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Abstract 

A bottleneck for the deployment of the Anion Exchange Membrane Water Electrolysis 

(AEMWE) is the manufacturing of efficient and long lasting anodes and cathodes for 

the cells.  Highly performant bimetallic Ni/Fe catalyst films with various atomic ratios 

have been prepared by magnetron sputtering in an oblique angle configuration (MS-

OAD) and used as anodes for AEMWE. Electrocatalytic experiments in a small three-

electrode glass cell and a thorough analysis of the electrode properties with various 

physico-chemical characterization techniques have been used to select the 

nanostructured anode catalyst which, depicting an optimized Ni/Fe ratio, presents the 

maximum activity for the oxygen evolution reaction. These anode layers are then scale-

up for their integration in an AEMWE cell where the influence of assembly conditions 

and the effect of adding an ionomer to the anodes have been studied. The obtained 

results have demonstrated the outstanding properties of the fabricated bimetallic films in 

terms of activity, stability, and operation under ionomer-free conditions. Current density 

values around 400 mA cm-2 at 2.0 V, much higher than those obtained with pure Ni, 

were obtained with an optimized membrane electrode assembly. The high yield 

obtained with these electrodes gains further relevance when considering that the current 

yield per unit mass of the anodic active phase catalyst (i.e., 1086 mA mg-1 at 2.0 V) is 

the highest among equivalent values reported in literature. The possibilities and 

prospects of the use of bimetallic catalyst films prepared by MS-OAD for AEMWE are 

discussed. 
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1. Introduction 

Electrochemical water splitting in basic conditions is a valuable procedure to generate 

hydrogen using sustainable energy sources [1,2]. In particular, Anion Exchange 

Membrane Water Electrolysis (AEMWE) has attracted much attention during the last 

years due to its advantages with respect to other electrolysis types, such as the reduction 

of membranes and catalysts cost as compared with Proton Exchange Membrane Water 

Electrolysis (PEMWE), or to lighten the problems associated to the formation of 

potassium carbonate in traditional alkaline electrolysis [3–5]. Nickel and nickel-

transition metal based electrodes present a high catalytic activity in basic medium both 

for the oxygen and hydrogen evolution reactions (OER and HER) [6,7], although from 

the two the former is the most restrictive process due to its higher overpotential [8,9]. In 

this regard, it has been found that adding Fe to Ni catalysts decreases the OER 

overpotential [9], resulting in a highly active and  low cost AEMWE electrocatalytic 

system compared with other non-platinum catalysts [1]. However, improving the 

electrode performance to make AEMWE a competitive technology entails further 

optimization of micro-structure, porosity, surface area, load and chemistry of active 

phase [6], while still reducing the overall cost of the electrolyser.  

Besides other traditional fabrication techniques, we and other authors have 

demonstrated [10–16] that magnetron sputtering (MS) technology is a good choice for 

the fabrication of electrodes well suited to increase the performance of AEMWE cells. 

MS is a one-step method that simplify the electrode manufacture process [17]. It is a 

physical vapor deposition procedure that, if utilized in an oblique angle deposition 

configuration (MS-OAD), provides highly porous and nanostructured electrodes with 

low amounts of catalyst. MS is highly reproducible, scalable to large areas, does not 

produce residues (no liquid solvents are used as in other fabrication methods [18,19]) 
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and work at room temperature [20,21]. In addition, a careful adjustment of the 

deposition geometry and the plasma gas pressure during the deposition process may 

render very porous electrodes with a strict control of composition, load and 

microstructure [20,22]. This technique is used to deposit thin films of pure metals from 

a single-target magnetron sputtering [23], metal alloys from more than one target or 

from a single-target with the desired composition [24,25] or oxides by means of an 

oxygen plasma discharge for the sputtering process [11]. Finally, MS provide other 

advantages as its high deposition rates that result in decreasing the time of electrode 

fabrication, or the high adhesion of films to the substrates [26]. In previous publications 

we have investigated the deposition by this method of mixed oxides and single metal 

electrodes. To advance in the integration of these electrodes in a real AEMWE, in this 

work we attempt the preparation of bimetallic thin film electrodes by MS-OAD. 

Although the electrodeposition fabrication method widely used for the preparation of 

metallic electrodes is a simple, low-cost and versatile technique [27], MS-OAD does 

not generate undesired waste residues. Among the new results of the present work, we 

also demonstrate the compatibility of this procedure with an efficient synthesis of 

nanostructure bimetallic electrodes providing outstandingly high current densities. 

Traditional preparation methods of AEMWE electrodes using catalytic inks often 

involve the addition of polymeric organic ionomer binder molecules to increase the cell 

performance [3,28]. The ionomer function is to increase the amount of ion transport 

pathways at the reaction sites between the catalyst layer and the anion exchange 

membrane. It affects the gas permeability and, thanks to its charged functional groups, it 

facilities the exchange of water and OH- anions at the catalyst surface [28,29]. However, 

ionomers can be also disadvantageous if, through electrostatic/covalent interactions, 

their charged groups occupy some catalyst active sites, leading to an increase in the 
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HER and OER potentials [28]. Over time, ionomers may also undergo chemical 

degradation, resulting in a deterioration of the effective catalyst-ionomer interface and, 

therefore, the electrochemically active electrode surface [30].  

