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A B S T R A C T

Anion-exchange-membrane water electrolyzers (AEMWEs) represent a highly promising technology for hydrogen 
production using renewable energy sources. To enable the broad implementation of AEMWEs, it is crucial to 
improve simple, scalable and environmentally friendly synthetic methods for the development of transition 
metal-based electrocatalysts. Here, FeCo3/FeCoOx and Ni1-xCox/NiCoOx nanoparticles were obtained via a 
feasible two-step synthesis in an aqueous solution by cementation of aluminium powder. Both materials were 
tested as oxygen evolution reaction (OER) electrocatalysts comparing the electrochemical performance with 
commercial benchmark RuO2. The FeCo3/FeCoOx and Ni1-xCox/NiCoOx exhibited overpotentials of 288 mV and 
296 mV, respectively, for OER at a current density of 10 mA cm⁻², allowing a comparison between mass activity 
and geometric activity with RuO2. When integrated as anode electrocatalyst into a pilot-scale AEMWE, the 
materials were able to reach 2.10 V and 2.24 V (without iR-correction) at a current density of 1 A cm− 2 (50 ◦C), 
respectively. After acquiring the polarization curves, the AEMWE tests were extended for 100 h with a contin
uous power profile, to have an initial assessment of the possible degradation trends for a future industrial 
application. The degradation rate resulted in 396 µV h− 1 in the case of FeCo3/FeCoOx and no significant 
degradation for Ni1-xCox/NiCoOx. This study presents a straightforward and scalable approach to synthesizing 
earth-abundant electrocatalytic materials designed for high-efficiency OER.

1. Introduction

Hydrogen produced by renewable energy sources can be used as an 
energy vector and reconverted into electricity on demand [1,2]. 
Anion-exchange-membrane water electrolysis (AEMWE) is a promising 
technology for large-scale hydrogen production that can be easily 
coupled to discontinuous energy sources and, thanks to the use of an 
alkaline environment, it allows the use of abundant and inexpensive 
materials (i.e. first row transition metals) [3–5]. During water electrol
ysis in alkaline environment, the oxidative half-reaction is the oxygen 

evolution reaction (OER) occurring at the anode, which exhibits slow 
kinetics due to its mechanism involving a four-electron process [6,7]. In 
view of the widespread deployment of AEMWEs, the use of electro
catalysts that lower the overpotential for the OER is essential to increase 
its efficiency [8]. Although ruthenium oxide (RuO2) and iridium oxide 
(IrO2) are widely used as benchmark electrocatalysts for OER in alkaline 
media due to their high performance, their intrinsic disadvantages, such 
as low abundance and high cost, greatly limit their industrial application 
[9–11]. In recent years, considerable efforts have been made to find 
high-performance and durable OER electrocatalysts based on first row 
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transition (TMs), with the most promising ones being nickel, iron and 
cobalt [12–14]. In particular, the synthesis of nanomaterials based on 
alloys of these TMs can lead to simple and active electrocatalysts. In our 
previous work, we synthesized nanoparticles based on FeNi3 alloys 
through chemical reduction using hydrazine which showed an over
potential of 234 mV for OER at 10 mA cm− 2 [15]. Lu et al. formed 
nanospheres based on FeCo4 alloy by the electrodeposition method, 
resulting in overpotentials of 275 mV at 10 mA cm− 2 [16]. Yang et al. 
obtained CoFe alloy-based nanoparticles via sol-gel self-propagating 
combustion method followed by a reduction in controlled atmosphere 
which exhibited an overpotential of 310 mV at 10 mA cm− 2 [17]. Zhang 
et al. described the synthesis of NiCo nanochain arrays with thin oxide 
coating by one-step low-temperature reduction of NiCo2O4 nanorod 
arrays in H2/Ar and the resultant material showed an overpotential of 
320 mV at 10 mA cm− 2 [18]. Given the good performance achieved so 
far by these TM-based alloys, it is important to develop synthesis 
methods that are environmentally friendly, economical and scalable. 
The reduction of metal ions on the surface of a less noble metal (i.e. 
cementation) is a practical strategy used in industry for metal recovery 
and purification of solutions containing metal ions [19–21]. Recently, 
this technique was proven to be a good synthetic strategy for obtaining 
nanoparticles [22–24]. Aluminium appears to be particularly interesting 
for this type of application due to its high reducing power, 
eco-sustainability and low cost but, despite its potential, it remains an 
unexplored element for the synthesis of nanoparticles that can be used as 
electrocatalysts for water splitting [25,26]. Here, we report the synthesis 
and characterization of FeCo3/FeCoOx and Ni1-xCox/NiCoOx nano
particles and their use as OER electrocatalyst. The synthetic design was 
inspired by the aim of combining various beneficial aspects of green 
chemistry, such as the use of harmless solvents, the reduction of unde
sirable by-products and auxiliary substances, the adoption of mild and 
easily scalable reaction conditions, as well as the selection of 
cost-effective and widely available raw sources. The materials were 
obtained via a feasible two-step synthesis in aqueous solution using 
aluminium powder as a reducing agent, with subsequent removal by 
alkaline treatment. These nanoparticles were characterized by means of 
high-resolution transmission 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 fluorescence (XRF), and scanning electron mi
croscope (SEM). The materials were electrochemically characterized by 
linear sweep voltammetry (LSV), electrochemical impedance spectros
copy (EIS) and used as OER electrocatalyst in a pilot-scale AEMWE with 
a 50 cm2 of geometric active area. The FeCo3/FeCoOx and Ni1-xCox/
NiCoOx nanoparticles electrocatalysts demonstrated overpotentials of 
288 mV and 296 mV, respectively, for OER at a current density of 10 mA 
cm⁻² when tested as single electrodes. These materials were able to 
operate at voltages of 2.10 V and 2.24 V, respectively, when integrated 
into AEMWE at current densities of 1 A cm⁻², at operating temperature of 
50 ◦C. These results were also compared with those of the commercial 
benchmark RuO2, and both PGM-free nanoparticles outperformed it in 
all the electrochemical tests conducted. Additionally, 100 h continuous 
stability tests when integrated into AEMWE were conducted to observe 
the degradation trends of both electrocatalysts, resulting in no signifi
cant degradation for Ni1-xCox/NiCoOx and 396 µV h− 1 for 
FeCo3/FeCoOx.

