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A B S T R A C T   

A water electrolysis cell based on anion exchange membrane (AEM) and critical raw materials-free (CRM-free) 
electrocatalysts was developed. A NiFe-oxide electrocatalyst was used at the anode whereas a series of metallic 
electrocatalysts were investigated for the cathode, such as Ni, NiCu, NiMo, NiMo/KB. These were compared to a 
benchmark Pt/C cathode. CRMs-free anode and cathode catalysts were synthetized with a crystallite size of about 
10 nm. The effect of recirculation through the cell of a diluted KOH solution was investigated. A concentration of 
0.5–1 M KOH appeared necessary to achieve suitable performance at high current density. amongst the CRM-free 
cathodes, the NiMo/KB catalyst showed the best performance in the AEM electrolysis cell achieving a current 
density of 1 A cm− 2 at about 1.7–1.8 V/cell when it was used in combination with a NiFe-oxide anode and a 50 
µm thick Fumatech FAA-3–50® hydrocarbon membrane. Durability tests showed an initial decrease of cell 
voltage with time during 2000 h operation at 1 A cm− 2 until reaching a steady state performance with an energy 
efficiency close to 80%. An increase of reversible losses during start-up and shutdown cycles was observed. 
Appropriate stability was observed during cycled operation between 0.2 and 1 A cm− 2; however, the voltage 
efficiency was slightly lower than in steady-state operation due to the occurrence of reversible losses during the 
cycles. Post operation analysis of electrocatalysts allowed getting a better comprehension of the phenomena 
occurring during the 2000 h durability test.   

1. Introduction 

Alkaline liquid-electrolyte water electrolysis (AWE) is currently one 
of the least costly technologies for water splitting from renewable power 
sources [1,2]. This is a mature technology for hydrogen production up to 
a multi-megawatt range and it represents one of the most used electro-
lytic technologies at a commercial level [3]. Among the different elec-
trolysis technologies, alkaline systems are currently characterised by a 
lower cost of the raw materials [4]. The alkaline electrolysis stack is 
comparatively cheaper than other competitive technologies with low 
cost diaphragm separators, non-precious metals as electro-catalysts for 
hydrogen and oxygen evolution reactions and steel bipolar plates [5]. 
However, a significant disadvantage in these systems is the use of a 
corrosive alkaline liquid electrolyte at high concentrations, e.g. 10 M 
KOH [1,2,5]. This makes the electrolyte management and recirculation 
difficult as the concentrated KOH may easily react with carbon dioxide 
from the air. However, major issues of alkaline electrolysers are a rela-
tively low current density and operating pressure [3]. In particular, the 

diaphragm does not completely prevent the produced gases from cross 
diffusion, which lowers coulombic efficiency. Hydrogen diffusion to the 
oxygen evolution chamber must be avoided to preserve the efficiency, as 
well as the safety of the system. 

A technology competitive to AWE is the proton exchange membrane 
water electrolysis (PEMWE) [6]. This technology has been developed in 
the last decade and it is based on a proton exchange membrane separator 
[7]. It shows several advantages over conventional alkaline liquid 
electrolyte electrolysis, including significantly higher current density 
and hydrogen output pressure, enhanced hydrogen purity and better 
dynamic behaviour both in terms of fast response and load range [8]. 
The solid polymer membrane electrolyte in PEM electrolysis allows for a 
shorter ionic path between the electrodes than in the alkaline electro-
lysers. The low gas crossover rate of the polymer electrolyte membrane 
(yielding higher hydrogen purity), allows the PEM electrolyser to safely 
work under a wide load range with consequent technical and economic 
benefits [8]. As well known, protons are characterised by higher 
mobility than hydroxide ions. This corresponds to enhanced 
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conductivity and lower ohmic losses for a similar thickness of the elec-
trolyte separator. However, the total ionic conductivity is the result of 
both concentration and mobility of conducting species. The lower 
mobility of hydroxide ions compared to protons is compensated in 
alkaline systems by using high concentration of KOH liquid electrolyte 
(~10 M KOH) [1,2,9]. 

Despite the specific advantages, several drawbacks still limit a large- 
scale deployment of PEM electrolysis technology. The acidic environ-
ment provided by the proton exchange membrane and ionomer is highly 
corrosive and it requires the use of rare and expensive materials. Only 
few materials can be selected for this harsh environment. These include 
noble metal catalysts in particular Ir, Pt, and Ru, and expensive Ti-based 
diffusion media, current collectors and bipolar plates [6–8]. Thus, a 
large-scale deployment of PEM electrolysers raises significant concerns 
about the availability and cost of these precious raw materials. It is 
pointed out that beside platinum group metals (PGMs), also titanium has 
been included in the critical raw materials list of the EU released in 2020 
[10]. 

Anion exchange membrane electrolysis offers a solution to several 
drawbacks affecting alkaline and PEM electrolysis systems [11–15]. A 
thin polymer electrolyte membrane separator is used as in the PEM 
technology with a zero-gap cell configuration [16]. The anionic polymer 
electrolyte allows the exchange of hydroxide ions thus creating an 
alkaline environment similarly to AWE [14]. An increase of current 
density from the present state of the art (0.5 A cm− 2) of liquid alkaline 
systems to more than 1 A cm− 2 in AEM technology [1–3], whilst 
maintaining the cell voltage in a safe and efficient region (ECell< 2 V) 
together with the exclusive use of non-critical raw materials, may 
contribute enormously in reducing the capital costs. The hydrogen 
production rate is directly related to the current density according to the 
Faraday law; thus, a twice-fold increase in current density compared to 
AWE will proportionally halve the stack costs and have a great impact on 
the reduction of the system costs. Moreover, AEM membranes are 
characterised by lower gas permeation compared to PEM systems for 
membrane separators of similar thickness [14–17]. Hydrogen crossover 
lowers the Faradaic efficiency of the electrolysis system and causes 
concerns in terms of safe operation. Reducing the gas crossover by using 
thick diaphragms in AWE, like Zirfon®, has limited the achievement of 
high current densities at reasonable voltage efficiencies for the 
cost-effective liquid alkaline technology [1,9]. Thus, the use of a thin 
anion exchange membrane and ionomer dispersion in the catalytic layer 
for enhanced catalyst-electrolyte interface allows overcoming such gaps 
[18]. Thus, the AEM system may effectively combine the advantages of 
both proton exchange membrane and liquid electrolyte alkaline tech-
nologies allowing the scalable production of low-cost hydrogen from 
renewable sources. The high operating internal pH of the anion ex-
change membrane and ionomer dispersions allows for the use of cheap 
and CRM-free catalysts, diffusion layers and stack plates while providing 
an efficient management of the gas crossover. 

At the present, there are several available anion exchange mem-
branes (Fumatech Fumasep FAA3®, Tokuyama A201®, Ionomr 
Aemion™, Dioxide materials Sustainion®, Hydrolite®, Orion Polymer® 
[19] that in principle could be utilised for AEM application [20,21]. The 
selection of proper cations and high ion exchange capacity can impart 
high ionic conductivity to the AEM membranes while the polymer 
backbone is a critical component to ensure chemical and mechanical 
stability. Ammonium-based cations appear to provide the membrane 
with a proper conductivity and can be used as an ionomer in the cata-
lytic electrode layers. Amongst the most performing AEM membranes, 
Tokuyama A201®, Ionomr Aemion®, Hydrolite® and 
imidazolium-functionalized anionic polymers (e.g. Sustainion®) have 
shown good performance and encouraging stability [19–21]. Fumatech 
Fumasep FAA3® membrane also appears one of the cheapest and robust 
AEM polymers providing an optimal trade-off between cost and per-
formance [16]. DABCO-crosslinked materials may enhance the AEM 
stability compared to conventional poly(styrene) and poly 

(sulfone)-based hydrocarbon anion exchange membranes, especially 
when alkyl spacers are introduced between the aromatic rings and 
quaternary ammonium cations in poly(styrene)-based resins [20]. The 
spacers between the aromatic ring and the cationic group increase the 
alkaline stability of the materials compared to benzyl-tethered cations to 
styrene [20]. 