In the present work, we propose the development of ionomer-free Ni/Fe based anodes 

prepared by MS-OAD for their integration in highly efficient AEMWE cells. With this 

purpose, in a small three-electrode glass cell, we have firstly studied the OER 

performance of several Ni/Fe nanostructured anodes. A thorough structural, 

microstructural, chemical, and electrochemical characterization of electrodes with 

different atomic ratios was carried out by X-Ray Photoelectron Spectroscopy (XPS), 

Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), Raman 

Spectroscopy, Energy Dispersive X-Ray (EDX) and Electrochemical Impedance 

Spectroscopy (EIS). As a result of this thorough characterization, it is realized that the 

metal character of the electrodes, their mixed oxide/hydroxide surface oxidation state 

and high surface area are key points accounting for their outstanding performance 

towards OER. 

The best anode electrode composition and nanostructure has been selected and 

dimensions scale up for its integration in a membrane electrode assembly configuration 

(MEA) to study the influence of assembly conditions, electrolysis temperature, 

electrolyte concentration and ionomer addition. The obtained results have demonstrated 

the outstanding performance of the fabricated anodes in terms of activity and long-term 

stability, even in the absence of ionomer. The possibility to prepare by MS-OAD all 

kinds of nanostructured bi- or tri-metallic catalyst films at ambient temperature is 

highlighted in comparison with other traditional electrode preparation techniques such 

as ink spraying deposition [6], coprecipitation methods [31], electrodeposition [32], or 
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chemical growth of films [33], etc. that require various manufacturing steps, produce 

wastes, require ionomers or, simply, render a lower activity per unit mass.   

2. Experimental 

2.1. Fabrication of nanostructured electrodes 

Anode bimetallic thin film electrodes made of Ni/Fe mixtures were prepared by MS at 

room temperature in an oblique angle deposition configuration (MS-OAD). According 

to Figure S1 a) in the Supporting Information (SI) a nickel target (GoodFellow 

Cambridge Ltd., 99.9 at. %, 50 mm diameter) with axially wrapped iron stripes 

(GoodFellow Cambridge Ltd., 99.5 at. %, 1.5 mm width, 0.25 mm thickness) was used 

for deposition (see Figure S1 b) of the SI file) [34]. The number of iron strips varied 

between one and five to obtain electrodes with different Ni/Fe atomic ratios. The 

sputtering target with wrapped iron stripes was operated in all cases using a pulsed DC 

power supply (AE Pinnacle+) at 150 W and a frequency of 120 kHz. Carbon paper 

substrates (TGP-H-90, Fuel cell Earth) were used as gas diffusion layer (GDL) to carry 

out the electrochemical experiments. Morphological characterization by Scanning 

Electron Microscopy (SEM) was carried out for films deposited on polished silicon 

wafer substrates. An equivalent thickness for the electrodes (540 nm for most films in 

this study) was obtained by cross-sectional SEM analysis of the films deposited onto the 

silicon substrates. The substrates, either carbon paper or silicon wafer, were placed on a 

circular sample holder of 10 cm diameter. This holder was positioned in an angle of 

78º with respect the centre of the magnetron target and was continuously rotating at 5 

turns per minute to homogenise the microstructure of deposited films. Argon was used 

as plasma gas to obtain Ni/Fe metallic alloy electrodes. A flow of 30 sccm (standard 

cubic centimetres per minute) was dosed in the chamber yielding a process pressure of 

5·10-3 mbar. The base pressure in the system was 2·10-6 mbar. 
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The cathodic catalyst layer consisted of nanostructured metallic Ni films prepared under 

the same conditions than the Ni/Fe anodic films, but with a bare nickel target (i.e., 

without iron stripes). For both anode and cathode, the deposition rate was 23.4 nm min-1 

approximately.  

Samples will be identified in the paper as follows: XX-NiFe, where XX refers the Ni/Fe 

at. ratio determined by Energy Dispersive X-Ray (EDX) Spectroscopy. Ni electrodes 

are designated by Ni. Thus, 10.1-NiFe and Ni refer to electrodes with 10.1 Ni/Fe at. 

ratio and pure nickel, respectively. Note that XX-NiFe is just a way to label the 

manufactured samples according to their Ni/Fe stoichiometry determined by EDX. We 

denote as "as-prepared" electrodes those pristine samples that have not been used in any 

electrochemical test, and "used" samples those used in electrochemical experiments. 