2. Materials and methods

2.1. Reagents

Iron(II) chloride tetrahydrate (FeCl2 ⋅ 4 H2O), nickel(II) chloride 
hexahydrate (NiCl2 0⋅6 H2O), cobalt(II) chloride hexahydrate (CoCl2 0⋅6 
H2O), ruthenium(IV) oxide (RuO2, 99.9 % metals basis), ethanol, poly
vinyl Alcohol (Mw 89,000–98,000, 99 % hydrolyzed), polytetrafluoro
ethylene 60 wt % dispersion in H2O, sodium hydroxide (NaOH, 98 %), 

and potassium hydroxide (KOH, purity 85 %) were purchased from 
Sigma-Aldrich and used as received without further purification.

Aluminum powder (Al, 325 mesh, 99.5 %) and platinum supported 
on carbon (Pt/C, 40 wt %) were purchased from Thermo Scientific 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).

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

2.2. Synthesis

First step: FeCo3/FeCoOx and Ni1-xCox/NiCoOx nanoparticles (NPs) 
were synthesized through a wet chemical reduction method using the 
same procedures. In the case of FeCo3/FeCoOx, 5 g of CoCl2 0⋅6 H2O (21 
mmol) and 1.0 g of FeCl2 0⋅4 H2O (5 mmol) were dissolved in 50 ml of 
water; in the case of Ni1-xCox/NiCoOx, 5 g of NiCl2 0⋅6 H2O (21 mmol) 
and 1.0 g of CoCl2 0⋅4 H2O (4.2 mmol) were dissolved in 50 ml of water. 
The mixtures were stirred for 5 min and then heated to reach 90 ◦C. 5.0 g 
of aluminium powder was added to the solution, and within a few mi
nutes, an exothermic reaction was observed, along with the formation of 
gas. The reaction was kept at 90 ◦C until complete evaporation of the 
water. The nanoparticles were magnetically fixed to one side of the 
vessel and abundantly washed with water.

Second step: In order to detach NPs from the surface of the aluminium 
particles, the powders were dispersed in 100 mL of water at room 
temperature and then 8 g of NaOH was added. After the evolution of gas 
ceased, the washing procedure was carried out in five cycles with por
tions of running water, followed by five additional washes with ethanol. 
During each step, nanoparticles were initially freely dispersed and 
subsequently magnetically decanted between washes, in order to 
remove non-magnetically active particles with the washing liquids. 
After the final ethanol wash, the particles were filtered, and recovered.

2.4. Preparation of electrode

2.4.1. Preparation of the standard electrodes
The benchmark electrocatalysts selected for the given study were 

RuO2 for the OER and Pt/C for the HER [27]. The electrode for the 
three-electrode measurement system was manufactured as follows: 24 
mg of RuO2 powder was dispersed in 54 µL of the binder ethanolic so
lution. The ink was spread onto 6 cm2 of nickel foam and dried in an 
oven overnight at 30 ◦C. The final electrocatalyst loading, confirmed by 
monitoring the weight difference between the pristine and loaded nickel 
foam, was 4 mg cm− 2.

The anode electrode for the AEMWE cell test was manufactured as 
follows: 200 mg of RuO2 powder was dispersed in 448 µL of the binder 
ethanolic solution. The ink was spread onto 50 cm2 of nickel foam and 
dried in an oven overnight at 30 ◦C. The final electrocatalyst loading, 
confirmed by monitoring the weight difference between the pristine and 
loaded nickel foam, was 4 mg cm− 2.

