in a degradation rate of 886 uV/h
over a total of 150 operational hours. This study paves the way for the
use of the same nickel-based electrocatalysts for both HER and OER
reactions, a favourable situation in terms of scalability and industrial
flexibility, to obtain a high-performance, totally PGM-free MEA for
green hydrogen production.

2. Materials and methods
2.1. Reagents

Iron (II) chloride tetrahydrate (FeCly - 4 Hy0), nickel (II) chloride
hexahydrate (NiCly 0-6 Hy0), ruthenium (IV) (RuO2, 99.9 % metals
basis), platinum supported on carbon Pt/C (40 wt %), hydrazine hydrate
(N2H4 50-60 % water solution), NaBHy, ethanol, PolyVinil Alcohol (Mw
89,000-98,000, 99 % hydrolyzed), Polytetrafluoroethylene 60 wt %
dispersion in Hy0, sodium hydroxide (NaOH, 98 %), potassium hy-
droxide (KOH, purity 85 %) and polyvinylpyrrolidone (PVP, M.W.
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40.000) were purchased from Sigma-Aldrich and used as received
without further purification. carbon cloth porous transport layer (0.410
mm thickness, Xiamen Zopin New Material Limited, China); Nickel foam
(1.5 mm, Xiamen Tmax Battery Equipments Limited, China).

Binder (Ethanolic solution 10% w/v) and the anion exchange
membranes utilized in the study (AT-100), was kindly supplied by Ne.m.
e.sys. s.r.l. (Italy).

2.2. Synthesis FeNis/FeNiO, NPs

FeNi3/FeNiOy nanoparticles (NPs) were synthesized through a
chemical reduction method. 10 g of NiCly 0-6 H3O (42 mmol), 2 g of
FeCly - 4 H20 (10 mmol), and 7 g of PVP were dissolved in 300 ml of
water. The mixture was stirred for 10 min and then heated to reach 70
°C. A second solution of 100 mg of NaBH4 (2.6 mmol), 6 g of NaOH (150
mmol), and 30 ml of hydrazine solution was prepared and mixed with
the first one.

After mixing the two solutions, a black solid dispersed in the reaction
mixture and gas was formed, indicating the formation of FeNi3/FeNiOx
nanoparticles. The reaction was kept a 70 °C until the solution turns
colourless. The nanoparticles were recovered and washed five times
with water aliquots of approximately 100 mL to remove byproducts and
PVP, then were washed and stored in ethanol.

2.3. Preparation of electrode

2.3.1. Preparation of the standard electrodes

The anode electrode for the LSV and test was manufactured as
follow: 32 mg of RuO, powder were dispersed in 72 uL of the binder
ethanolic solution. The ink was spread onto 8 cm? of Nickel foam and
dried in an oven overnight at 30 °C. The final electrocatalyst loading was
4 mg cm™2.

The anode electrode for the cell test was manufactured as follow: 200

mg of RuO, powder were dispersed in 448 uL of the binder ethanolic
solution. The ink was spread onto 50 cm? of Nickel foam and dried in an
oven overnight at 30 °C. The final electrocatalyst loading was 4 mg
cm “.
The cathode electrode for the LSV test was manufactured as follow:
10 mg of Pt/C powder was mixed, in an ultrasonic bath for 30 min, to
22,5 uL of the binder ethanolic solution. The ink was spread onto 8 cm?
of Nickel foam and dried in an oven overnight at 30 °C. The final Pt
loading was 0.5 mg cm ™2,

The cathode electrode for the cell test was manufactured as follow:
62,5 mg of Pt/C powder was mixed, in an ultrasonic bath for 30 min, to
140 pL of a 10% w/v aqueous solution of PolyVinil Alcohol. The ink was
spread onto 50 cm? of carbon cloth porous transport layer (PTL) and
dried in an oven overnight at 50 °C. The final Pt loading was 0.5 mg
em 2,

RuO; as OER electrocatalyst and Pt/C as HER electrocatalyst were
selected as benchmark for their reactions in alkaline media [29,30].

2.3.2. Preparation of the FeNi3/FeNiOy electrode

The anode electrode the LSV test was manufactured as follow: 200
mg of FeNi3/FeNiOx powder were dispersed in 800 pL of ethanol and 36
mg of the aqueous dispersion of Polytetrafluoroethylene (60 wt%) were
added. The ink was manually spread onto 8 cm? of Nickel foam and
dried in an oven overnight at 30 °C. The final electrocatalyst loading was
25 mg cm 2.