Regarding electrocatalysts for AEM applications, these are similar to 
those used in alkaline electrolysers and are essentially based on Ni and 
Co materials [13,14,16,22]. Ni nanostructures with high surface area 
are used at the cathode [23]. Ni is known to have suitable adsorption 
energy for hydrogen species in the alkaline environment (H2O and 
OH− ). High-surface-area Raney nickel is providing proper catalytic ac-
tivity in AWE systems. Amongthe various Ni-based alloy catalysts, 
Ni-Mo and Ni-Cu can also provide suitable activity towards HER catal-
ysis in alkaline condition [19,24]. However, a clear understanding of 
their durability is not yet available. 

Ni and Co oxides, such as Co3O4 and NiCo2O4, and Ni-Fe oxides are 
used as anodic catalysts [25–28]. Perovskites also possess good activity 
for the oxygen evolution [29,30]. However, some highly performing 
spinel and perovskite catalysts are based on Co and/or lanthanides that 
are critical raw materials thus posing issues for the availability of supply 
and long-term application. 

Regarding the present shortcomings of AEM water electrolysis, it has 
been documented that most AEMs suffer from poor chemical stability 
[31–34]. Chemical degradation of AEMs is reported to be mainly due to 
a nucleophilic attack on the cationic charge sites by OH− ions [31–34]. 
This causes a loss of anion-exchange functional groups and thus a 
decrease of OH− conductivity producing a net increase of the ohmic 
resistance of the device, which translates into a large increase of the 
ohmic drop overpotential at high current densities, and the consequent 
loss of electrical efficiency. Moreover, since the ionomer used in the 
catalyst layer is in intimate contact with the catalyst [18], a chemical or 
electrochemical degradation of the ionomer may cause a significant 
decrease of the reaction rate. Because of the modest stability of various 
membranes and ionomers, the first attempts reported in the literature 
for AEM water electrolysis systems have shown a lifetime not exceeding 
1000 h [13]. Moreover, most of the durability results have been ach-
ieved with CRM-free electrocatalysts-based electrolysis cells. 

Performance and cost effectiveness of an AEM-based water electro-
lyser can be significantly improved by developing improved nanosized 
CRM–free catalysts, combining these materials with robust and cheap 
hydrocarbon membranes and optimising the ionomer content and the 
structure of the catalyst layer [35–37]. The electrode material selection 
for AEM electrolysis is based on a delicate balance amongst the desired 
corrosion resistance, high conductivity, high electro-catalytic activity 
and low price. Moreover, it is strongly desired that AEMWE catalysts are 
formed by non-critical raw materials to provide economic and long-term 
sustainability. 

A catalyst based on a Ni structure with a high surface area can 
enhance the HER activity but it would still be limited by the intrinsic 
catalytic activity of metallic Ni. Thus, it is appropriate to modulate the 
chemical environment of Ni by alloying it with other metals while taking 
advantage of the high surface areas of Ni-based nanostructures. A 
nearby hetero-atom has the ability to alter surface adsorption/desorp-
tion energy on the adjacent Ni atom, and it may also provide adsorption/ 
desorption sites for certain intermediates to facilitate the catalytic pro-
cess on Ni. In particular, Mo or Cu addition to Ni catalysts can enhance 
the adsorption of hydroxide species [23,24,38–42]. NiMo alloys can 
provide superior performance and stability for hydrogen evolution than 
the widely used Raney Ni. The latter is less stable to current reversal on 
taking a cell off load [1]. NiMo prevents nickel hydride phase occurrence 
[43]. Most of the efforts in preparing electrodes for alkaline systems 
involve impregnation of metallic foams and thermal decomposition, 
electro-deposition, ball milling of metallic powders to form alloy parti-
cles followed by pressing to give an electrode [44]. Most of these 
methods provide materials which are formed by particles just smaller 
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than a micron. Whereas nanosized alloys [45–48] are needed to achieve 
current densities comparable to PEMWEs. 

As above mentioned, anodic electrocatalysts consisting of nickel and 
cobalt with spinels and perovskite structures are active for the oxygen 
evolution in alkaline environment [28–49]. Beside the fact that most of 
these catalysts are based on Co or lanthanides (CRMs), they are also 
prepared with methods producing low surface area in the range of 
10–20 m2/g [28]; whereas noble metal catalysts used in PEM electrol-
ysis can reach an active surface area of 100 m2/g [50]. Moreover, high 
loadings in the range of a few tens of mg cm− 2 are used to boost the 
catalytic activity while losing in terms of ohmic drop at high current 
densities [1]. 

The aim of this work was to develop nanosized CRM-free Ni-based 
anode and cathode catalysts and test such systems in durability experi-
ments in combination with a cost effective and robust anionic membrane 
and ionomer (Fumatech Fumasep FAA3®) [14–35] to validate the pos-
sibility of operating at proper current density (1 A cm− 2) for water 
electrolysis with good durability. 

For the anode, nanosized (5–10 nm) Ni-Fe catalysts such as layered 
double-hydroxides (LDH) i.e. (Ni1− xFexOOH) have been mixed, in a 
composite catalytic layer, with the ionomer and deposited onto Ni 
foams. A conductive matrix of Ni oxide is required to activate the Fe sites 
in NiFe oxides at lower overpotential. The formation of conductive 
NiIIIOOH phase is highly important in the case of Ni-Fe oxides to activate 
the Fe sites which are otherwise inaccessible to electron transfer in the 
nonconductive NiII(OH)2 host lattice [51,52]. Fe substitutes of Ni atoms 
in the mixed oxides allow for a decrease of the average bond distances, 
causing a reduction of the Fe− OH/OOH bond energy giving rise to an 
optimal adsorbate binding energy [53–55]. To achieve such character-
istics, an atomic ratio 85% at. Ni and 15% at. Fe has been selected. 

With regard to the cathode, the synthesis of nano-sized metallic Ni, 
Ni-alloy catalysts both unsupported or dispersed on carbon support and 
deposited on a carbonaceous gas diffusion layer has been carried out. 
Incorporation of additional elements (Mo, Cu) was pursued to allow 
fine-tuning of the adsorption properties of the Ni cathode catalyst sur-
face and to enhance the catalytic activity for the HER [56–59]. 

These approaches have allowed to strongly enhancing the current 
density for the hydrogen and oxygen evolution reaction at practical 
overpotentials owing to the large catalyst surface area and optimal 
interface with the ionomer and electrolyte membrane. Promising per-
formance and stability, close to those typically achieved in PEM elec-
trolysis, have been recorded using cheap and widely available non 
critical raw materials. 

2. Experimental 

2.1. Synthesis of cathode electrocatalysts 

Different chemistries and morphologies were investigated for the 
cathode electrocatalyst. Contrary to PEM electrolysis, hydrogen evolu-
tion in the alkaline environment is a rate-limiting step. This requires 
proper tailoring of the cathode electrocatalyst in relation to the oper-
ating environment. Unsupported cathode electrocatalysts were prepared 
by the so called "oxalate method" [60] followed by reduction in a 
hydrogen stream. This approach was used for the synthesis of unsup-
ported NiCu (50%:50% at.) and Ni. It consisted of a dissolution in 
deionised water of pure Ni nitrate or a mixture of Ni and Cu nitrates in a 
1:1 atomic ratio. Thereafter, the solution with the metal precursors 
(light green colour) was added as droplets to a stirred water solution of 
oxalic acid and NaOH at a pH of 6.5 and kept at 60 ◦C for 2 h to allow 
formation of a metal complex between metal species and the bidentate 
oxalate ligands. This complex formation in an almost neutral environ-
ment avoids agglomeration of metal hydroxides as it may occur in a 
conventional precipitation process with concentrated alkali [60]. The 
next step was the decomposition of the complex to form nanosized 
colloidal oxides. This was achieved by increasing the temperature to 

80 ◦C and adding H2O2. A solid dispersion of amorphous Ni or NiCu 
oxide (dark-grey colour) was formed, which rapidly precipitated. The 
precipitate was collected, filtered and washed to remove Na species and 
then calcined in air at 350 ◦C to remove organics and to promote for-
mation of nanocrystalline oxide powders. Finally, the formed oxides 
were reduced in diluted H2 (5% in He) at 350 ◦C to form metallic Ni and 
NiCu. 