The cathode electrode for the AEMWE cell test was manufactured as 
follows: 62.5 mg of Pt/C powder was mixed, in an ultrasonic bath for 30 
min, to 140 µL of a 10 % w/v aqueous solution of polyvinyl alcohol. The 
ink was spread onto 50 cm2 of carbon cloth used as a porous transport 
layer (PTL) and dried in an oven overnight at 50 ◦C. The final Pt loading, 
confirmed by monitoring the weight difference between the pristine and 
loaded carbon cloth, was 0.5 mg cm− 2.

2.4.2. Preparation of the FeCo3/FeCoOx electrode
The electrode for the three-electrode measurement system was 

manufactured as follows: 150 mg of FeCo3/FeCoOx powder was 
dispersed in 800 µL of ethanol and 27 mg of the aqueous dispersion of 
Polytetrafluoroethylene (60 wt %) was added. The ink was manually 
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spread onto 6 cm2 of nickel foam and dried in an oven overnight at 30 
◦C. The final electrocatalyst loading, confirmed by monitoring the 
weight difference between the pristine and loaded nickel foam, was 25 
mg cm− 2.

The anode electrode for the AEMWE cell test was manufactured as 
follows: 1.25 g of FeCo3/FeCoOx powder was dispersed in 5 mL of 
ethanol and 0.230 g of the aqueous dispersion of Polytetrafluoro
ethylene (60 wt %) were added. The ink was manually spread onto 50 
cm2 of nickel foam and dried in an oven overnight at 30 ◦C. The final 
electrocatalyst loading, confirmed by monitoring the weight difference 
between the pristine and loaded nickel foam, was 25 mg cm− 2.

2.4.3. Preparation of the Ni1-xCox/NiCoOx electrode
The electrode for the three-electrode measurement system was 

manufactured as follows: 150 mg of Ni1-xCox/NiCoOx powder were 
dispersed in 800 µL of ethanol and 27 mg of the aqueous dispersion of 
Polytetrafluoroethylene (60 wt %) were added. The ink was manually 
spread onto 6 cm2 of nickel foam and dried in an oven overnight at 30 
◦C. The final electrocatalyst loading, confirmed by monitoring the 
weight difference between the pristine and loaded nickel foam, was 25 
mg cm− 2.

The anode electrode for the AEMWE cell test was manufactured as 
follows: 1.25 g of Ni1-xCox/NiCoOx powder was dispersed in 5 mL of 
ethanol and 0.230 g of the aqueous dispersion of Polytetrafluoro
ethylene (60 wt %) were added. The ink was manually spread onto 50 
cm2 of nickel foam and dried in an oven overnight at 30 ◦C. The final 
electrocatalyst loading, confirmed by monitoring the weight difference 
between the pristine and loaded nickel foam, was 25 mg cm− 2.

2.5. Electrochemical measurements

The OER tests were conducted with a Biologic VSP potentiostat/ 
galvanostat (France) equipped with (EIS) and an Arbin BT-G battery 
testing workstation (USA) in a three-electrode system, using a reversible 
hydrogen electrode (RHE) Mini HydroFlex 80,521 (Gaskatel, Germany) 
as the reference.

LSV curves were obtained by applying a scan rate of 5 mV s− 1 under 
continuous stirring at 600 rpm to prevent gas bubble accumulation on 
the electrodes at room temperature. Prior to recording the LSV curves, 
electrode activation was performed through CV in a potential window 
ranging from 1.2 V to 1.8 V vs RHE for OER until a stable CV was ach
ieved. Electrocatalyst overpotentials were determined from the recorded 
LSV curves at a current density of 10 mA cm− 2. EIS was performed at 
1.55 V vs. RHE over a frequency range from 100 mHz to 100 kHz with an 
AC amplitude of 15 mV.

Overall water electrolysis tests were carried out in a single-cell 
AEMWE with an active area of 50 cm² (SCBT-100, Nemesys S.r.l.). The 
cell assembly consisted, in order, of a stainless-steel end plate, a bipolar 
plate (connected to the positive terminal), a plastic frame and an end 
plate (connected to the negative terminal). The plastic frame has a 
channel responsible for the flow of electrolyte and house the positive 
electrode (Nickel foam loaded with catalyst), the anion-exchange 
membrane and the negative electrode (catalyzed carbon cloth). The 
entire stack was held together by stainless-steel bolts, which compressed 
the assembly between the end plates at a pressure of approximately 2 
MPa.

The performances of the electrocatalysts developed in this study 
have been compared to RuO2 as OER on the anode, through the acqui
sition of polarization curves at 50 ◦C.

The MEA was formed by mechanical compression of the AT-100 
membrane (Nemesys s.r.l.) sandwiched between the anode and cath
ode 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 µm. 
Electrodes were previously activated in a 1 M KOH aqueous solution for 
30 min. The 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 
voltages were measured on-line by Hioki 3560 AC mW HiTester (Hioki 
Corporation, Japan).

Finally, an analysis of the degradation trend of the FeCo3/FeCoOx 
and Ni1-xCox/NiCoOx-based MEAs in continuous power supply was 
conducted. The tests were performed at a current density of 0.4 A cm− ², 
at 50 ◦C for 100 h. All electrochemical measurements were conducted in 
1 M KOH as a supporting electrolyte.