The anode electrode for the cell test was manufactured as follow:
1.25 g of FeNi3/FeNiOy powder were dispersed in 5 mL of ethanol and
0.230 g of the aqueous dispersion of Polytetrafluoroethylene (60 wt%)
were added. The ink was manually spread onto 50 cm? of Nickel foam
and dried in an oven overnight at 30 °C. The final electrocatalyst loading
was 25 mg cm 2,

The cathode electrode for the LSV test was manufactured as follow:
200 mg FeNiz/FeNiOy powder were mixed, in an ultrasonic bath for 30
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min, to 448 pL of the binder ethanolic solution. The ink was manually
spread onto the 8 cm? of Nickel foam and dried in an oven overnight at
30 °C. The final electrocatalyst loading was 25 mg cm™2.

The cathode electrode for the cell test was manufactured as follow:
1.25 g FeNi3/FeNiO powder were mixed, in an ultrasonic bath for 30
min, to 2.8 mL of a 10% w/v aqueous solution of PolyVinil Alcohol. The
ink was manually spread onto the 50 cm? of Carbon Cloth Gas Diffusion
Layer and dried in an oven overnight at 30 °C. The final electrocatalyst

loading was 25 mg cm ™2,

2.4. Electrochemical measurements

A conductivity (c) measurement was obtained by pressing 4.7 g of
powder inside a hydraulic press with 13 mm diameter steel pistons
(Silfradent, Italy) with a pressure of 368 MPa to have a good compaction
degree of the particles and ensure electrical contact. The resulting tablet
was homogeneous and cylindrical in shape with a diameter equal to that
of the pistons and a height (h) of 8.6 mm. It was placed between two
nickel foils, to distribute the current homogeneously and axially inside
the cylinder, and the electrical 4-point measurements were performed at
room temperature with an Hioki 3560 AC mW HiTester, with AC
perturbation at 1 kHz (Hioki Corporation, Japan).

o was calculated from the corresponding resistance (R) by using the
following equation Eq. (1):

h
o=2K (@D)]

Where (A) is the base area of the cylinder.

The OER and HER tests were carried using a three-electrode system,
using a reversible hydrogen electrode (RHE) Mini HydroFlex 80,521
(Gaskatel, Germany) as the reference.

Linear sweep voltammetry (LSV) curves were obtained with an Arbin
BT-G battery testing workstation (USA) by applying a scan rate of 5 mV
57! under continuous stirring at 600 rpm to prevent gas bubble accu-
mulation on the electrodes at room temperature. Prior to recording the
LSV curves, electrode activation was performed through cyclic voltam-
metry (CV) in a potential window ranging from 1.2 V to 1.8 V vs RHE for
OER and from 0.02 V to —0.6 V vs RHE for HER at 50 mV s~ until a
stable CV was achieved. Electrocatalyst overpotentials were determined
from the recorded LSV curves at a current density of 10 mA cm 2,

Overall water electrolysis tests were performed in a single cell
AEMWE with an active area of 50 c¢m? (SCBT-100, Nemesys s.r.l.)
comprising of stainless-stell end plates, bipolar plate and a plastic frame.
The performance of the FeNi3/FeNiOy electrocatalyst developed in this
study have been compared to platinum on carbon (Pt/C) as HER and
RuO- as OER, through the acquisition of polarization curves at 50 °C and
60 °C.

The MEA was formed by mechanically compression of the AT-100
membrane sandwiched between anode and cathode at a pressure of 2
MPa. The membrane was previously activated in a 1 M KOH aqueous
solution for 24 h reaching a thickness of 60 um. Electrodes were previ-
ously activated in a 1 M KOH aqueous solution for 30 min.

Electrolyte was 1 M KOH aqueous solution supplied by a peristaltic
pump with a flow rate of 200 mL/min.

Polarization curves were obtained by applying current steps while
iR-Free voltages were measured on-line by AC perturbation at 1 kHz
(Hioki 3560 AC mW HiTester, Hioki Corporation, Japan); varying the
temperature of a 1 M KOH aqueous solution supplied by the peristaltic
pump.

Finally, an analysis of the degradation trend of FeNi3/FeNiOy MEA
with an intermittent power supply was conducted. The test was per-
formed at a current density of 0.4 A cm ™2, at 50 °C. Daily power supply
varied between a minimum of 8 h and a maximum of 17.5 h, main-
taining at least 8 h of OCV between one day and the next. All electro-
chemical measurements were conducted in an alkaline electrolyte (KOH
1 M).
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Fig. 1. Synthesis of FeNi3/FeNiOy.