2.2. Physicochemical characterization of the electrodes 

Scanning Electron Microscopy (SEM) was used to take normal and cross-section view 

images to characterize the microstructure and to determine the equivalent thickness of 

the films deposited on flat silicon substrates. A Hitachi S4800 field emission 

microscope operated at 2 keV was used for this purpose. In addition, Energy-Dispersive 

X-ray spectroscopy (EDX) mapping analysis was obtained using a Bruker X-Flash 

Detector 4010.  

X-Ray Diffraction (XRD) analysis were performance in a Panalytical X’PERT PRO 

apparatus. 

X-Ray photoelectron spectroscopy (XPS) characterization of surface chemical state was 

carried out for the electrodes before and after electrochemical cycling in the three-

electrode glass cell. Measurements were taken with a SPECS PHOIBOS-100 

spectrometer operated with unmonochromatic Mg Kα radiation as excitation source and 
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20 eV constant pass energy. The C 1s peak of the spurious contamination carbon 

adsorbed on the surface was taken at 284.5 eV and used as reference of the Binding 

Energy (BE) scale. 

Raman spectra were obtained using a SENTERRA spectrometer with an excitation 

wavelength of 543 nm. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis has been 

carried out using RL Liberty Sequential Varian ICP-AES to analyse the solution after 

experiments. 

 

2.3. Electrocatalytic activity of the Ni/Fe anodes 

To assess the influence of the Ni/Fe at. ratio on the OER performance of anodes, a 

series of electrochemical experiments were carried out in a three-electrode glass cell 

(i.e., half-cell configuration). This cell integrates a working anode (1.0 cm2 geometric 

area), an Ag/AgCl reference electrode (KCl, 3M, Metrohm®) and a platinum foil 

(Metrohm®) counter electrode. A nitrogen gas flow was bubbled for at least 20 minutes 

prior to test the electrodes and then it was kept bubbling during the experiments.  

The electrochemical characterizations, consisting of cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) analysis, were carried out with an 

Autolab PGSTAT30-ECOCHEMIE potentiostat/galvanostat. All measurements were 

performed at room temperature and 1.0 M KOH aqueous solution. CV scan rate was 

fixed at 20 mV s-1 and the voltage was ranged from 0 to +750 mV vs. Ag/AgCl. EIS 

measurements were carried out at +700 mV vs. Ag/AgCl with a potential perturbation 

amplitude of 10 mV, varying the AC frequency from 100 kHz to 10 mHz. 
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2.4. Electrocatalytic activity tests in a AEMWE cell 

Electrodes prepared with the Ni/Fe stoichiometry depicting the highest OER yield with 

the three-electrode cell were scaled-up to a MEA configuration to study the influence of 

additional parameters (incorporation of ionomer, cell temperature, electrolyte 

concentration) to the performance of an AEMWE electrolyser cell (see the scheme of 

the experimental set up and details in Figure S2 in the SI file). Thus, a 10.1-NiFe 

electrode (catalyst load of 0.35 mg cm-2, equivalent thickness 540 nm) was used as 

anode and a Ni electrode (load of 0.38 mg cm-2, equivalent thickness 540 nm) as 

cathode. Catalyst films were deposited on carbon paper with a geometric area of 6.25 

cm2. The electrodes were separated by an anion exchange membrane (Fumapem® FAA-

3-50 supplied by Fuel Cell Store). The geometric area of the electrodes in the MEA was 

5 cm2 and the catalyst load was determined by weighing of the electrodes before and 

after the MS-OAD deposition.  

Prior to use, the Fumapem® FAA-3-50 anion exchange membrane was immersed in a 

1.0 M KOH solution for, at least, 24 hours at room temperature (activation treatment). 

This membrane consisted of a very low resistance brownish-transparent foil (45-50 µm 

thick) of PET with Br- ions. An effect of this activation treatment is the replacement of 

Br- functional groups by OH- groups.  

Typically, ionomers are mixed with the catalyst inks before their impregnation onto the 

corresponding gas diffusion layer [28,35,36], often with an optimised 20% 

ionomer/catalyst ratio [3,29,37]. Herein, to study the influence of ionomer addition, we 

have incorporated the ionomer on the anode surface after the catalyst deposition on the 

carbon paper GDL. A 10% Fumion FAA-3 solution in N-Methyl-2-pyrrolidone (NMP) 

from Fuel Cell Store was selected as ionomer. Three situations have been explored: i) 

ionomer-free anodes; ii) anodes impregnated with previously mentioned optimised 
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ionomer/catalyst load (in our case dripping 4.4 mg of ionomer with a micropipette onto 

de catalyst deposit), labelled as I/C=0.2 in the text); iii) anodes fully covered with 

ionomer solution (labelled Ionom. Surf. in the text). In all cases, the ionomer solvent 

was removed from the electrodes surface by drying in a muffle furnace at 210 °C for 

two hours.  