2.6. Characterization methods

2.6.1. XPS analysis
X-Ray photoelectron spectroscopy (XPS) measurements were carried 

out using a Specs XR50 source with an Al anode at a power of 300 W. 
The analyzer employed was a Specs Astraios 190 with a 2D-CMOS de
tector and a 3 × 25 mm entrance slit. All spectra were acquired with a 
pass energy of 10 eV, in normal emission conditions. The binding en
ergies of the spectra have been referenced to the position of the 
adventitious carbon C 1 s at 285.2 eV.

All spectra were fitted first by iteratively calculating a Shirley 
background and then using a linear combination of (i) symmetric 
Gaussian-Lorentzian sum (GLS) single peaks (or doublets) for all signals 
related to oxidized states and their satellites, and (ii) asymmetric Lor
entzian single peaks (or doublets) for Auger lines and signal related to 
metallic states. The components are explicitly shown in the plots and 
described in the legends, together with the resulting envelope function.

2.6.2. XRD analysis
Wide angle X-ray diffraction (XRD) patterns were collected in the 2θ 

range of 10–90◦ by using a Rigaku Miniflex 600 equipped with a copper 
source.

2.6.3. XRF analysis
Inorganic elemental analysis was qualitatively carried out using X- 

rays fluorescence (XRF) (Artax 200, Bruker, Billerica, MA, USA) having 
Mo anode.

2.6.4. SEM analysis
For the morphological analysis of the electrocatalyst, a desktop 

scanning electron microscope (SEM) (Thermo Fisher Phenom G6, 
Eindhoven, The Netherlands) equipped with a thermionic CeB6 source 
was employed. The instrument operates in the magnification range of 
400–70000x.

2.6.5. HRTEM analysis
High-resolution transmission electron microscope (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 × 4096 pixels without any objective aper
ture. 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 mm2 silicon drift 
detectors with a collection angle of 0.7 srad.

3. Results and discussion

3.1. Synthesis and characterization

Cementation refers to a chemical and physical process in which 
metal ions in a solution are reduced and deposited on the surface of a less 
noble metal. Given the standard redox potential of Al3+/Al (− 1.66 V), 
Fe2+/Fe (− 0.44 V), Co2+/Co (− 0.28 V), and Ni2+/Ni (− 0.25 V), theo
retically, metallic aluminium is forced to oxidize and the metal ions are 
reduced to their zero-valent metallic state, eventually forming an alloy. 
In practice, although the redox nature of aluminium makes it an 
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excellent reducing agent for wet chemical synthesis, on its surfaces a 
non-conductive oxide layer of a few nanometres is rapidly formed (3 ×
10− 9 s) even in water, which limits its applications, especially at pH≈7 
[28]. The selection of metal salts having chlorides as counterions is 
convenient because, as reported by McCafferty, they favor the pitting 
phenomenon allowing the use of aluminium powder as a reductant even 
in neutral aqueous solutions. It has been hypothesized that, at these pH 
values, the oxide layer carries a positive charge, which attracts chloride 
ions. These ions adsorb onto the surface and penetrate the oxide layer 
until they reach the underlying zero-valent aluminum. There, the com
bined action of water (present within the oxide layer) and chloride ions 
promotes aluminum oxidation and dissolution, creating a localized 
acidic environment. This process releases electrons and prevents the 
rapid reformation of the oxide layer. As a result, gaseous hydrogen 
evolves, contributing to the pitting corrosion phenomenon. An inter
mediate step in this process involves the formation of hydrogen radicals, 
which diffuse through the oxide layer to the surface, where they reduce 
metal cations, leading to the formation of nanoparticles [26,28]. The 
SEM images in Fig. 1a and Fig. 1b show the pristine aluminium powder; 
Fig. 1c and d show the growth of FeCo3/FeCoOx and Ni1-xCox/NiCoOx 
respectively on the surface of the aluminium powder (before treatment 
with NaOH).

During the second reaction step, the particles are dispersed in an 
aqueous solution and then NaOH is added to make the solution highly 
alkaline. The highly concentrated hydroxide ions reactwith the oxide 
layer exposed on aluminium (where no NPs have been grown) forming 
soluble aluminate ions and causing the exposure of zero-valent metal. 
The contact between the aluminium and the alkaline solution causes an 
exothermic redox reaction to occur, with gas development (eq. 1): 