2.5. Characterization methods

2.5.1. XPS analysis

The measurements were performed using a Specs XR50 source with
an Al anode at a power of 300 W. The analyser employed was a Specs
Astraios 190 with a 2D-CMOS detector and a 1.5 x 25 mm entrance slit.
High-resolution spectra were acquired with a pass energy of 10 eV,
while a pass energy of 50 eV was utilized for the survey. The photo-
emission angle at which the measurements were taken was 25°

The Ni 2p and Fe 2p spectra were fitted first by calculating the
Shirley background and then using a linear combination of Gaussian-
Lorentzian sum (GLS) doublets and single GLS. The GLS functions are
symmetric and characterized by a single parameter to describe the full
width at half maximum (FWHM). The components are explicitly shown
in the plot, together with the resulting envelope function.

2.5.2. XRD analysis

X-ray diffraction (XRD, Rigaku Miniflex 600) equipped with a copper
source was used to perform crystallographic investigations in the 26
range of 10-90°

2.5.3. XRF analysis

Inorganic elemental analysis was qualitatively carried out using X-
rays fluorescence (XRF, Artax 200, Bruker, Billerica, MA, USA) having
Mo anode.

2.5.4. SEM analysis

For the morphological analysis of the electrocatalyst, a desktop
scanning electron microscope (SEM, Thermo Fisher Phenom G6, Eind-
hoven, The Netherlands) equipped with a thermionic CeB6 source was
employed. The instrument operates in the magnification range of 400 —
70,000 x.

2.5.5. HRTEM analysis

HRTEM images were acquired using a Thermofisher Talos F200X G2
at an accelerating voltage of 200 kV using a high-speed CETA camera
operating at a camera resolution of 4096 x 4096 pixels without any
objective aperture. The High-Angle Annular Dark Field images were
acquired with a Panther annular STEM detector using a convergent
beam with an angle of 10.5 mrad and a camera length of 330 mm. The
EDX maps were taken with a Super X spectrometer equipped with four
30 mm? silicon drift detectors with a collection angle of 0.7 srad.

3. Results and discussion
3.1. Synthesis and characterization
The synthetic process is here described step by step. Hydrazine in

alkaline solutions can acts both as a reductant or an oxidant according to
the following reactions reported in Eqs. (2) and Eq. (3):

Filtered and
dried at 30" FeNi, /FeNiOx
powder
NoHs + 40OH™ - N3+ 4Hy0 + 4 e )
NoH, + 2 HoO + 2 e”— 2 NH; + 2 OH™ 3)

It is known that Ni?* can be easily reduced in alkaline aqueous so-
lutions of hydrazine while this is not possible for Fe2* alone due to its
greater tendency to oxidize to Fe>*. Despite this, as reported by Lu et al.
[25], when Ni%* and Fe®" coexist in solution, the preliminary reduction
of nickel by hydrazine forms nuclei which catalyse the reduction of Fe3",
allowing to obtain NisFe alloy as reported in Eq. (4):

3 Ni%*+ Fe?*+ 2 NoHy + 8 OH™ — NigFe + 2 Ny + 8 Hy0 4)

In this study, we used polyvinilpirrolidone as a surface stabilizer to
minimize particle aggregation and control the nucleation rate [31]. A
small amount of NaBH4 was dissolved in the hydrazine solution as
inducing agent which, as suggested by Li et al. [32], form Ni-B species
that speed up the formation of the first Ni°. They catalyse the formation
of further Ni° which, in turn, catalyses the formation of the NisFe alloy
[32] (Fig. 1).

The nanoparticles formation, in addition to being an autocatalytic
reaction, catalyses two other reactions involving hydrazine: its decom-
position reported in Eq. (5) and its disproportionation shown in Eq. (6).

NoH4 — Ng + Hy %)
3 NoHg4 —» N + 4 NH3 (6)

For this reason, during the reactions, gas is produced simultaneously
with the formation of a fine black powder.

Although from a molecular point of view numerous reactions occur
simultaneously, macroscopically everything occurs with a single addi-
tion in a single reactor. The reaction is complete within a few minutes
with a yield of 99 % and is followed by a rapid work-up (filtering and
drying), as shown in Fig. 1.