The electrochemical measurements of the complete AEMWE cell were carried out with 

the Autolab potentiostat/galvanostat. In this case, experiments consisted of linear sweep 

voltammetries varying the potential from 1.0 to 2.2 V at various fixed temperatures 

between 30 and 60 ºC. Several electrolyte concentrations, 0.10, 0.15 and 1.0 M KOH, 

were used in both anode and cathode compartments. The scan rate was 5 mV s-1 and the 

torque applied to close the cell was varied between 1.0 and 3.0 Nm. In addition, the 

stability of the cell was investigated by constant-current chronopotentiometric 

experiments at 400 mA cm-2 for 2 days and cyclic voltammetry experiments (200 

cycles, scan rate of 50 mV s-1), both at 40 ºC. 

EIS measurements were also performed for the MEA configuration (1.0 M KOH, 40 

ºC). using the potentiostat/galvanostat. Data were collected at +2000 mV for a potential 

perturbation amplitude of 10 mV, varying the AC frequency from 100 kHz to 10 mHz.  

3. Results and discussion  

3.1. Composition and microstructure of Ni/Fe bimetallic electrodes 

The surface microstructure of the Ni/Fe electrodes is exemplified with the SEM analysis 

of sample 10.1-NiFe before (Figure 1 a)) and after their use (Figure 1 b)) in a series of 

25 cyclic voltammetries experiments. In both cases, a similar porous and rather 

homogeneous microstructure can be observed, without any appreciable degradation or 

delamination after use, clearly evidencing the great stability of the electrodes. 
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Furthermore, this stability can be confirmed because no traces of Fe and Ni have been 

observed after performing an ICP analysis of the solution after experiments. Figure 1 c) 

shows a cross-sectional image of the same catalyst film deposited onto a polished 

silicon substrate to measure its equivalent thickness. This image confirms that the film 

is composed of nanocolumns that, separated by large voids, provide a high porosity and 

straightforward liquid electrolyte accessibility to the whole electrode. This 

microstructure stems from the OAD conditions used for the fabrication and the resulting 

shadowing effects appearing in this variant of the magnetron sputtering technique [21]. 

Figure S3 in SI file shows SEM images for others Ni/Fe at. ratio films deposited onto 

polished silicon substrates. It is apparent in these images that the addition of increasing 

amounts of Fe to the Ni based electrodes do not significantly modify the microstructure 

of the films.  
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Figure 1. SEM images in normal view of a) 10.1-NiFe sample as-prepared and b) after 

its usage in the three-electrode glass cell. c) Cross-sectional view SEM image of 10.1-

NiFe sample supported on a polished silicon substrate.  

 

Table 1 gathers the values of equivalent thickness determined from the cross-sectional 

SEM images of the samples deposited on flat silicon substrates, as well as Ni/Fe at. ratio 

of as-prepared and used electrodes, determined by EDX and XPS analysis. The 

differences in at. ratios obtained for the same sample can be attributed to the different 

probing depth of these techniques (~3 nm depth for XPS and whole film thickness for 



13 
 

EDX). XPS data will be discussed later in Section 3.3. It is noteworthy that the 

equivalent thickness was similar for all electrodes (i.e., they had similar metal loadings), 

supporting that the electrochemical performances of electrodes with different Fe/Ni 

ratios can be properly compared.  

It is also remarkable that the procedure utilized to control the Ni/Fe content in the 

electrodes (see experimental section) is quite versatile and permits a straightforward 

control of composition. Meanwhile, the elemental mappings in Figure S4 of SI file 

obtained for sample 10.1-NiFe confirms a homogeneous distribution of Ni and Fe 

across the whole deposited area of the electrode, supporting the existence of an atomic 

mixture of elements in the electrodes. The observation of oxygen in these maps, even if 

not homogeneously distributed, suggests that the surface of the bimetallic electrode 

nanostructures is oxidized because of its exposure to the air. This surface oxidation was 

confirmed by XPS as discussed below. 

Table 1. Table of the physico-chemical characterization of the Ni/Fe anode electrodes. 

Sample 

 

Equivalent 
Thickness / 

nm 

 

Ni/Fe at. ratio 

EDX 
XPS 

As-prepared Used 

20.6-NiFe 520 20.6 13.9 20.2 

10.1-NiFe 540 10.1 8.3 11.5 

7.1-NiFe 530 7.1 5.9 8.1 

4.5-NiFe 550 4.5 4.6 6.4 

2.9-NiFe 520 2.9 2.4 5.0 

 

 