2 Al(s) + 6 H2O(l) + 2 OH−
( aq) → 2 [Al(OH)4]−( aq) + 3 H2(g)               (1)

Fig. 1e and f show the NPs aggregates obtained after treatment with 
the alkaline solution. In both reaction steps gas is produced simulta
neously with the formation of a fine black powder. Despite the complex 
reaction mechanism, from a macroscopic point of view, the reactions are 
not very complex to implement, require a simple experimental set-up 
and are completed in a few minutes followed by a rapid work-up 
(filtering and drying). The molar ratios used were chosen arbitrarily in 
order to verify the effectiveness of the reaction process in giving 

nanoparticles based on Ni/Co and Fe/Co alloys, already demonstrated to 
be active as OER electrocatalysts. The XRF analysis was done to confirm 
the presence of the metal of interest. (Figure S1, Figure S2, Supporting 
Information). The Ni1-xCox/NiCoOx spectrum also reveals a slight spot 
attributable to the presence of iron, probably due to impurities in the 
reagents. The XRD pattern of Ni1-xCox/NiCoOx (Fig. 2a) displays three 
peaks at 2θ= 44.5◦, 51.9◦, and 76.4◦, corresponding at the crystallo
graphic plane family (111), (002) and (022) respectively of metallic 
nickel (JCPDS Card No 96–210–0662). The XRD pattern of FeCo3/ 
FeCoOx (Fig. 2b) displays three peaks at 2θ=45.3◦, 65.9◦, and 83.5◦, 
corresponding at the crystallographic plane family (011), (020) and 
(121) respectively of FeCo3 alloy (JCPDS Card No 96–152–4168).

HRTEM coupled with EDX analysis for both NPs are shown in Figs. 3 
and 4. The presence of the expected metals, together with oxygen, was 
confirmed by EDX analyses, as well as a lattice spacing of 0.203 nm 
corresponding to the 111 faces of metallic nickel in the case of Ni1-xCox/ 
NiCoOx and a lattice spacing of 0.199 nm corresponding to the 111 faces 
of the FeCo3 alloy in the case of FeCo3/FeCoOx, in agreement with the 
result of XRD. The average size and shape of the nanoparticles were not 
uniformly distributed. For both materials, EDX revealed residual 
amounts of aluminum within the nanoparticle matrix, presumably in the 
form of amorphous oxide, with an average atomic fraction below 0.5 %.

For Ni1-xCox/NiCoOx, from the HAADF-STEM analysis (Fig. 5a) of 
three different nanoparticles, we can approximate an average molar 
ratio of nickel, cobalt and oxygen within the nanoparticles equal to 7:1:6 
respectively. For FeCo3/FeCoOx, from the same analysis methods 
(Fig. 5b), we can approximate an average molar ratio of cobalt, iron and 
oxygen within the nanoparticles equal to 5:1:2 respectively. Using these 
stoichiometric ratios in the products it is possible to calculate the yield of 
the reactions by comparing, for three different batches, the weight of the 
metal salts to the weight of the final washed and dried powder (after the 
second step). From the results shown in Table S1 and Table S2, it is 
possible to approximate a reaction yield of 62 % for the Ni1-xCox/NiCoOx 
and 95 % for the FeCo3/FeCoOx.

Fig. 6 reports on the XPS high-resolution scans in the 2p-core-level 
energy range of the transition metals of interest in each case: nickel 
and cobalt for Ni1-xCox/NiCoOx (Fig. 6a and b), iron and cobalt for 
FeCo3/FeCoOx (Fig. 6c and d). The different intensities (i.e. signal-to- 
noise ratios) suggest that Ni dominates the composition of Ni1-xCox/ 

Fig. 1. SEM images at different magnification of: (a) and (b) pristine aluminium powder; (c) FeCo3/FeCoOx calcinated on aluminium powder; (d) Ni1-xCox/NiCoOx 
calcinated on aluminium powder; (e) FeCo3/FeCoOx aggregate; (f) Ni1-xCox/NiCoOx aggregate.
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NiCoOx, while Co that of FeCo3/FeCoOx, at least when considering the 
surface of the particle. In particular, the Fe 2p signal we recorded from 
the FeCo3/FeCoOx powder, suggests that in the first few nanometers of 
depth in the particles (i.e. the probing depth of the technique), iron 
amounts to a negligible quantity, as the spectrum in the region can be 
fully attributed to the L2,3VV Auger lines of Co [29,30] (Figure S3, 
Supperting Information). Concerning the shape and relevant binding 
energies of the data, all the remaining three scans (two Co 2p and one Ni 
2p) can be associated with oxidized states of the metals, given the po
sition and large FWHM of the main peaks and the presence of strong 
shake-up satellites, which is coherent with the detection of oxygen by 
EDX. The broadening of the signal due to the powdery nature of the 
system and to its chemical complexity, however, does not allow to 
further resolve all the components and determine the identity of the 
oxidized compounds (e.g., whether they are simple oxides or hydroxides 
and the precise oxidation number of the metallic elements). However, it 

appears clear that both powders are completely oxidized, at least at their 
surface, in full agreement with the EDX data reported in Fig. 3. In 
Fig. 6a, the metallic Ni component appears as a shoulder on the right of 
the main peak, leading to an estimation of its atomic percentage of about 
10 % out of all detected Ni. The broad feature at low binding energies in 
Fig. 6b could be assigned to a Co/Ni intermetallic, which amounts to 
roughly 40 at %, while Co oxides and hydroxides constitute the 
remaining 60 at %. In Fig. 6d, instead, we can distinguish the compo
nents associated to Co(III), or Co(OH)2, and its first satellite, with 
binding energy and spin doublet separation in strong agreement with 
the literature [31]. Here, the Co(0) signal suggests approximatively 5 at 
% of metallic Co against 95 at % of Co(III)/Co(OH)2. An iterated Shirley 
background was computed in all cases, including also the signal from the 
non-fitted J = 1/2 region in Fig. 6b Standard doublet constraints were 
enforced. All Auger and metal-state lineshapes are asymmetric Lor
entzian functions, whereas the remaining, associated with oxidized 