As previously reported by Lu et al. [25] an Ni/Fe molar ratio <3
leads to the simultaneous presence of FeNis alloy and crystalline Fe4O3
in the nanoparticle while a molar ratio equal to 3 would lead only to the
FeNis alloy. To obtain an amorphous component inside the nanoparticle
we tried a Ni/Fe molar ratio of 4, an excess of nickel compared to that
needed to obtain the alloy, and this allowed the simultaneous
co-presence of amorphous nickel and iron oxides both inside and over
the surface of the nanoparticles. This particular situation can increase
the electrocatalytic activity towards HER and OER [33,34,46-48].

The XRF analysis was done to evaluate the presence of the metal of
interest and confirmed the presence of both nickel and iron. (Figure S1,
supporting information).

SEM images shows how, on a micrometer scale, FeNis/FeNiOy
powder forms agglomerates, favoured by their magnetic properties
(Figure S2 (a), supporting information). This agglomerate has a "spongy"
shape. The images of the powder smeared on the electrodes. (Figure S2
(b), supporting information) shows the complete coverage of the GDL.
This can be attributed to the high compatibility between the binder and
the electrocatalyst, which allows the formation of a uniform mixture and
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Fig. 2. XRD spectrum of the nanoparticles obtained.

allows effective adhesion to the surface. The same electrodes seen at
higher magnification in present fractures, roughness, and in-
homogeneity (Figure S2 (c), supporting information). These situations
are advantageous since they increase the surface area which activates
the mass transfer and also the transfer of the gaseous products released
by the electrocatalyst and favours the evolution reaction of oxygen and
hydrogen [35].

The XRD pattern (Fig. 2) displays three peaks at Bragg angles of
approximately 44°, 51.3°, and 75.6°, respectively, in good agreement
with the standard patterns of FeNi3 (JCPDS Card No 38-0419, Awarite).
For each reflection, the corresponding crystallographic plane family has
been indicated using Miller indices and interplanar distance. The Miller
indices (111), (200), and (220), with interplanar distances of 2.05 A,
1.77 A, and 1.25 A, respectively, confirm the presence of FeNi3 with a
face-centered cubic (FCC) structure, where Ni atoms occupy the face
centers and Fe atoms reside at the corners [32]. The broadened re-
flections indicate that the average crystal diameter is on the order of
nanometers.

Furthermore, from the analysis of the diffractogram, it is possible to
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observe a highly modulated background and the presence of broadened
reflections. Hence, the presence of amorphous phases could be hy-
pothesized, which cannot be identified based exclusively on XRD anal-
ysis [36].

High resolution transmission electron microscope (HRTEM) (Fig. 3)
shows that the average particle size is 70 nm, spherical and uniformly
distributed, displacing the lattice spacing of 0.205 nm, and 0.177 nm
corresponding to the (111) and (200) planes of NigFe with FCC struc-
ture, in agreement with the result of XRD.

STEM-EDX (Fig. 4) mapping images also indicate the uniform
dispersion of Ni, Fe and O elements on the nanoparticles and reports that
the Ni/Fe molar ratio inside the particles is approximately 4, in line with
the one used during the synthesis. Linescan analysis (Fig. 5) also shows a
constant concentration of oxygen within the particles with an increase
closer to the surface. By combining this information with that given by
the XRD it is possible to hypothesize that inside the particles, together
with the NisFe alloy, uniformly distributed amorphous zones of Ni and
Fe with higher oxidation states coexist. From the EDX mapping reported
in Figure S3 (supporting information) the presence of boron can be
excluded, even the nitrogen signal is too small to confirm its actual
presence, and certainly makes impossible its quantification with respect
to the other elements. Considering that carbon counting cannot be
performed from Figure S3 (supporting information) because a carbon
substrate was used to fix the nanoparticles during the HR-TEM analysis,
the presence of PVP can be excluded by comparing the FT-IR spectra
reported in Figure S4 (supporting information). Combining this infor-
mation, we can exclude that traces of by-products and PVP remain in the
electrocatalyst powder, presumably removed during the water washings
after the synthesis.

In Fig. 6, we display the core level spectra recorded on samples of
pure Fe and Ni powders, respectively. For fitting the data gathered on
the Fe 2p, we used a Shirley background, which came at convergence
after four iterations. The shape of the peak reveals a dent at 707.3 eV,
which we assign to metallic — Fe® - iron. Considering how embedded the
metallic contribution is in the convolution of the other components, we
used a symmetric doublet to represent it. In addition, it is known that the
metallic peak is accompanied by an energy-loss peak at about 6 eV,
which we include in the fit as well. The rest of the Fe 2p is represented by
higher oxidation states components, namely Fe®** at and Fe®' [37].
Finally, to account for the shape of the spectrum at energies below 707
eV, a so-called pre-peak contribution needed to be introduced, as indi-
cated in previous works [38].