14 
 

3.2. Ni/Fe atomic ratio and OER activity in a three electrode-cell configuration. 

To study the influence of the Ni/Fe atomic ratio in the OER, electrochemical 

experiments were carried out in the three-electrode glass cell. Figure 2 a) shows a 

series of cyclic voltammetries recorded for electrodes with several Ni/Fe at. ratios. The 

curves are compared to that of a pure Ni anode with a similar thickness, taken as 

reference. Two well-defined peaks can be observed in the curves. An anodic peak 

(around 400 mV vs. Ag/AgCl), which is generally attributed to the electrochemical 

oxidation of Ni(OH)2 to NiOOH and the corresponding cathodic peak attributed to the 

reversible reaction of NiOOH to Ni(OH)2 [38,39]. Some modifications in these redox 

peaks are induced by the incorporation of iron to the electrodes. Changes consisting of a 

shift in the Ni+2/Ni+3 oxidation potential to higher potentials values [40,41] are typically 

attributed to the formation of a Ni/Fe mixed oxyhydroxide [42,43]. In addition, the 

incorporation of iron has a positive effect in the OER activity, leading to a significant 

increase in current density values with respect to those obtained for a pure Ni anodic 

catalyst. This effect has been accounted for by the higher catalytic activity for OER of 

the Ni/Fe mixed oxyhydroxides than NiOOH [43]. This enhancement has been related 

to the substitution of Fe+3 for Ni+2 sites in Ni(OH)2 [44,45] and NiOOH, leading to new 

Ni-O local environments with a superior activity for the OER [46]. Our results in 

Figure 2 a) show that the addition of increasing amounts of Fe to the Ni catalyst 

favours the OER activity until a plateau is reached for a Ni/Fe at. ratio around 10. It is 

likely that this value corresponds for the solubility limit of iron in the mixed oxide-

hydroxide and that, when this limit is exceeded, a separated FeOxHy phase may 

segregate onto the surface [47]. In the course of these cyclic voltammetry experiments 

with the three-electrode cell, Tafel slopes were also calculated using the Butler-Volmer 

equation (see Figure 2 b)). According to this equation, smaller Tafel slope values can 
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be related with a higher electrocatalytic activity or a faster kinetics of the electron 

exchange process [48]. Figure 2 b) shows that a minimum value of 112 mV dec-1 is 

obtained for electrodes 10.1-Ni/Fe. The slope value for this at. ratio is much smaller 

than that obtained for the Ni pure reference sample (161 mV dec-1) and agrees with 

other published Tafel slope values reported in the literature for Ni/Fe anodes [49–51]. 

The improvement in the electrocatalytic activity due to the incorporation of iron also 

reflects in the onset potential values, which decrease from 530 mV vs. Ag/AgCl for 

pure Ni to 480 mV vs. Ag/AgCl for the 10.1-NiFe anodic catalyst (see Figure 2 c) (note 

that these values are approximate since the onset partially overlaps with the anodic 

peak). In the same line, the overpotential value required to reach 10 mA cm-2 (see 

Figure 2 d)) was the lowest (i.e., 307 mV) for the 10.1-NiFe anode, in good agreement 

with literature [1,52,53] (since overpotential values in our experiment are obtained in 

mV vs. Ag/AgCl, they had to be converted to mV vs. RHE, according to ERHE
 = EAg/AgCl 

+ 0.059 pH + E0
Ag/AgCl, where E0

Ag/AgCl = 0.1979 V [54] taken a pH of 13.9 for the 1.0 M 

KOH solution). Furthermore, to facilitate comparison with other authors in the 

literature, Figure S5 shows the cyclic voltammetry experiment carried out for the 

different electrodes expressed relative to the reversible hydrogen electrode (RHE) and 

current density values normalized per unit mass of anodic phase catalyst.  
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Figure 2. a) Cyclic voltammetry experiments carried out for electrodes with different 

Ni/Fe at. ratios in a three-electrode glass cell (room temperature, 1.0 M KOH 

electrolyte and 20 mV s-1 of scan rate). b) Corresponding Tafel plots (Tafel slopes 

obtained by linear regression of the initial rise of the OER are included). c) Onset 

potential values for OER and d) overpotential values evaluated at 10 mA cm-2 as a 

function of the Ni/Fe at. ratio in the samples.   

 

The results above clearly demonstrate that, from the whole series of prepared electrodes, 

the 10.1-NiFe anode presents the maximum OER activity. To further investigate the 

causes of the high electrocatalytic activity of this electrode, a comparative EIS analysis 

0 200 400 600 800
-10

0

10

20

30

40

50
 Ni
 20.6-NiFe
 10.1-NiFe
 7.1-NiFe
 4.5-NiFe
 2.9-NiFe  

 

C
u

rr
e

n
t d

en
si

ty
 / 

m
A

 c
m

-2

Potential / mV vs. Ag/AgCl

Bare Carbon Paper

a)

480

490

500

510

520

530 c)

 

 

O
n

se
t P

o
te

n
tia

l /
 m

V

Ni/Fe at. Ratio
Ni ref. 20.6 10.1 7.1 4.5 2.9

300

330

360

390

420

450

480

10 mA cm-2

d)

 

 

O
ve

rp
o

te
n

tia
l /

 m
V

Ni/Fe at. Ratio
Ni ref. 20.6 10.1 7.1 4.5 2.9450 500 550 600 650

0.0

0.2

0.4

0.6

0.8

1.0

1.2

12
3 

m
V d

ec
-1

12
3 

m
V d

ec
-1

12
0 

m
V d

ec
-1

11
2 

m
V d

ec
-1

12
4 

m
V d

ec
-1

 