Fig. 2. XRD diffraction patterns of (a) Ni1-xCox/NiCoOx and (b) FeCo3/FeCoOx powders.

Fig. 3. HR-TEM image for (a) Ni1-xCox/NiCoOx and (b) FeCo3/FeCoOx.
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Fig. 4. HR-TEM image with EDX mapping for (a) Ni1-xCox/NiCoOx and (b) FeCo3/FeCoOx.

Fig. 5. HAADF-STEM of (a) Ni1-xCox/NiCoOx and (b) FeCo3/FeCoOx and the relative atomic fraction of the elements.
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states, are symmetric Gaussian-Lorentz sums. "sat" refers to the shake-up 
satellites, "env" denotes that the component is the envelope of 
non-resolvable multiplets.

Due to the simultaneous presence of the alloys and higher oxidation 
states of the metals both in the core and on the surface, the obtained 
nanoparticles were renamed as Ni1-xCox/NiCoOx and FeCo3/FeCoOx.

3.2. Electrochemical activity toward OER reaction

The electrocatalytic activity of the materials obtained for OER was 
firstly investigated in a standard three-electrode system choosing com
mercial RuO2 as the benchmark electrocatalyst and electrochemically 
evaluated under the same conditions for comparison, using 1 M KOH as 
electrolyte. The Ni1-xCox/NiCoOx and FeCo3/FeCoOx loading onto the 
nickel foam were the same for every set-up, as reported previously in 
Materials and Methods Section. SEM images of the electrode (Figure S4, 
Figure S5, Supporting information) demonstrates the complete coverage 
of the PTL, which can be attributed to the high compatibility between 

the binder and the electrocatalyst. This compatibility enables the for
mation of a uniform mixture and ensures effective adhesion to the sur
face. When observed at higher magnification, the same electrodes 
exhibit fractures, roughness, and inhomogeneity. These characteristics 
are beneficial as they increase the surface area, enhancing mass transfer 
and the release of gaseous products from the electrode, thereby pro
moting the OER [32]. Information about overpotentials and the kinetics 
were obtained thanks to LSV (Fig. 7a) and Tafel slopes analysis (Fig. 7b). 
FeCo3/FeCoOx nanoparticles demonstrated higher OER activity with an 
overpotential of 288 mV at the benchmark current density of 10 mA 
cm− 2. At the same current density, Ni1-xCox/NiCoOx and RuO2 showed 
overpotentials of 296 mV and 323 mV respectively. This trend was 
confirmed by the Tafel slopes: FeCo3/FeCoOx has a lower slope, 34.5 mV 
dec− 1, than that of Ni1-xCox/NiCoOx, 50.5 mV dec− 1, both with higher 
kinetics compared to RuO2, 53.7 mV dec− 1. These results are in line with 
the literature Table 1.

An evaluation of the charge transfer resistances (RCT) was conducted 
by the acquisition of the Nyquist plots, fitted by an equivalent circuit 

Fig. 6. XPS narrow scans of 2p binding energy ranges of (a) Ni and (b) Co from Ni1-xCox/NiCoOx and of (c) Fe and (d) Co from FeCo3/FeCoOx. The doublets reported 
at the bottom of panel (c) represent the expected contribution of (mainly oxidized) Fe 2p levels.

Fig. 7. (a) LSV comparison of OER electrocatalysts in 1.0 M KOH solution at a sweep rate of 5 mV s− 1: FeCo3/FeCoOx (red curve), Ni1-xCox/NiCoOx (green curve), 
RuO2 (black curve). (b) Tafel Plot comparison of OER electrocatalysts: FeCo3/FeCoOx (red curve), Ni1-xCox/NiCoOx (green curve), RuO2 (black curve).
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model, during EIS analysis performed at 1.55 V versus RHE (Figure S6, 
Supporting Information). From the analyses of the high-frequency 
semicircle (considering the same active area), RuO2 has greater resis
tance (0.0421 Ω), compared to Ni1-xCox/NiCoOx, (0.0398 Ω), and 
FeCo3/FeCoOx (0.0325 Ω).

It should be noted that, given the low cost of the reagents and the 
feasibility of the synthesis, a higher electrocatalyst loading was used for 
the transition metal-based nanoparticles compared to the benchmark 
RuO2, considering it as a more plausible scenario from an industrial 
perspective. For clarity, an evaluation of the electrocatalytic activity per 
unit mass (mass activity) compared to geometric activity [44] is shown 
in Fig. 8.