Unsupported binary NiMo catalyst, in an 80%:20% atomic ratio, was 
prepared by incipient wetness of the Ni-oxide precursor (obtained by the 
oxalate method) with (NH4)6Mo7O24.4H2O (Alfa Aesar) and successive 
thermal reduction as in the previous cases. 

Alternatively, NiMo in an 80%:20% atomic ratio, supported on 
Ketjenblack (KB) carbon was prepared by a conventional precipitation 
method [61–63]. The presence of the carbon support in this case allowed 
for a proper dispersion thus there was no need for synthesizing the ox-
alate precursor complex. The carbon support (Ketjenblack ec600j-d) was 
dispersed in water (18.2 MΩ cm, Milli-Q® Integral ultrapure water). 
Nickel nitrate hexahydrate Ni(NO3)2.6H2O (97.0%, Sigma Aldrich) and 
(NH4)6Mo7O24.4H2O were added from a previously prepared suspen-
sion. Ammonium hydroxide (NH4OH 30%) and 1 M sodium hydroxide 
(NaOH, 98%, Sigma Aldrich) solutions were added dropwise until 
reaching pH 12 at 60 ◦C. The solution was stirred for 6 h. The suspension 
was filtered and dried at 100 ◦C overnight. NiMo/KB was reduced in H2 
(5% in He) atmosphere at 550 ◦C. In this case, the reduction temperature 
was increased compared to the unsupported catalyst to avoid a large 
amount of unreduced oxide which is typically observed with the pre-
cipitation method using an excess of alkali. The metal concentration on 
carbon was confirmed by TGA analysis for the supported catalyst (NiMo 
40% wt. and 60% wt. carbon). A commercial 30% Pt/C benchmark 
cathode catalyst (HISPEC 4000 by Johnson Matthey Fuel Cell) was also 
investigated for comparison. 

2.2. Synthesis of anode electrocatalysts 

NiFe (85:15 at.%) anode electrocatalyst was prepared by a co- 
precipitation method using hexahydrate Ni(NO3)2⋅6H2O (97.0%, 
Sigma Aldrich) and Fe(NO3)3⋅9 H2O (98.0%, Merck) [25,51]. The pre-
cursors, in the atomic ratio (85%:15% at.) were dissolved in Milli-Q® 
water (18.2 MΩ ultrapure water) to form a suspension. Sodium hy-
droxide (NaOH, 98%, Sigma Aldrich) 0.5 M solution was added drop-
wise until reaching pH 9 at 60 ◦C. The solution was further stirred until 
achieving precipitation of the amorphous hydroxide. The suspension 
was filtered, dried and treated at 120 ◦C. No benchmark precious metal 
catalyst was used for the anode. 

2.3. Physico-chemical characterisation 

Physico-chemical characterisations of synthesised electrocatalysts 
consisted in the analysis of the structure, chemical and surface proper-
ties. The crystallographic phase and the crystallite size was investigated 
using a Philips X-pert 3710 X-ray diffractometer equipped with a Cu Kα 
radiation operating at 40 kV and 20 mA. A FEI XL 30 scanning electron 
microscope (SEM) equipped with energy dispersive X-ray analysis (EDX) 
was used to investigate the texture properties and the chemical 
composition whereas the morphology at a nanoscale was studied by 
transmission electron microscopy (TEM - FEI CM12 equipped with LaB6 
filament). To complete the physico-chemical characterisation, the 
oxidation states of selected catalysts were studied by X-ray photoelec-
tron spectroscopy (XPS). This was carried out using a Physical Elec-
tronics (PHI) 5800–01 spectrometer equipped with a monochromatic Al 
Kα X-ray source. 

2.4. Anionic electrolyte 

A commercial Fumasep FAA3–50® (FumaTech), membrane was 
used as a solid polymer electrolyte in an alkaline water electrolysis. The 
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ionomer was obtained from the shredded FAA3 polymer by dissolving it 
in an alcoholic solution at moderate temperature to form ~5 wt.% 
dispersion. Both membranes/ionomer were exchanged with hydroxide 
ions before use. More details about membrane and ionomer character-
istics and exchange procedures are reported in ref [16]. 

2.5. Membrane electrode assembly and electrochemical studies 

Preparation of the anode and cathode catalyst inks was carried out by 
mixing 33 wt.% of anionic ionomer (Fumasep FAA3®) and 67 wt.% 
electrocatalyst powder in ethanol and sonicated for 30 min [16]. Each 
cathode catalyst dispersion was deposited on a Sigracet 39BC substrate 
acting as gas diffusion layer and current collector (backing layer). A 
similar procedure was used for the anode catalyst dispersion; however, 
this was deposited onto a Ni felt backing layer (NV Bekaert SA). The total 
catalyst loading in the final electrodes was 2.5 mg cm− 2 for the Ni-Fe 
oxide anode, 1 mg cm− 2 for the benchmark precious metal-based 30% 
Pt/C cathode and 5 mg cm− 2 for the Ni, NiCu, NiMo, NiMo/KB cathode 
catalysts used in this study. Finally, a cold-assembly procedure was 
adopted to form the membrane-electrode assembly (MEAs) thus avoid-
ing any undesired membrane degradation during conventional hot 
pressing lamination process often used in conventional PEMWE MEAs 
fabrication [16]. Teflon® gaskets were used for the cell sealing. The 
geometrical electrode area was 5 cm2 for catalyst screening and dura-
bility studies; the MEAs performance was also validated in 100 cm2 

active area cell. Cell compression was 5 N m per each tie rod. 
The MEAs were assembled in single-cell housings made of nickel 

plates. In all experiments, a 1 M KOH solution was supplied to the anode 
compartment at a flow rate of 1 ml min− 1 cm− 2, using a peristaltic 
pump, if not otherwise stated. The electrochemical investigations con-
sisted of a galvanostatic pseudo steady-state polarisation curves (cell 
voltage versus current density, each experimental point in the polar-
isation curve was recorded after a dwell time of 2 min), galvanostatic 
durability tests (cell voltage vs. time) and cycled operation between 0.2 
and 1 A cm− 2 (cell voltage vs. time). Polarisation experiments were 
carried out with an ITECH 6522C (80 V/120A) power supply system in 
combination with a FLUKE 8846A (240 V–6.5 Digit Precision) multi-
meter. Electrochemical impedance spectroscopy (EIS) analysis was 
carried out with a biologic potentiostat/galvanostat equipped with a 
100 A booster and a frequency–response analyser module for impedance 
spectroscopy. The impedance measurements were carried out at several 
cell voltages, in a frequency range between 100 MHz-10 mHz, with an 
oscillation voltage of 10 mV r.m.s. 

The hydrogen evolution overpotential at the benchmark Pt/C cata-
lyst, was determined through a hydrogen pumping method experiment. 
A 5 cm2 symmetrical cell was assembled with two Pt/C electrodes. A 
large flow of hydrogen (0.2 l min− 1 cm− 2) was fed to an electrode 
compartment where also a solution of 1 M KOH was recirculated. This 
electrode was operated as anode to oxidise H2. Close to the inlet, a Pt 
wire was immersed in the KOH solution continuously flushed with H2 
(RHE) entering into the anode compartment. This Pt wire acted as a 
reversible hydrogen electrode (RHE) being in contact with H2 at the 
operating pH. The counter Pt/C electrode was operated as cathode to 
evolve hydrogen like in the conventional AEM electrolysis cell. During 
symmetrical cell polarisation, the cathodic potential was recorded 
against the non-polarised Pt wire acting as RHE and it was corrected for 
the IR-drop. This method allowed to determine the cathode over-
potential under essentially same conditions as in the electrolysis cell. 
Practically, this approach allowed to bypass the issues related to the 
presence of evolved O2 species which are present in the recirculating 
KOH at a conventional electrolysis anode which would, in principle, 
affect a reference electrode placed in the same solution. It is pointed out 
that the amount of oxygen permeated through the almost full density 
polymer electrolyte membrane to the cathode compartment during the 
conventional electrolysis process is extremely low; moreover, being the 
hydrogen evolution reaction much faster than the oxygen reduction 

process, no mixed potential is expected at the cathode during normal 
operation. Thus, the hydrogen evolution overpotential determined for 
the Pt/C electrode in the separate hydrogen pumping experiment is 
essentially similar to that of the same Pt/C electrode operating during 
the electrolysis process. 