Awaruite (111)
205 pm

—

Awaruite (200)
177 pm

\

Fig. 3. (a) HR-TEM image of FeNi3/FeNiOy at a magnitude of 500 nm (b) Lattice fringe pattern of FeNiz/FeNiOy.
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Fig. 4. EDX mapping images of FeNiz/FeNiOy.

The Ni 2p peak in Fig. 6(b) was as well fitted starting from a Shirley-
type background contribution, as widely utilized in the literature. The Ni
2p peak is known to be difficult to fit and to be interpreted. Following
previous works reported in the literature [39], we assign the metallic
(Ni%® component at 852.7 eV. A plasmon peak at +6 eV is associated
with it. The successive contribution is ascribed to nickel hydroxides
NiOOH and it is associated with two components at 854.4 and 856.2 eV,
respectively [40]. The higher energy components are assigned to Ni
(OH), at 861.4 eV and one to NiO at 863.4 eV. The relative concentra-
tion of metallic element in each compound was then found as 23 % for Fe
and 20 % for Ni.

Given the simultaneous presence of the FeNis alloy and higher
oxidation states for the metals both in the core and on the surface, it was
chosen to rename the nanoparticles obtained as FeNiz/FeNiOy.

From the HAADF-STEM analysis of three different nanoparticles we
can approximate an average molar ratio of nickel, iron and oxygen
within the nanoparticles equal to 4:1:0.6 respectively. Using these
stoichiometric ratios in the product it is possible to calculate the yield of
the reaction by comparing, for three different batches, the weight of the
metal salts added compared to the weight of the final washed and dried
powder. From the results shown in Table S1, supporting information, it
is possible to approximate a reaction yield of 99 %

3.2. Electrochemical activity

A measure of the electrical conductivity of FeNis/FeNiOyx powder
was made as reported in “materials and methode”, obtaining a value of
3.2:102 @ 'm™!. This result agrees with the ranges present in the

literature for other NiFe alloys and for benchmark RuO; [56,57]. The
activities of the FeNi3/FeNiOy electrocatalysts for both HER and OER
reactions were firstly investigated using linear sweep voltammetry in 1
M KOH electrolyte in a standard three-electrode system and information
on the kinetics was obtained thanks to the Tafel slopes analysis. Com-
mercial RuO; and Pt/C were chosen as the benchmark electrocatalyst for
OER and HER respectively and electrochemically evaluated under the
same conditions for comparison. Electrocatalysts loading onto the
electrodes surface were the same for every set-up, as reported previously
in materials and methods Section. To comprehensively evaluate the
applicability of FeNi3/FeNiOy for low-temperature water electrolysis
tests were carried out in a single-cell AEMWE in which the performances
were evaluated through the acquisition of polarization curves at 50 °C
and 60 °C with KOH 1 M as supporting electrolyte. Given the greater
availability of reagents, the low cost and the ease of synthesis of
FeNi3/FeNiOy nanoparticles, a higher catalyst loading was used
compared to that of the benchmark PGMs, considering it a more plau-
sible situation from an industrial point of view. In any case an evaluation
of the catalytic activity per unit mass (mass activity) versus geometric
activity [58] is reported in Fig. 9, Figure S5 and S6, supporting
information.