 

lo
g 

(j
) 

/ 
lo

g
 (

m
A

 c
m

-2
)

Potential / mV vs. Ag/AgCl

b)

161 m
V d

ec
-1



17 
 

was carried in the three-electrode glass cell at +700 mV. Figure S6 a) shows the 

Nyquist plots obtained for Ni and 10.1-NiFe electrodes, as well as the equivalent 

R1(R2C1) electrical circuit that, according to literature, accounts well for the impedance 

behaviour of this type of anodes [10,55,56]. The table inserted in the figure shows the 

values of the electrical elements parameters obtained from the fitting of the 

experimental Z’’ vs Z’ curves. In this equivalent circuit, R1 is usually related to an 

ohmic resistance between the surface of the working electrode and the reference 

electrode and is associated with the sum of contributions due to the resistance of the 

electrolyte, the electrode catalyst surface and the contacts [56]. Values of this resistance 

parameter are rather similar for the Ni and 10.1-NiFe electrodes, though its slightly 

higher value for the former electrode points to a small increase of the resistance at the 

electrolyte-catalyst interface in this case. On the other hand, R2 is commonly associated 

with the charge transfer resistance through the electrode during the OER [56]. The 

observed decrease of R2 by a factor of more than two for the 10.1-NiFe electrode with 

respect to pure nickel can be related with the highest electrocatalytic activity of the 

bimetallic electrodes [57], agreeing with similar tendencies found in other studies [55].  

The EIS analysis can be also utilized to deduce other activity-related parameters for the 

electrode catalysts. Watzele et al. [58] have recently proposed a procedure to determine 

the Electrochemical Surface Area (ECSA) using an alternative interpretation of Nyquist 

plots. Using the same model (see details in the SI, Figure S6 b) for a detailed 

calculation of this parameter), we have calculated the ECSA values for the Ni and for 

10.1-NiFe electrodes and got values of 6.13 and 10.13 cm2, respectively. These values 

suggest that the surface available for the OER reaction will be higher for the 10.1-NiFe 

electrode. Remarkably, it is also higher than others values reported in the literature for 

Ni-Fe electrode catalysts prepared by other methods [59]. 
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 3.3. Chemical and structural characterization of Ni/Fe electrodes before and after 

cyclic voltammetry analysis. 

Chemical compositions and oxidation states at the surface of electrode samples were 

investigated by XPS analysis. Figures 3 a-c) show the Ni 2p, Fe 2p and O 1s spectra 

obtained for pristine samples with different Ni/Fe at. ratios. Figures 3 d-f) show a 

comparison of Ni 2p, Fe 2p and O 1s spectra for the 10.1-NiFe electrode in its as 

prepared state and after electrochemical cycling in the three electrode cell. Since 

electrodes were deposited by MS from metallic targets using pure Ar as plasma gas, the 

observation of oxygen by XPS must be attributed to the surface oxidation upon 

exposure to ambient air [60]. In this regard, the observation in all samples of Ni 2p 

shoulders at 869.8 and 853.0 eV in Figure 3 a) due to Ni0 [61] confirms that surface 

oxidation has not progressed to the interior of the films, which must have preserved a 

metallic character. Ni 2p spectra are dominated by two satellite peaks at 880.5 and 

861.7 eV and two main peaks at 873.5 and 855.9 eV corresponding to Ni 2p1/2 and Ni 

2p3/2 levels, respectively, that must be attributed to Ni+2 species [62]. In the Ni/Fe 

bimetallic electrodes, the Fe 2p spectra depict two peaks at 725.0 and 711.4 eV 

corresponding to Fe 2p1/2 and Fe 2p3/2 core levels of Fe+3 [63]. Meanwhile the O 1s 

spectra depict a contribution at 531.5 eV binding energy, attributed to the OH- groups, 

and another at 530.2 eV attributed  to O2- groups [10]. Although differences depending 

on sample are observed in the relative intensity of these two contributions (c.f., Figure 3 

c)), no clear conclusions can be derived from this observation for samples exposed to 

air. 

However, the comparison in Figures 3 d)-f) of the spectra of the as-prepared and used 

10.1-NiFe sample does provide a valuable information regarding the effect 

electrochemically cycling on the surface state of samples. For example, the spectra of 
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the used sample lack any Ni0 contributions, indicating that surface oxidation has 

progressed beyond the probing depth of XPS (3-4 nm). A similar effect was observed in 

a previous study with pure Ni [10]. Thus, by XPS analysis, Ni+2 and Fe3+ seem to be the 

sole cationic species present at the surface of the used samples, being likely that these 

cationic species were involved in the OER. Meanwhile, the O 1s spectrum in the used 

sample appears dominated by a single band due to OH- groups (i.e. BE 531.5 eV). This 

agrees with the use of potassium hydroxide solution as electrolyte and strongly supports 

the involvement of a hydroxide and/or oxyhydroxide of Ni and Fe in the OER [10,11]. 