The overpotential of the Ni-Fe oxide anode with respect to the 
thermoneutral potential (1.48 V [6]) was thus determined from single 
cell experiments using a benchmark Pt/C cathode according to the 
formula: 

ηNiFe− anode = ECell − ηPt− cathode − IR − Eth (1)  

where ηa is the anodic overpotential versus the thermoneutral potential 
for the NiFe oxide anode, Ecell is the overall cell potential, ηPt cathode is the 
overpotential of the Pt/C benchmark cathode already determined from 
the hydrogen pumping experiment, IR is the ohmic drop with R deter-
mined from the series cell resistance and Eth is the thermoneutral 
potential. 

Since the same Ni-Fe oxide anode was always used during the 
assessment of the CRM-free cathode catalysts, the overpotentials of the 
cathodic catalysts were determined from the formula: 

ηcathode = ECell − IR − Eth − ηNiFe− anode (2)  

where ηcathode is the overpotential of the CRM free cathode catalyst. The 
other terms have been defined above. 

3. Results and discussion 

3.1. Catalysts characterisation 

CRM-free cathode catalysts consisted of unsupported Ni and NiCu 
prepared according to the "oxalate method", NiMo was obtained by 
combination of oxalate and incipient wetness methods and NiMo/KB 
was synthesised by an impregnation and precipitation method. The 
oxide/hydroxide precursors obtained by the above procedures were 
reduced using diluted hydrogen to form metallic species. The different 
compositions, preparation routes and reduction treatments were 
selected according to the characteristics of precursors, support and 
chemistry of elements involved. The objective was to achieve metallic Ni 
or Ni alloys with possibly similar crystallite size as determined by XRD. 
As discussed above, a benchmark commercial Pt/C catalyst was inves-
tigated for comparison. The average crystallite size was determined by 
X-ray diffraction and calculated from the broadening of the main 
diffraction peaks using Scherrer equation [64]. The average crystallite 
size is essentially related to the dimensions of crystalline domains in the 
catalyst particles and in the agglomerates. This can differ from the 
particle size determined from TEM using the atomic contrast (see 
below). These two parameters can give indications about the number of 

Fig. 1. X-ray diffraction patterns of Pt/C (a), Ni (b), NiCu (c), NiMo (d), and 
NiMo/KB (e). 
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active sites. 
Fig. 1 shows the diffraction patterns of catalysts in their final form. 

Pt/C presents the typical face-centred cubic (fcc) with diffraction peaks 
at 40◦, 46.2◦, 67.9◦, 81.6◦ and 86◦ Bragg angles, corresponding to (111), 
(200), (220), (311) and (222) reflections (JCPDS Card 04–0802). The 
peaks are highly broadened with a crystallite size of 2.5 nm. For the 
unsupported Ni (d), a cubic structure (JCPDS card 4–850) similar to Pt is 
observed. A crystallite size of 13 nm is determined. This is larger than 
the other bimetallic CRM-free catalysts. For the unsupported NiCu (c), 
the diffraction pattern indicates a cubic structure that is intermediate 
between metallic Ni (JCPDS card 4–850) and metallic Cu (JCPDS 
4–836). The shift indicates the formation of an alloy with composition 
corresponding to the nominal one (1:1 at.) according to the Vegard’s law 
[38–40]. The diffraction peaks are characterised by a crystallite size of 7 
nm. This is smaller than pure Ni indicating that the presence of copper 
can mitigate particle growth during reduction while allowing achieving 
suitable metallic properties [24,48]. The binary unsupported NiMo 
shows the occurrence of metallic NiMo alloy (JCPDS card 4–850, JCPDS 
4–809) and MoO2 (JCPDS 32–681), the latter in smaller contents, with a 
crystallite size of 10 nm for the main NiMo species. Carbon supported 
NiMo/KB shows the occurrence of NiMo alloy mainly. At low Bragg 
angles (2θ~25◦), it is possible to observe the 002 reflection of graphitic 
carbon with a hexagonal structure as in the Pt/C catalyst. The presence 
of Mo oxides [58] is significantly lower in the supported NiMo catalyst 
compared to the unsupported one. This is essentially related to the 
higher reduction temperature for the supported catalyst made possible 
by the fact that the dispersion on carbon mitigates the particle growth, 
giving rise to a crystallite size of 8 nm for the carbon supported NiMo 
phase. 

Fig. 2 shows the TEM images of carbon supported Pt/C (a) and 
NiMo/KB (b) as well as the unsupported Ni (c) and NiCu (d) cathode 
catalysts. The Pt/C catalyst shows very fine particles homogeneously 
dispersed over the carbon support. The NiMo/KB is characterised by 
significantly larger particles with spherical shape properly dispersed on 
carbon. The unsupported Ni catalyst shows large particles and ag-
glomerates formed by smaller crystallites. NiCu shows lower agglom-
eration compared to Ni as well as smaller particles. In principle, Cu or 
Mo can mitigate the particles growth during the reduction process. 

The diffraction pattern of the NiFeOx (Ni:Fe=5.7:1) anode catalyst 
shows the typical reflections of Ni hydroxide hydrate (JCPDS card n◦

380,715) with rhombohedral structure [25,26,51]. This material shows 
both broad and narrower peaks, possibly because of the contribution of 
particle orientations characterised by different dimensions. An average 

crystallite size of 2.7 nm was calculated using the Scherrer formula [64]. 
The TEM analysis of NiFe oxide deposited on a holey carbon grid (Fig. 3) 
shows a suitable dispersion of fine particle agglomerates with typical 
size of 10–20 nm. However, much smaller crystallites are also widely 
observed inside the agglomerates confirming the results of the crystallite 
size determination from XRD. 

3.2. AEMWE cell characterisation 

The operation scheme and specific photographs for the 100 cm2 

active area AEM electrolysis cell and its functional components are 
provided in Fig. 4. Functional components of the electrochemical cell i. 
e., electrodes and membranes, showed good homogeneity at different 
scales. H2 evolution occurs at the cathode compartment. The CRM-free 
cathode catalysts selected for this process were unsupported Ni, NiCu, 
NiMo or NiMo/KB; whereas, oxygen evolution occurs at the anode at a 
NiFe-oxide catalyst to complete the electrochemical process. 

All catalysts were mixed with the FAA-3 AEM ionomer [16] and 
deposited onto gas diffusion backing layers (carbonaceous GDL for the 
cathode and Ni felt for the anode) to form the electrodes. The electrodes 
were separated by a 50 µm thick anion exchange membrane (FAA3–50 
from Fumatech) [16]. Both ionomer and membrane polymers contain 
ammonium functional groups allowing the exchange of hydroxide ions. 
The membrane avoids the recombination of the reaction products while 
allowing ionic percolation in the device as needed to complete the 
electrochemical process. 

To assess the anode catalyst overpotential, a Pt/C catalyst was used 
at the cathode. The overpotential at this electrode was determined in a 
separate hydrogen pumping experiment using an RHE as discussed in 
the experimental part. The variation of Pt/C overpotential as function of 
current is shown in Fig. S1 (supplementary information). As expected, 
the Pt cathode was much less polarised compared to the CRM-free 
catalysts. 