3.3. Oxygen evolution reaction of FeNi3/FeNiO, electrocatalysts

The polarization curves of FeNi3/FeNiOy and RuO; for the OER were
provided in Fig. 7. FeNi3/FeNiOx nanoparticles demonstrated higher
OER activity with an overpotential of 234 mV at the benchmark current
density of 10 mA cm 2. The overpotential of the RuO, measured in the
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same conditions was found to be 307 mV, therefore a gap of 73 mV was
highlighted Fig. 7(a). We have also calculated the Tafel slopes of the two
electrocatalysts to compare their kinetics features. Interestingly, the
FeNi3/FeNiOy plot has a lower slope than that of RuO,, 80 mVdec!
versus 99 mVdec ™}, respectively, as shown in Fig. 7(b), highlighting a
better kinetics towards the OER. Both electrocatalysts were also inte-
grated into the cathode electrode and a MEA was fabricated and tested in
a single AEMWE cell. The polarization curves in the AEMWE were run
integrating the Pt/C at the cathode and comparing the FeNiz/FeNiOy
with the RuO, at the anode at 50 °C (Fig. 7c¢) and 60 °C (Fig. 7d) as
operating temperature. For both temperatures, the voltage cell of FeNiz/
FeNiOy, used as the electrocatalyst at the anode, is lower in the entire
range of applied current density compared to the one produced by RuO,
as anode electrocatalyst. The average voltage gap between the two
curves at 50 °C is 260 mV, with an increasing trend with the current
density. In fact, at 0.4 A cm 2, the gap is 251 mV, which increases to 414
mV at 1 A cm™2; demonstrating improved reaction kinetics for FeNis/
FeNiOx at high current densities. Moreover, at 60 °C the kinetics shows
the same pattern, with an average voltage gap of 228 mV and, in
particular, at 0.4 A cm ™2 the gap is 227 mV, which increases to 389 mV
at 1 A cm 2 The high OER electrocatalytic activities of FeNis/FeNiOy
are consistent with previous studies on Ni-Fe oxide alloys [41,42,45].
The higher loading compared to RuOy must be considered, which
compensates for its higher mass activity, allowing to obtain a higher
geometric activity (Fig. 9 and Figure S5, supporting information). This is
a common situation in the literature for PGM-free catalysts used for OER
reactions in alkaline environments [58] and, at least in our case, a good
compromise given the economic and practical aspects already
mentioned for the synthesis of FeNi3/FeNiOy.

3.4. Hydrogen evolution reaction of FeNis/FeNiO, electrocatalysts

The polarization curves of FeNi3/FeNiOy and Pt/C were provided in
Fig. 8. In contrast on the results recorded for the OER, even with higher
loading FeNis/FeNiOx does not outperform the PGM benchmark, for
both mass activity and geometric activity (Fig. 9 and Figure S6, sup-
porting information). As expected, the overpotentials at 10 mA™2 are
210 mV for FeNis/FeNiOyx and 26 mV for Pt/C respectively and a gap of
184 mV was highlighted Fig. 10(a). Even the Tafel slop, shown in Fig. 8
(b), shows how Pt/C has a higher reaction kinetics than FeNis/FeNiOx,
73 mVdec ™! versus 176 mVdec ™! respectively. This difference in the
Tafel slope highlight a variation in the rate-determining step of the re-
action, with lower hydrogen evolution rate on the electrode surface,
suggesting a lower propensity for water breakdown and H adsorption on
it (Volmer-Heyrovsky mechanisms). FeNi3/FeNiOyx and Pt/C were then
integrated into the cathode of and AEMWE single cell and RuO;, was
used as anode electrocatalyst. Polarization curves were run for the single
cell AEMWE at two different operating temperatures of 50 °C (Fig. 8c)
and 60 °C (Fig. 8d). Also, the polarization curves of the AEMWE, fixing
the RuO; as anode, highlighted the trend observed for the polarization
curves of the single electrode. Here the average voltage gap between the
two curves at 50 °C was 123 mV, the gap at 0.4 A em 2is129 mV, which
increases to 178 mV at 1 A cm ™2 (Fig. 8c). At 60 °C, the average dif-
ference in cell voltage was measured as 152 mV (Fig. 8d), meanwhile is
150 mV at 0.4 A cm 2 and 173 mV at 1 A cm™2. In this case, the curves
show different trends compared to the OER, in fact the gaps between the
curves of the two electrocatalysts present lower and more constant
values, being less affected by the increase in temperature and current
density. Unfortunately, for HER, at date, Pt/C seems to be the best op-
tion to pursue and a gap with other PGM-free electrocatalyst still re-
mains. This is not surprising, given that the electrocatalytic activity for
the reaction of HER is strongly influenced by the hydrogen adsorption
capacity. Therefore, a suitable electrocatalyst should bind to the reac-
tion intermediates neither too strongly nor too weakly, following the
Sabatier principle, so as to balance the adsorption (activation process)
and desorption (hydrogen release), ensuring maximum activity,
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allowing the simplest path from reactants to intermediates to products
[49]. Consequently, the released hydrogen adsorption energy AG (H*)
of electrocatalysts must be taken into account. The optimal value of AG
(H*) adsorption should be close to the thermoneutral value, zero [50].
As reported by the computational study of Ni et all.’s [51] the AG (H*)
for NigFe is 0.48 eV while the AG(H*) of platinum is very close to 0 eV,
reflecting its excellent HER performance and making it a benchmark of
cathode electrocatalysts over a wide pH range [51,29].