Spectra for the other samples after their use in the three-electrode glass cell depict a 

similar evolution of chemical states (see Figure S7 in the SI file) as those reported in 

Figure 3 for sample 10.1-NiFe. However, it is interesting that the Ni/Fe ratio at the 

surface of all samples increases after electrochemically cycling in the basic electrolyte 

(c.f., Table 1). This feature suggests that the surface of electrode experiences a partial 

enrichment of Ni at the outmost layers during cycling.  Similar surface enrichment 

phenomena have been already observed in previous studies on the OER with Co/Cu 

oxide electrodes prepared by MS-OAD [11]. For sample 10.1-NiFe, the Ni/Fe 

determined after cycling is 11.5, relatively close to the nominal composition determined 

by EDX for the whole electrode. The possibility that during cycling there can be 

segregations and mobilization of elements at the surface will be further discussed below 

when presenting the XRD characterization of the investigated samples.  
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Figure 3. a) Ni 2p, b) Fe 2p and c) O 1s XPS spectra of several Ni/Fe at. ratio 

electrodes in their pristine state; d) Comparison of the Ni 2p, e) Fe 2p and f) O 1s 

spectra of 10.1-NiFe sample before and after electrochemical cycling in the three-

electrode glass cell.  
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A XRD analysis (see Figure 4) of the as prepared Ni/Fe bimetallic anodes has been 

carried out to determine their crystallographic structure. In addition, a comparative 

analysis has been carried out for sample 10.1-NiFe before and after its use as OER 

electrode. The series of diffractograms in Figure 4 a) depict a characteristic very 

intense diffraction peak at ~54.6 º attributed to the carbon paper used as substrate [64] 

that is labelled as [a] in the figure. In addition, two smaller diffraction peaks at 

approximately ~44.5 and ~51.9 º, labelled as [b] in the figure, can be attributed to 

metallic nickel or a Ni containing alloy [65]. An enlarged view of these peaks is 

included in Figure S8 in the SI file to clearly show the evolution of the intensity and 

width of this peak depending on sample. Thus, it is apparent that the intensity of these 

peaks decreases and their width increases for lower Ni/Fe ratios, as expected if Fe has 

become incorporated within the fcc structure of Ni, forming a kind of alloy (a certain 

displacement of the peak at 44.5 º further supports this assumption) [66–68]. 

Meanwhile, quite small, but still observable peaks appear at ~42.6 and ~43.1 º (labelled 

as [c] and [d]) that can be attributed to NiO and NiOOH [69]. It is noteworthy in this 

regard the observation of a small diffraction peak at ~37.2 º (labelled as [h]) both in the 

as prepared and used samples, that can be attributed to NiFe2O4 [70]. Peaks 

corresponding to the oxyhydroxides of Fe, ~36.0, ~36.5, ~31.7 and ~41.4 º [71,72], 

labelled as [f] and [g]), appear rather intense in the 10.1-Ni/Fe used sample and must be 

linked to the effect of the KOH electrolyte in the chemical state of elements at the 

surface of samples. Interestingly, the diffraction peaks at ~34.9 and ~40.5 º, likely due 

to Fe2O3 [73] (labelled as [e]), only appear in the 10.1-Ni/Fe used electrode. In this case, 

two new peaks attributed to residual KOH were observed at ~32.4 and ~39.4 º [74] 

(labelled as [i]). The lack of XRD peaks attributable to metallic Fe confirms the 

incorporation of Fe into the Ni structure in the form of a kind of metal alloy. Overall, 
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this XRD analysis shows that bimetallic electrodes consist of a metallic alloy, which 

can be partially oxidized in agreement with the surface oxidation observed by XPS, 

particularly in the used samples. The observation of XRD peaks due to segregated iron 

oxides and hydroxides confirms the evolution of the surface of samples with the 

formation under certain conditions of a mixture of separated Ni and Fe oxidized phases. 

In agreement with the electrochemical analysis in Figure 2 this effect, though, should be 

lower in sample 10.1-NiFe. 
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Figure 4. X-Ray diffractograms of a) several as prepared Ni/Fe electrodes and b) as-

prepared and used 10.1-NiFe sample. 

The Raman analysis of samples confirms the previous view and support the existence of 

a mixed oxide/hydroxide phase in the Ni/Fe electrodes. The spectrum of the Ni sample 

in Figure S9 of the SI file shows a characteristic peak at 521 cm-1 attributed to NiIII-O 

lattice vibrations in NiOOH [75]. In comparison, the spectra of 4.5-NiFe and 10.1-NiFe 

electrodes show a new characteristic peak shifted positively with respect to the peak due 

to NiIII-O vibrations. This additional band confirms the incorporation of Fe atoms in the 

structure through the formation of Ni(Fe)OxHy [75,76]. We assume that this phase 

formed at the surface is responsible for the higher performance of Ni/Fe in comparison 

with that of Ni electrodes. For the metallic Ni/Fe electrodes prepared by MS-OAD in 

this work, this enhancement of surface reactivity combines with the metallic character 

of the bulk of the catalyst film, a feature that diminishes the electrical resistance of the 

electrode, further contributing to the observed enhancement in reactivity. 