Fig. 5 show electrolysis performance comparison of CRM-free cath-
ode catalysts and precious metal-based Pt/C as cathode at 50 ◦C in the 
presence of the same anode catalyst (NiFe-oxide) and membrane (FAA- 
3–50®) using 1 M KOH recirculation. It is pointed out that the catalyst 
loading for the cathode was 5 mg cm− 2 for all CRM-free cathode catalyst 
whereas it was 1 mg cm− 2 for the Pt/C and 2.5 mg cm− 2 for the NiFe 
oxide anode. The unsupported Ni, NiCu and NiMo showed much higher 
activation losses compared to Pt despite the higher catalyst loading. The 
initial performance increased in the sequence: unsupported 
NiMo<Ni<NiCu<supported NiMo/KB<Pt/C. This corresponded to a 
lower cell voltage at the same current density. Interestingly, the carbon 
supported NiMo/KB showed the best performance amongst the CRM- 
free catalysts despite the unsupported NiMo was the least performing 
cathode. This seems to be related to the relatively large content of oxide 
species present in the unsupported NiMo [42], as evident in the XRD 
diffraction pattern being the crystallite size not significantly different 
from the other catalysts. Whereas the NiMo/KB that was reduced at a 
higher temperature (550 ◦C vs. 350 ◦C) showed enhanced performance 
due to the relatively low content of oxide species as revealed by XRD. As 
above mentioned, a higher reduction temperature was selected for the 
supported catalyst since the metal dispersion on carbon could mitigate 
the particle growth. Interestingly, the NiMo/KB showed an initial per-
formance gap of 220 mV at1 A cm− 2 vs. the benchmark Pt/C. However, 
this gap reduced to 120 mV after 280 h operation (Fig. 5b). 

3.3. AEMWE cell durability 

Fig. 6 shows short durability tests for the electrolysis cells, based on 
NiCu (a) or NiMo (b) as cathode carried out in galvanostatic mode at 
different current densities. During such short tests, the cell based on 
NiCu (Fig. 6a) showed the occurrence of relevant losses in a relatively 
small time-window; this behaviour seemed to be independent from the 
current density applied to the cell. Thus, the rapid deactivation appeared Fig. 2. TEM images of Pt/C (a), NiMo/KB (b), Ni (c) and NiCu (d) cathodes.  
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to be caused by the simultaneous occurrence of recoverable and unre-
coverable losses. Unrecoverable losses could be related to some chemi-
cal dissolution of Cu species causing ionomer and membrane poisoning. 
Cherevko studied the stability of Ni-metal catalysts used for hydrogen 
oxidation in AEM fuel cells [65]. Cu was found stable below 0.4 V vs. 
RHE but it could undergo to transient dissolution in the AEM environ-
ment. Degradation of Cu under cathodic operation conditions in alkaline 
environment is not so evident in the literature and the present evidences 
may be related to the specific catalyst properties and/or operating 
conditions. Since the membrane was relatively stable in the presence of 
NiFe-oxide anode and Pt/C cathode such performance decay appeared 
to be related to the NiCu cathode. Recoverable losses appeared instead 
to be related to diffusion constraints possibly due to the catalyst 

agglomeration as observed in Fig. 2. 
Fig. 6b shows the durability test of a cell based on NiMo as cathode 

carried out in galvanostatic mode at 0.5 and 0.6 A cm− 2 after condi-
tioning at lower current density (not shown). 

Contrary to NiCu, the unsupported NiMo catalyst showed a decrease 
of cell voltage with time when the electrolysis current passed in the cell; 
this decrease of cell voltage was especially relevant at high current 
density e.g. 0.5 and 0.6 cm− 2 (Fig. 6b). Such effect was interpreted as 
due to a catalyst modification during the steady-state operation such as 
an in situ reduction of the surface oxides. This hypothesis was confirmed 
by post-operation analysis where the content of Mo-oxide species 
appeared considerably lower after prolonged electrolysis operation (see 
below). As well known, metallic species on the cathode surface are 

Fig. 3. Unsupported NiFe oxide: X-ray diffraction pattern (a), TEM micrograph (b).  

Fig. 4. (a) Scheme of a single cell unit used for the electrochemical assessment. (b) electrolysis test station equipped with 100 cm2 active area cell. Cathode (c); 
Fumatech® membrane (d) and anode (e) for a 100 cm2 active area cell. 
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considered essential to promote the adsorption of hydrogen species [23, 
38]. These results prompted us to explore catalyst reduction at higher 
temperature while using a carbon support to favour the dispersion of 
metal precursor. This avoided particles growth during the high tem-
perature reduction treatment. The NiMo/KB that was reduced at high 
temperature showed promising performance (Fig. 5) already from the 
beginning while still having a moderate content of oxides on the surface 
as revealed by XRD and XPS (see below). The NiMo/KB catalyst was thus 
investigated in the electrolysis cell with prolonged conditioning at low 
current density to favour a progressive reduction of oxide species. 

Fig. 7 reports the measured cell voltage during an electrolysis 
durability test of about 2.000 h under galvanostatic operation conditions 
at 1 A cm− 2 for a cell based on NiMo/KB cathode, NiFe-oxide anode and 
FAA-3–50 membrane. To monitor the evolution of the cell behaviour by 

using electrochemical diagnostics, several start-up and shutdown cycles 
were carried out during the test; some of these interruptions were also 
needed to carry laboratory maintenance work during the 2000 h dura-
bility test. During this test, the cell voltage rapidly increased in the first 
hours of operation indicating the occurrence of recoverable losses (mass 
transfer issues); after an initial induction period (~100 h), the cell 
showed a continuous voltage decrease corresponding to an increase of 
cell efficiency. However, several reversible losses were detected upon 
start-up after a shutdown period. A possible explanation for the 
reversible losses may regard some diffusion constraints affecting the 
release of produced gas or some carbonation phenomena affecting the 
cell during the shutdown period. 

It is pointed out that KOH is fed to the anode only and it reaches the 
cathode by a diffusion effect. Whereas the electroosmotic drag forces the 

Fig. 5. Comparison of AEMWE cell polarisation curves at 50 ◦C based on NiMo, Ni, NiCu, NiMo/KB and Pt/C at the cathode. (a) reports the initial performance of 
NiMo/KB; (b) reports the performance of NiMo/KB after 280 h operation. The cell consists of FAA-3–50 membrane and NiFe-oxide anode. 

Fig. 6. Durability test carried out at 50 ◦C at different current densities for cells based on NiCu (a) and NiMo (b) as cathode, FAA-3 membrane and NiFe oxide 
as anode. 

Fig. 7. (a) Durability test carried out at 50 ◦C at 1 A cm− 2 for the cell based on NiMo, NiFe oxide catalysts and FAA-3–50 membrane; (b) polarisation curves carried 
out at different operating times corresponding to beginning of test and durability test interruptions a), c) f) g) in the durability experiment. 
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formed hydroxide ions to migrate from the cathode to the anode ac-
cording to the reaction stoichiometry [1,5]. Thus, a delicate balance 
between the water permeated by diffusion through the membrane and 
that leaving the cathode by the electroosmotic drag is the key aspect 
influencing the cathode wetting. Moreover, carbonation phenomena 
may occur. Uptake of CO2 in the cell from the external environment may 
especially occur during shut-down periods. The formed carbonate spe-
cies may initially poison both electrodes and membrane and could 
thereafter decompose during the start-up of each new electrolysis cycle 
releasing the adsorbed CO2. This may cause an initial rise of cell voltage 
followed by rapid decrease of cell voltage once the electrolysis process 
takes place. 

Regarding the continuous increase of voltage efficiency versus time, 
under steady-state conditions, this appears related to two possible 
phenomena occurring within the catalytic layers: a progressive reduc-
tion of oxides on the surface of NiMo/KB and an increased uptake of 
hydroxides by the Ni-Fe anode. These aspects were confirmed by X-ray 
photoelectron spectroscopy (XPS) analysis (see below). A significant 
reduction of the activation losses, during prolonged operation, was 
evident in the polarisation curves subsequent to the beginning of test 
(BoT) experiment and it corroborated these hypotheses. Another, 
interesting aspect is regarding the change of slope at about 0.3 A cm− 2 in 
the polarisation curves of Fig. 7b acquired in between steady state cy-
cles. Such rise in cell voltage is possibly another evidence of diffusion 
constraints occurring in the high current density range. 