3.5. AEMWE test with electrocatalysts fully PGM-free

The complete single AEMWE cell performance using only FeNis/
FeNiOy nanoparticles was obtained using an MEA having them as elec-
trocatalyst at both anode and cathode side. This performance was
compared with a MEA having Pt/C at the cathode electrocatalyst and
RuO; at the anode electrocatalyst (Fig. 10). Also in this case, the

polarization curves were acquired at two temperatures, 50 °C (Fig. 10a)
and 60 °C (Fig. 10b) using 1 M KOH as support electrolyte. For both
temperatures, the cell voltage with the PGM-free MEA remains compa-
rable to that with the PGM up to approximately 150 mA cm 2, and then
remains lower throughout the scan. This is a sign that the slower kinetics
for the HER reaction is compensated by the great ability of FeNis/
FeNiOy in carrying out the OER reaction which, in the overall electrol-
ysis process, is the kinetically decisive one involving four electrons [45].
The gap between the two curves increases by increasing the current
density, in fact at 50 °C it goes from 114 mV at 0.4 A cm ™2 up to 331 mV
at1 A cm~2and at 60 °C it goes from 100 mV at 0.4 A cm ™2 up to 284 mV
at 1 A cm~2, demonstrating the excellent operation of the PGM-free MEA
at high current densities, with a voltage of 1.943 V at 1 A cm 2.

The overall results obtained by the polarization curves at 50 °C and
60 °C with KOH 1 M as supporting electrolyte are summarized in Ta-
bles 1 and Table 2.
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Table 2
Comparison of the electrocatalytic activities of noble and non-noble MEA
employing in AEM cells at 60 °C.

Anode Cathode Vat0.4A Vat0.6 A VatlA
cm ™2 cm ™2 em ™2
FeNiz/ Pt/C 1.593 1.686 1.838
FeNiOy
RuO, FeNiz/ 1.973 2.141 2.400
FeNiOy
RuO, Pt/C 1.820 1.961 2.227
FeNis/ FeNiz/ 1.721 1.801 1.943
FeNiOy FeNiOy
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Fig. 12. Graphical definition of reversible and irreversible voltage losses of
FeNiz/FeNiO, MEA.

duration of the test, in order to best simulate the operation of the elec-
trolyser when powered directly by renewable sources. The test was
conducted with a current density of 0.4 A cm™2, at 50 °C with 1 M KOH
as supporting electrolyte. The daily power supply was varied between a
minimum of 8 h and a maximum of 17.5 h, maintaining at least 8 h of
OCV between one day and the next. Overall, the MEA was powered at a
current density of 0.4 A cm™2 for 150 h, divided into 12 days (Fig. 11).
Every day the MEA was activated at a current density of 0.2 A cm ™2 for 1
h (not taken into consideration in the calculation of total operating
hours and not reported in Fig. 11) in which a temporary lowering of the
voltage was observed, probably due to decarbonization processes and
changes in the oxidative states of the electrocatalysts. Although this test
was conducted on a pilot-scale and provides information on degradation
trends, it is not to be considered a definitive endurance test from an
industrial point of view, where a wider range of conditions and hours
should be evaluated.

The degradation rate was evaluated following the indications of the
"EU harmonized protocols for testing low-temperature water electro-
lysers" [52] by calculating the reversible and irreversible voltage losses
that can occur in tests involving consecutive shutdowns and restarts.
According to the European document, reversible voltage losses Urey
means the sum, referring to each day of testing, of the difference be-
tween the voltage reached at the shout-down of one day and the starting
voltage at the start-up of the following day. Following the graphic def-
initions given in Fig. 12, in which day 8 and 9 of our test were simplified
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and taken as an example, the following formula can be reported Eq. (7):

U, = Zil (ti Ati) V (ti+l)
rev
E?]:l At

The irreversible increase in the Uj.y voltage is instead defined as the
sum, referring to each test day, of the difference between the starting
voltage of one day and the starting voltage of the previous day. Once
again, following the graphic definition in Fig. 12, the following formula
can be reported Eq. (8):

U — Zﬁl V(ti1) — V(&)
urev —
ZilAti

The overall degradation rate Uy, Eq. (9) is the sum between the
reversible and irreversible voltage loses:

@)

®

Ut = Urey + Uprrew ©

In our case Uyey and Ujyrey Were 806 uV/h and 80 pV/h respectively,
so the total degradation rate was 886 uV/h.