3.3. AEMWE tests

To evaluate the actual applicability of the electrocatalysts obtained 
through the aforementioned synthetic strategy, tests were carried out in 
a pilot-scale AEM electrolyzer (50 cm2) using Pt/C as a cathode elec
trocatalyst. Firstly, the performances were evaluated through the 
acquisition of polarization curves at 50 ◦C with KOH 1 M as supporting 
electrolyte Fig. 9.

As for all the electrochemical tests carried out, also the water elec
trolyzer tests demonstrated the higher electrocatalytic activity of the 
NPs here synthesized compared to the noble metal-based benchmark; 

with the FeCo3/FeCoOx having higher performance than the Ni1-xCox/ 
NiCoOx. The higher loading relative to RuO₂ offsets its greater mass 
activity and results in enhanced geometric activity (Fig. 8). This phe
nomenon is frequently reported in the literature for PGM-free electro
catalysts employed in OER [44]. In our case, this represents a 
satisfactory trade-off, considering the economic and practical advan
tages previously discussed regarding the synthetic strategy here dis
cussed. An overview of the obtained voltages versus various current 
densities is given in Table 2. The voltage gap between the FeCo3/FeCoOx 
and curves increases with current density, from only 7 mV at 0.2 A cm2 

up to 140 mV at 1 A cm2, demonstrating faster kinetics at high current 
for the former. Consequently, the gap at 1 A cm2 between the FeCo3/
FeCoOx and the RuO2 is 177 mV.

Secondly, after the polarization curves, an evaluation of the degra
dation trend of the membrane electrode assembly (MEA) composed of 
FeCo3/FeCoOx and Ni1-xCox/NiCoOx at the anode was carried out with a 
continuous power supply of 0.4 A cm2 with a supporting electrolyte (1 M 
KOH) temperature of 50 ◦C (Fig. 10). After 100 h of continuous testing, a 
new polarization curve was recorded and compared with the previous 
one (Fig. 11).

The resulting degradation rate for FeCo3/FeCoOx was 396 mV/h 
(Fig. 10a) and, surprisingly, zero for Ni1-xCox/NiCoOx (Fig. 10b) and 
both these trends were highlighted by the polarization curves after 100 h 
(Fig. 11). The second curve recorded for the FeCo3/FeCoOx was higher 
with a voltage gap of 46 mV and 39 mV at 0.4 A cm2 and 1 A cm2 

respectively compared to the first one (Fig. 11a). For Ni1-xCox/NiCoOx 
the second curve is practically identical to the first up to 0.4 A cm2 and 
then improves, with a vote gap at 1 A cm2 of − 94 mV (Fig. 11b). While 
this test was conducted on a pilot scale and offers insights into degra
dation trends, it should not be regarded as a conclusive endurance test 
from an industrial perspective, where a broader range of conditions and 
extended operating hours need to be considered, especially for Ni1-xCox/ 
NiCoOx which seems to even improve performance in the first 100 h.

Table 1 
Comparison of overpotentials at 10 mA cm− 2 and Tafel slopes among of OER 
catalysts.

OER catalyst Overpotential 
(mV at 10 mA 
cm− 2)

Tafel 
slope 
(mV 
dec− 1)

Electrolyte 
(KOH)

Ref.

Ni1-xCox/NiCoOx 296 50.5 1M This 
work

FeCo3/FeCoOx 288 34.5 1M This 
work

NiCo-NiCoOx with 
oxide layer

389 74 1M [33]

NiCo with oxide 
layer

287 39 1M [33]

NixCo3− xO4/NF 287 88 0.1M [34]
NiCoOx-400 280 74 1M [35]
Co3Fe1.5-LDH 286 45 1M [36]
Co3− xFexO4 261 63 1M [37]
NiCo-2.0–800HP 320 84 1M [38]
NiCo-NiCoO2@NC 318 76 1M [39]
CoFe@N–CNTs- 

800
306 62 1M [40]

CoFe-B 280 38.9 1M [41]
a-CoFe2 290 62 1M [42]
NiCo@LDH–NC 330 36.4 1M [43]

Fig. 8. Comparison of mass activity and overpotential at 10 mA cm− 2 for OER 
for the developed electrocatalyst and RuO2.

Fig. 9. Polarization curves comparison of OER electrocatalysts at 50 ◦C with 
1.0 M KOH as supporting electrolyte: FeCo3/FeCoOx (red curve), Ni1-xCox/ 
NiCoOx (green curve), RuO2 (black curve).

Table 2 
Comparison of the electrocatalytic activities in AEM cells at 50 ◦C.