Ac impedance spectra carried out at different operation times and at 
various cell voltages are shown in Fig. 8. These impedance spectra 
showed at the beginning of test, at 1.8 V, a polarisation resistance (Rp) 
value of 1.04 Ohm cm2. Successively, Rp values varied between 200 and 

300 mOhm cm2 at 1.8 V and between 150 and 200 mOhm cm2 at 2 V 
(Fig. 8). Polarisation resistance was determined as a difference between 
low and high frequency intercepts on the real axis. The small oscillations 
observed for the polarisation resistance values, after the initial condi-
tioning period, may reflect specific cell conditions including the occur-
rence of reversible losses. Series resistance (Rs) values were typically in 
the range of 150 mOhm cm2 excluding the last period of testing where Rs 
values as low as 120 mOhm cm2 were observed. The evolution of Rp and 
Rs is plotted versus time in Fig. 8. The rapid decrease of Rp in the first 
hundreds hours is well noted; thereafter, this value remains almost 
constant; the slight decrease of Rs is also noted. This confirms the pro-
gressive electrode activation and possibly some membrane thinning by 
the end of test. 

Faradaic efficiency was determined by measuring the amount of dry 
gas produced at cathode and the gas composition. Pure hydrogen was 
produced at the cathode with a faradaic efficiency better than 99% at the 
beginning of the durability test (Fig. S2, supplementary information). 
Combining an average voltage efficiency of 82% (1.48 V/1.8 V) and 99% 
faradaic efficiency at 1 A cm− 2, the overall energy efficiency approxi-
mates 81%. However, the faradaic efficiency decreased to about 96% at 
the end of the 2000 h durability test indicating an increase of hydrogen 
losses with time possibly related to an increased permeation through the 
membrane as consequence of a membrane thinning, as it would account 
the decrease of series resistance by the end of the test. The hydrogen 
purity at the cathode remained substantially similar. 

3.4. Surface characterisation and post-operation analysis 

The surface composition was essentially investigated for the selected 

Fig. 8. Impedance spectra at different operating times corresponding to beginning of test (BoT) and specific interruptions of the durability test in Fig. 7, i.e. in-
terruptions a), e), g), h). Frequency decreases from left to right. Evolution of the series (Rs) and polarisation (Rp) resistances with time at a cell voltage of 1.8 V 
(bottom, right). 
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CRM-free catalysts used in durability tests i.e. NiFe anode (Fig. 9) and 
NiMo/KB (Fig. 10). XPS analysis of the NiFe-oxide (Fig. 9) showed 
mainly the presence of NiO (Ni 2p3/2 at 854 eV), Ni(OH)2 (Ni 2p3/2 at 
856.6), and FeOOH (Fe 2p3/2 at 711 eV) [66]. The latter correlated with 
as a mixture of oxide and oxide-hydroxide species [67]. A small shoulder 
at lower B.E. (Fe 2p3/2 at 705 eV) in the Fe2p spectrum could be related 
to the occurrence of reduced Fe species [66] that should undergo to 
rapid oxidation during operation at high potentials in the electrolysis 
environment. The atomic ratio of Ni:Fe on the surface was 65%:35% at. 
This confirms for the catalyst surface the same chemical properties 
observed by XRD, which is essentially related to the bulk characteristics. 

The XPS analysis of NiMo/KB (Fig. 10) showed mainly the presence 
of metallic Ni at 852.4 eV, Ni(OH)2 at 855.6 eV and MoOx (Mo 3d3/2 
Mo4+B.E. 232.6 eV; Mo6+B.E. 235.8 eV) [66], with an atomic Ni:Mo 
ratio on the surface of 78%:22% at. 

It was interesting to compare the XPS analysis of the electrode sur-
faces before and after 2000 h operation at 1 A cm− 2. Whereas, the XRD 
analysis was less indicative since it included the contribution from the 
diffusion backing layers (not shown). 

Fig. 11 shows a comparison of the survey spectra for anode (a) and 
cathode (b) before and after 2000 h electrolysis operation. The used 
anode showed a clear uptake of potassium corresponding to KOH 
adsorption on the surface and no relevant change in the Ni/Fe ratio. The 
used cathode also showed a clear uptake of potassium even if KOH was 
recirculated at the anode only. This confirmed the diffusion of KOH 
through the membrane by effect of the concentration gradient. More-
over, the carbon signal decreased drastically in the used cathode. This 
would indicate that, before use, a carbon film covered the active phase 
whereas this carbon over layer probably decomposed during operation 
allowing for a better exposure of NiMo particles to the reaction interface 
probably accounting for the increased performance with time. The Mo 
signal decreased dramatically after operation clearly indicating a partial 
dissolution of this element. According to the study of Cherevko et al 
[65]., Mo suffers from intense dissolution in AEM fuel cells due to its 
thermodynamic instability. These phenomena should be less exacer-
bated under cathodic operation; however, unstable Mo species seem to 
undergo dissolution also under these conditions. 

Fig. 12 shows a detailed comparison of the Ni and Fe XPS signals 
before and after operation. Similar electronic states were observed in the 
fresh and used sample corresponding to the species discussed above. In 
the used sample, a small shoulder was observed at 857.5 eV in the Ni 
2p3/2 signal (Fig. 12a) that could be attributed to the presence of Ni3+

species [68] possibly related to the operation at high potentials. The 
Fe2p3/2 (Fig. 12b) showed a shift of 1–2 eV to higher B.E. in the used 
sample compared to the fresh one indicating, also in this case, a higher 
oxidation state associated to the high operating potential [27]. 

Fig. 13 shows the comparison of the Ni and Mo XPS signals before 
and after operation. The main Ni2p3/2 peak appeared shifted to negative 
B.E. after operation indicating a lower oxidation state on the surface but 
still in the range associated to Ni hydroxides (Fig. 13a) partially 

overlapping to the metallic Ni contribution at 852.7 eV. The Mo amount 
decreased after operation and a large reduction of the MoO3 content at 
232.3 eV occurred in favour of MoO2 at 231.6 eV (Fig. 13b). However, 
the small contribution of metallic Mo at B.E. 228 eV in the fresh sample 
was no more observed in the used sample. 

Reduction of high oxidation state Ni and Mo species during elec-
trolysis operation, removal of the carbon over layer covering the active 
NiMo species and uptake of KOH are distinctive chemical features that 
could explain the reduction of polarisation resistance in the first period 
of operation. However, morphological changes in the catalysts may also 
be relevant in determining the variation of cell performance. 

Fig. 14 shows the TEM images and related EDX spectra of the fresh 
NiMo/KB cathode before and after 2000 h operation. After prolonged 
operation, the particles were still homogeneously dispersed over the 
carbon support even if the size of the agglomerates appeared larger than 
in the fresh sample. However, some of these agglomerates appeared 
fragmented in the used sample showing clusters consisting of much 
smaller particles (highlighted in Fig. 14d–e). This could have occurred 
due to the reduction of oxides or to some dissolution of Mo during 
operation. Both phenomena gave rise to a porous structure consisting of 
small particles in large agglomerates. These small crystallites may also 
be responsible for the enhanced activity during electrolysis operation. 

Fig. 15 indicates essentially an increased agglomeration for the un-
supported NiFe-oxide anode after operation. However, no relevant 
particle growth was observed after operation. 

According to the post operation analysis, it is derived that chemical 
and morphological changes occurring at the cathode during the elec-
trolysis process could have determined the enhanced voltage efficiency 
of the system. On the other hand, an increased agglomeration of catalyst 
particles and possibly carbonation phenomena may be responsible for 
the increased diffusion constraints related to the observed reversible 
losses. 