The loss of performance after 150 h was also evaluated by comparing
the polarization curves obtained on the first and last day (Fig. 13). The
voltage gap between the two curves was 24 mV and 28 mV at the current
density of 0.4 A cm ™2 and 1 A ecm ™2 respectively.

4. Perspective and outlook

Based on the analysis of the International Renewable Energy Agency
(IRENA), to concretely make green hydrogen among the best low-carbon
alternatives for energy reconversion, 5 terawatts (TW) of electrolysers
installed capacity by 2050 will be needed. To achieve this large pro-
duction of hydrogen it is necessary to focus efforts on the scale-up of
electrolysers, with a significant reduction in costs, simplification and
reduction of the environmental impact of their manufacturing [54]. For
this reason, it is necessary to develop electrocatalysts obtainable from
simple and scalable syntheses, which have good catalytic activity and
durability despite not being composed of PGMs, which are not only
scarce, but also among the most energy-intensive and emissive-intensive
[55], consequently not suitable for large-scale production. It is in this
perspective that this work moves: here it is presented not only the use of
nickel and iron as metals, but a single and unchanged synthesis for both
OER and HER electrocatalysts. Water is used as solvent and the reaction
takes place at low temperature, with a single synthetic step followed an
easy and fast work-up, fitting well with scale-up in batch reactors. In
addition to the aforementioned synthetic advantages, the performances
obtained for our PGM-free MEA are aligned with other PGM-free MEAs
present in the literature, as shown in Table 3. Future studies will focus
on research of chemical agents with the same reducing power and cost as
hydrazine but which present fewer hazards for the environment and the
health of operators. Another aspect that can be evaluated is the tuning of
FeNi3/FeNiOy to increase performance towards the HER, with a
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Table 3
Comparison of the electrocatalytic activities of PGM-Free AEM cells.
Anode Cathode Membrane Solution v/1 T(°C)
Acm™2
NisFe/NiFeO NigFe/NiFeO AT-100 1 M KOH 1.94/1 60 This work
NiMo Fe-NiMo Sustanion 1 M KOH 1.57/1 80 [26]
X37-50
CuCos Ni/CeOy/Lay03 Tokuyama A201 K,CO3/KHCO3 1.94/0.47 50 [43]
FePi-NiS NiCoPi-NiS FAA-3-50 1 M KOH 21/1 50 [53]
Fe,P-NijoPs Co,P-Nij2Ps FAA-3-50 1 M KOH 1.95/1 60 [28]
Ni/MosNg Ni/MosNg Sustanion 1 M KOH 1.57/1 80 [271
X37-50
CogsFessOxHy CogsFessOxHy Sustanion 1 M KOH 2/0.6 50 [44]
X37-50

thoughtful evaluation of the costs and benefits between performance
and scalability of the process, and an optimization of the quantity of
electrocatalyst to be applied on the electrodes. A pilot scale cell was used
for the electrolyzer tests but a more in-depth study on the electrocatalyst
degradation should be conducted to evaluate the possible scale-up from
a pilot plant to an industrial plant.

5. Conclusions

In summary, FeNis/FeNiOy nanoparticles were synthesized via sim-
ple and scalable chemical reduction with hydrazine. A characterization
study was carried out using XRD, SEM, XPS, HR-TEM and HAADF-STEM
and the electrocatalytic activity of FeNiz/FeNiOy for both HER and OER
was evaluated by LSV, Tafel slop, and AEMWE single-cell tests. The
performances were compared with commercial PGM-based Benchmarks
electrocatalysts, considering the mass activity and the geometrical ac-
tivity. The electrocatalyst exhibits an overpotential of 210 mV and 234
mV for HER and OER respectively, at a current density of 10 mA cm ™2 in
1 M KOH. Our PGM-free MEA, consisting of a single electrocatalyst,
outperform the totally PGM-based one and is aligned with other PGM-
free MEAs present in the literature. In a pilot-scale single cell tests, the
MEA reaches a voltage (without iR-correction) of 1.72 Vand 1.94 V ata
current density of 0.4 A cm 2 and 1 A cm™2 respectively at 60 °C; with a
voltage gap of 284 mV at 1 A cm ™2 in comparison to the PGMs one, and
it was tested for 150 h with a daily power profile simulating that of
renewable sources; the degradation rate was 886 uV/h. This study
developed an effective strategy to design an efficient non-precious
metal-based MEA, composed of a single electrocatalyst, for green
hydrogen production.
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