Anode V at 0.2 A 
cm¡2

V at 0.4 A 
cm¡2

V at 0.6 A 
cm¡2

V at 0.8 A 
cm¡2

V at 1 A 
cm¡2

RuO2 1.731 1.878 2.022 2.162 2.279
Ni1-xCox/ 

NiCoOx

1.678 1.826 1.966 2.105 2.242

FeCo3/ 
FeCoOx

1.671 1.785 1.894 2.001 2.102
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4. Perspective and outlook

According to the International Renewable Energy Agency (IRENA), 
achieving a significant role for green hydrogen as a low-carbon energy 
carrier for the energy transition will require an installed water electro
lyzer capacity of 5 terawatts (TW) by 2050. To achieve such a high level 
of hydrogen production, priority must be given to the scaling up of low- 
temperature water electrolyzers, along with significant cost reductions, 
simplification of production processes and minimization of their envi
ronmental impact [45]. This requires the development of electro
catalysts produced via simple and scalable green synthesis methods, 
offering high electrocatalytic performance and durability, without 
relying on noble and precious metals. With this aim, this work presents a 
green and still little-practiced synthetic strategy to produce electro
catalysts for AEMWE; used to synthesize two different types of nano
particles based on non-noble metals such as nickel, iron and cobalt. The 
synthetic strategy, common for both materials, involves two steps using 
water as a solvent and inexpensive, abundant, and non-toxic reagents 
such as aluminium powder and caustic soda. The obtained materials 
demonstrated higher performance in catalyzing OER compared to the 
noble RuO2 in all the electrochemical tests conducted, even those in an 
AEMWE. The performances obtained in the AEMWE test were compared 
with those reported in other works, where Pt/C was used as an elec
trocatalyst at the cathode Table 3. Despite the already promising results, 
future studies will concern the tuning of the molar ratios between the 

metal salts used during the synthesis, not optimized here, to produce 
other types of alloys. Further aspects to be explored in view of a scale-up 
from a pilot system to an industrial one are the quantity of electro
catalyst to be applied on the electrodes and a deeper knowledge of the 
degradation trends.

5. Conclusions

In summary, FeCo3/FeCoOx and Ni1-xCox/NiCoOx nanoparticles 
were synthesized via a wet chemical reduction with aluminium powder. 
A characterization study was carried out using XRD, SEM, XPS, HR-TEM 
and HAADF-STEM and the electrocatalytic activity of the obtained 
materials for OER was evaluated by LSV, Tafel slope, EIS and AEMWE 
single-cell tests (using Pt/C as cathode electrocatalyst). The perfor
mances were compared with those of RuO2, considering the mass ac
tivity and the geometrical activity. The overpotentials exhibited at a 
current density of 10 mA cm− 2 in 1 M KOH were of 288 mV and 296 mV 
for FeCo3/FeCoOx and Ni1-xCox/NiCoOx respectively; outperforming the 
noble metal-based benchmark. This trend was maintained in the single- 
cell AEMWE tests as well, with the MEA with the cobalt-based anode 
alloy performing better (2.10 V at 1 A cm− 2, 50 ◦C) than the one with the 
nickel-based one (2.24 V at 1 A cm− 2, 50 ◦C). During the degradation 
test at a fixed current of 0.4 A cm− 2, the performance of the FeCo3/ 
FeCoOx showed a worsening of 396 µV/h while that of the Ni1-xCox/ 
NiCoOx remained unchanged. This was further confirmed by the po
larization curves recorded after 100 h with a voltage gap at 1 A cm− 2 

between the curves of 39 mV for the former while even an improvement 
of - 94 mV for the latter. This study developed an effective strategy for 

Fig. 10. Degradation trend of (a) FeCo3/FeCoOx (red curve) MEA and (b) Ni1- 

xCox/NiCoOx (green curve).

Fig. 11. AEMWE polarization curve comparison before and after 100 h of (a) FeCo3/FeCoOx and (b) Ni1-xCox/NiCoOx.

Table 3 
MEA performance comparison.

Anode Cathode 
loading 
(Pt/C)

Membrane Electrolyte V/I 
A 
cm− 2

T( 
◦C)

Ref.

Ni1-xCox/ 
NiCoOx

0.5 mg 
cm− 2

AT-100 1 M KOH 2.24/ 
1

50 This 
work

FeCo3/ 
FeCoOx

0.5 mg 
cm− 2

AT-100 1 M KOH 2.10/ 
1

50 This 
work

Co2Fe 0.25 mg 
cm− 2

FAA-3 1 M KOH 1.8/ 
0.13

– [46]

Co1-xFex-CNF 1 mg 
cm− 2

FAA-3–50 1 M KOH 1.7/ 
0.794

80 [47]

CeO2/CoFeCe- 
LDH

1 mg 
cm− 2

X37–50 1 M KOH 1.8/ 
2.2

50 [48]

Ni0.45Co2.55O4 3 mg 
cm− 2

FAA-3–50 1 M KOH 2/0.3 30 [49]

NiCoOx – X37–50 1 M KOH 2.2/ 
1.7

70 [50]

NiCo2O4 0.4 mg 
cm− 2

LDPE- 
VBC-TMA

1 M NaOH 1.95/ 
0.42

60 [51]
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the green synthesis of transition metal-based nanoparticles for hydrogen 
production in AEMWE.
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