3.5. Electrode overpotentials and Tafel analysis 

Cathode overpotentials for selected catalysts such as unsupported 
NiCu and NiMo/KB (after 280 h operation) are shown in Fig. 16. The 
cathode overpotentials were relatively higher for NiCu compared to 
NiMo/KB in the same range of current densities. In general, over-
potentials at CRM-free catalysts were significantly larger than Pt/C (see 
Fig S1). An activation step for the cathodic process is generally related to 
the formation of hydrogen bonds on the surface (adsorption step). This is 
a slower process on Ni compared to Pt. However, the significantly higher 
overpotential at CRM-free cathode catalysts may be also related to their 
larger crystallite size compared to Pt (7–10 nm vs. 2.5 nm) corre-
sponding to a lower active surface area. 

The larger overpotential for hydrogen evolution observed at NiCu 
compared to NiMo/KB could be related to a lower intrinsic activity of 
NiCu and/or to the better dispersion shown by the supported NiMo 
catalyst. The crystallite size was essentially similar in the two catalysts 

Fig. 9. XPS analysis of NiFe oxide-hydroxide before sputtering with peak deconvolution.  
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but the high degree of agglomeration of NiCu as observed by TEM 
analysis could have a negative impact on the catalytic performance. The 
particle size observed from TEM was larger for NiCu corresponding to a 
lower active surface area. Interestingly, the Tafel slope was lower for 
NiCu compared to NiMo/KB. A Tafel slope of 137 mV /dec for H2 evo-
lution at NiCu could indicate a one-electron transfer [69–71] as rate 
determining step (r.d.s.). This is relatively close to the Tafel slope typi-
cally observed for a Volmer process (120 mV/dec) involving electro-
adsorption of H-species on a metallic surface as the rate determining step 
[24]. The observed Tafel slope is similar to that reported in the literature 
for NiCu alloys [24]. The Tafel slope decreased significantly for this 
catalyst at high current densities. As discussed above, the main issue 
associated to NiCu was essentially the poor durability with time despite 
the promising initial electrokinetic properties. Dispersion of NiCu on 
carbon could eventually enhance the activity but not overcome the 
drawback related to durability. For such reason, no attempts were made 
in this regard. 

The Tafel slope of NiMo/KB was relatively high i.e. 230 mV/dec 
about. The observed value is significantly higher than that reported in 
the literature for a Ni-MoO2 catalyst (120 mV/dec) [58]. This probably 
accounts for the occurrence of diffusion limitations causing reversible 
losses in the durability test with NiMo/KB [69–71]. It is not clear if such 
diffusion limitations may be related to the carbon support. However, this 
usually plays an important role in enhancing the catalyst dispersion 
[72]. Also in the case of NiMo/KB, the Tafel slope decreased substan-
tially at high current density. It is observed that high Tafel slopes of 
about 190 mV/dec, have been reported for alternative highly efficient 
PGM-free catalysts-based MEAs used in AEM electrolysis [13]. 

Overpotentials at the NiFe-oxide anodic catalyst were similar to 
those recorded for the best CRM-free cathode catalysts (Fig. 16c). A 
Tafel slope of 116 mV/dec for O2 evolution at the NiFe-oxide in the AEM 
electrolysis cell could also account for a 1e− transfer mechanism as rate 
determining step [69–71]. This is substantially higher than that 
observed in half cell studies for NiFe hydroxide electrocatalysts used for 

Fig. 10. XPS analysis of NiMo cathode catalysts.  

Fig. 11. Comparison of XPS survey spectra after for anode (a) and cathode (b) 
before and after 2000 h electrolysis operation. 

Fig. 12. Comparison of XPS spectra for the Ni2p (a) and Fe 2p (b) signals in the 
anode before and after 2000 h electrolysis operation. 
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the oxygen evolution process (33–45 mV/dec) [49] and it can be related 
to the different catalyst properties and operating conditions, e.g., a 
higher operation current densities range. The large slope observed at 
increasing current densities may be also in this case indicative of mass 
transfer constraints. 

3.6. Effect of KOH feed concentration on electrolysis performance 

The performance variation as function of the concentration of the 
recirculating KOH solution was investigated in a 100 cm2 cell (Fig. 17). 
These experiments were carried out using an MEA based on a NiMo/KB 
cathode, a FAA-3–50 membrane and a NiFe anode. This specific com-
parison was carried out after a short conditioning period of just 24 h. The 
investigated concentrations were 0.1, 0.5 and 1 M KOH and pure water. 
The performance achieved with pure water and 0.1 M KOH was signif-
icantly lower than what observed at high concentrations of recirculating 
KOH solution. Interestingly, at low current densities, operation with 0.5 
M KOH provided a performance slightly better than with 1 M KOH. This 
would indicate that the concentration of hydroxide ions is sufficiently 
high at 0.5 M KOH to promote reaction kinetics while the adsorption of 
potassium ions on the electrocatalyst surface, as revealed by XPS anal-
ysis, could be lower than with 1 M KOH. This may have an impact on the 
effective number of catalytic sites on the electrode surface available for 
the electrochemical process. At high current densities, the better con-
ductivity achieved with 1 M KOH provided an enhanced performance at 
1 A cm− 2. The lower slope of the polarisation curve obtained with 1 M 
KOH in the ohmic drop controlled region suggests a positive contribu-
tion in terms of ionic conductivity by the recirculating solution which is 
particularly relevant at high current densities. 

Impedance spectra carried out at 1.5 and 1.8 V are shown in Fig. 18. 
At 1.8 V, corresponding to practical current densities, the series resis-
tance progressively increased from about 0.15 to 0.25 Ohm cm2 as the 
KOH concentration decreased from 1 to 0.1 M. It further increased to 
0.64 Ohm cm2 in pure water. The polarisation resistance increased 
significantly for the cell fed with 0.1 M KOH (~0.7 Ohm cm2) and pure 
water (~2.62 Ohm cm2) compared to about 0.3 Ohm cm2 registered at 
0.5 M KOH concentration. These results clearly indicate that lowering 
the KOH concentration to 0.1 M or using pure water can causes more 
electrokinetic constraints than ohmic losses in the investigated potential 
region. By using a nickel-based microporous layer, Razmjooei, et al. 
achieved an AEM electrolysis performance of about 2.5 V at 0.5 A cm− 2 

in pure water [73]. Whereas performance increased considerably using 
precious metal electrocatalysts [73]. By using precious metal electro-
catalysts, such as Pt black and IrO2, in combination with a PaperION® 
membrane, a promising performance of 1.9 V was recently achieved at 1 
A cm− 2 by Boettcher et al. [74]. This is a further confirmation of the 

Fig. 13. Comparison of XPS spectra for the Ni2p (a) and Mo 3d (b) signals in 
the anode before and after 2000 h electrolysis operation. 

Fig. 14. TEM images of NiMo/KB fresh cathodes (a,b), EDX analysis of fresh NiMo/KB (c); TEM images of the NiMo/KB used cathodes (d,e), EDX analysis of used 
NiMo/KB(f). Cu, O and C signals from the sample grid and catalyst support are not labelled. 
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evidence that operation of AEMWE with pure water or very low con-
centration KOH is mainly hindered by kinetic limitations and, in the 
absence of precious metal materials, it requires further development of 
the CRM-free electrocatalysts. Unfortunately, there are not many liter-
ature reports on prolonged electrolysis operation with pure water, e.g., 
in the range of a thousand of hours, to understand possible membrane 
carbonation phenomena. On the other hand, recirculation of a moderate 
concentration of KOH allows using CRM-free catalysts at high voltage 
efficiency with a minor impact on the complexity of the electrolysis 
system management. 

4. Conclusions 

This work has focused on developing CRM-free anode and cathode 
catalysts for stable operation at high current density and with low 
overpotential in an anion exchange membrane-based electrolysis cell. 
Nanosized NiFe-oxide for the anode and Ni or Ni-alloys for cathode were 
synthesized and investigated in terms of structural, morphology and 
surface properties. Their performance and stability were assessed in 
electrolysis cells in the presence of anion exchange membrane and 
ionomer. A commercially available Fumatech membrane FAA3–50® 
was chosen for this study. NiCu showed promising performance but also 
rapid degradation. NiMo dispersed on carbon showed the best perfor-
mance amongst the CRM-free anodes. Achievement of optimal perfor-
mance, required a cell conditioning of about 100 h. Proper voltage 
efficiency was achieved in a 2000 h durability test. High performances of 
1 A cm− 2 at 1–7 − 1.8 V during a steady-state stability test with 1 M KOH 
recirculation through the cell were achieved even if an increase of 
reversible losses was recorded by the end of the test. Post operation 
analysis showed reduction of high oxidation state Ni and Mo species in 
the NiMo/KB catalyst; moreover, some dissolution of Mo from the 
cathode was observed during prolonged operation. However, both 
phenomena give rise to the formation of nanosized crystallites. These 
chemical and morphological changes occurring at the cathode could 
have determined the enhanced voltage efficiency of the cell during the 
durability test. On the other hand, an increased agglomeration of cata-
lyst particles, and possible carbonation phenomena may have caused the 
increased diffusion constraints with time and the occurrence of revers-
ible losses. Tafel slopes were in most cases indicative of a one-electron 
transfer rate-determining step. The developed materials showed 
proper performance also in the case of diluted KOH concentration in 
particular in the presence of a 0.5 M KOH solution recirculated through 

Fig. 15. TEM images of NiFe-oxide catalyst fresh (a) and after operation (b) deposited onto holey carbon grids.  

Fig. 16. Tafel plots for CRM-free cathodic and anodic electrocatalysts.  

Fig. 17. Polarisation experiments in a 100 cm2 electrolysis cell at different 
concentrations of KOH; 1 M (a), 0.5 M (b) and 0.1 M (c) and pure water (d) after 
24 h cell conditioning. 
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the cell. A further decrease of KOH concentration to 0.1 M or pure water 
caused a large increase of polarisation resistance indicating a relevant 
role of the hydroxide ion concentration on the electrocatalytic 
properties. 
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[8] A.S. Aricò, S. Siracusano, N. Briguglio, V. Baglio, A. Di Blasi, V. Antonucci, Polymer 
electrolyte membrane water electrolysis: status of technologies and potential 
applications in combination with renewable power sources, J. Appl. Electrochem. 
43 (2013) 107–118, https://doi.org/10.1007/s10800-012-0490-5. 

[9] I. Sullivan, H. Zhang, C. Zhu, M. Wood, A.J. Nelson, S.E. Baker, C.M. Spadaccini, 
T. Van Buuren, M. Lin, E.B. Duoss, S. Liang, C. Xiang, 3D printed 
nickel–molybdenum-based electrocatalysts for hydrogen evolution at low 
overpotentials in a flow-through configuration, ACS Appl. Mater. Interfaces. 13 
(2021) 20260–20268, https://doi.org/10.1021/acsami.1c05648. 

[10] European Commission, Communication from the Commission to the European 
Parliament, the Council, the European Economic and Social Committee and the 
Committee of the Regions. Critical Raw Materials Resilience: charting a Path 
towards greater Security and Sustainability, Directorate-General for Internal 
Market, Industry, Entrepreneurship and SMEs, Ref. COM (2020) 474, 03/09/2020. 
https://ec.europa.eu/transparency/documents-register/detail?ref=COM(2020) 
474&lang=en. 

[11] J.R. Varcoe, P. Atanassov, D.R. Dekel, A.M. Herring, M.A. Hickner, Paul.A. Kohl, A. 
R. Kucernak, W.E. Mustain, K. Nijmeijer, K. Scott, T. Xu, L. Zhuang, Anion- 
exchange membranes in electrochemical energy systems, Energy Environ. Sci. 7 
(2014) 3135–3191, https://doi.org/10.1039/C4EE01303D. 

[12] J.E. Park, S.Y. Kang, S.-.H. Oh, J.K. Kim, M.S. Lim, C.-.Y. Ahn, Y.-.H. Cho, Y.-. 
E. Sung, High-performance anion-exchange membrane water electrolysis, 
Electrochim. Acta 295 (2019) 99–106, https://doi.org/10.1016/j. 
electacta.2018.10.143. 

[13] C.C. Pavel, F. Cecconi, C. Emiliani, S. Santiccioli, A. Scaffidi, S. Catanorchi, 
M. Comotti, Highly efficient platinum group metal free based membrane-electrode 
assembly for anion exchange membrane water electrolysis, Angew. Chem. Int. Ed. 
53 (2014) 1378–1381, https://doi.org/10.1002/anie.201308099. 

Fig. 18. Impedance tests in a 100 cm2 electrolysis cell at different concentra-
tions of KOH; 1 M (a), 0.5 M (b), 0.1 M (c) and pure water (d) after 24 h cell 
conditioning. 

S. Campagna Zignani et al.                                                                                                                                                                                                                   

https://doi.org/10.1016/j.electacta.2022.140078
https://doi.org/10.1016/j.ijhydene.2011.08.080
https://doi.org/10.1016/j.ijhydene.2011.08.080
https://doi.org/10.1016/j.pecs.2009.11.002
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.ijhydene.2017.10.045
https://doi.org/10.1016/j.electacta.2012.05.011
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.solener.2004.09.003
https://doi.org/10.1016/j.solener.2004.09.003
https://doi.org/10.1007/s10800-012-0490-5
https://doi.org/10.1021/acsami.1c05648
https://ec.europa.eu/transparency/documents-register/detail?ref=COM(2020)474&tnqh_x0026;lang=en
https://ec.europa.eu/transparency/documents-register/detail?ref=COM(2020)474&tnqh_x0026;lang=en
https://doi.org/10.1039/C4EE01303D
https://doi.org/10.1016/j.electacta.2018.10.143
https://doi.org/10.1016/j.electacta.2018.10.143
https://doi.org/10.1002/anie.201308099


Electrochimica Acta 413 (2022) 140078

14

[14] P. Fortin, T. Khoza, X. Cao, S.Y. Martinsen, A. Oyarce Barnett, S. Holdcroft, High- 
performance alkaline water electrolysis using AemionTM anion exchange 
membranes, J. Power Sources. 451 (2020), 227814, https://doi.org/10.1016/j. 
jpowsour.2020.227814. 

[15] A.Y. Faid, L. Xie, A.O. Barnett, F. Seland, D. Kirk, S. Sunde, Effect of anion 
exchange ionomer content on electrode performance in AEM water electrolysis, 
Int. J. Hydrog. Energy. 45 (2020) 28272–28284, https://doi.org/10.1016/j. 
ijhydene.2020.07.202. 

[16] A. Carbone, S.C. Zignani, I. Gatto, S. Trocino, A.S. Aricò, Assessment of the FAA3- 
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Electrospun NiMn2O4 and NiCo2O4 spinel oxides supported on carbon nanofibers 
as electrocatalysts for the oxygen evolution reaction in an anion exchange 
membrane-based electrolysis cell, Int. J. Hydrog. Energy. 44 (2019) 20987–20996, 
https://doi.org/10.1016/j.ijhydene.2019.02.214. 

[36] P. Chen, X. Hu, High-Efficiency Anion Exchange Membrane water electrolysis 
employing non-noble metal catalysts, Adv. Energy Mater. 10 (2020), 2002285, 
https://doi.org/10.1002/aenm.202002285. 

[37] S.H. Ahn, B.S. Lee, I. Choi, S.J. Yoo, H.-.J. Kim, E. Cho, D. Henkensmeier, S.W. 
Nam, S.K. Kim, J.H. Jang, Development of a membrane electrode assembly for 
alkaline water electrolysis by direct electrodeposition of nickel on carbon papers, 
Appl. Catal. B Environ. 154–155 (2014) 197–205. 10.1016/j.apcatb.2014.02.021. 

[38] V. Kuznetsov, Y. Gamburg, V.V. Zhulikov, V.M. Krutskikh, E.A. Filatova, A. Trigub, 
O.A. Belyakova, Electrodeposited NiMo, CoMo, ReNi, and electroless NiReP alloys 
as cathode materials for hydrogen evolution reaction, Electrochim. Acta 354 
(2020), 136610, https://doi.org/10.1016/j.electacta.2020.136610. 
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