It is also relevant in this study that the SEM analysis of the used electrodes revealed a 

similar morphology and microstructure than that of the as prepared electrodes (c.f., 

Figure 1a) and b)). This observation discarded any possible delamination of the catalyst 

in the used electrodes and confirmed the stability of bimetallic electrodes even if a 

partial oxidation occurs at their surface during the OER process.  

 

3.4. Electrode performance in the AEMWE cell configuration.  

The enhanced electrochemical activity of the bimetallic catalyst films, particularly that 

of sample 10.1-Ni/Fe, determined in the three electrode cell justifies their integration in 

a full AEMWE cell to determine whether this high activity remains under close to real 
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conditions of operation. From the point of view of electrode manufacturing, this 

integration possesses some challenges related with the increase in the electrode area, the 

need to keep the microstructure and chemical behaviour described in the previous 

sections and the preservation of their high performance at temperatures and working 

conditions different than in the three-electrode cell. 

3.4.1. Influence of working parameters in the performance of the AEMWE cell  

The 10.1-Ni/Fe electrode type was incorporated in a full AEMWE cell to prove its 

reliability under close to real operation conditions. For this purpose, a MEA composed 

by sample 10.1-NiFe as anode, Ni as cathode (in previous study, we showed that MS-

OAD nickel electrodes act as optimum cathodes for the production of hydrogen [10]) 

and a Fumapem® separation membrane were assembled as explained in the 

experimental section. In the resulting AEMWE cell we studied the influence of several 

operation parameters, namely the torque applied for cell assembly, the working 

temperature, and the KOH concentration. Figure S10 in the SI file shows that for low 

assembly torque values (<2 Nm), current density increases with assembly pressure 

likely due to contact improvement between membrane and catalysts. For assembly 

pressures resulting from torques higher than 2.5 Nm,  the observed decrease in current 

density was attributed to a decrease in gas transport through the carbon paper and the 

partial coverage of electrode surface by gas bubbles [77]. A torque of 2.5 Nm was 

therefore taken as the optimum value for cell assembly and this value was applied for 

the characterization studies as a function of temperature and KOH concentration. 

Figure 5 a) shows that global performance improves with temperature. This is a well-

known effect in AEMWE usually attributed to an increase in the kinetics of the 

electrochemical reactions and in the mobility of hydroxyl ions [78]. Assuming an 

Arrhenius behaviour for the electrochemical reaction [79], the activation energy (Ea) of 
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the process can be calculated from the slope of the  plot of the logarithm of current 

density vs. the inverse of the temperature. This slope corresponds to Ea/R, with R the 

gas constant value of 8.314 J (mol K)-1, and renders Ea values of 19.1, 20.3 and 20.9 kJ 

mol-1 for operating potentials of 1.9, 2.0 and 2.1 V, respectively. These activation 

energies are similar to other values reported in the literature for the same process 

[79,80].  

Figure 5 b) accounts for the influence of the KOH electrolyte concentration in the 

polarization curves. At low KOH concentration (i.e., 0.1 M), when the process is 

kinetically controlled [81], the electrolyte concentration does not significantly affect the 

polarization curves. However, at high KOH concentrations the current density increases 

for V>1.9 volt, pointing to that an increase in the ion conductivity through the 

membrane contributes to diminish the ohmic overpotential required for the OER [82]. 

Long-term stability of the AEMWE cell was also analysed monitoring its response 

along a chronopotentiometry experiment. For a constant current of 400 mA cm-2, the 

curve reported in Figure 5 c) evidences a slight decrease in the cell potential over time 

(0.3 % V h-1). This slight decrease in performance is similar to that reported in other 

studies with anodes prepared by MS [10,12], but lower than results corresponding to 

cells incorporating anodes prepared using other methods [83–85].  
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Figure 5. Polarization curves obtained for a MEA integrated by 10.1-NiFe and Ni as 

anodic and cathodic electrodes, respectively. a) For various operation temperatures at 

an assembly torque of 2.5 Nm, 1.0 KOH. b) For different electrolyte concentrations at 

40 ºC and 2.5 Nm. c) Constant-current chronopotentiometry curve at a fixed current of 

400 mA cm-2, 40ºC, 1.0 M KOH, and an assembly torque of 2.5 Nm. 
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favour the ion transfer transport up to the reaction sites. Conversely, the ionomer can be 

added after the electrode manufacturing, in most cases also resulting in an increase in 

performance [86,87]. Considering that no delamination of the active catalyst layer has 

been detected after long-term operation, it appears that MS electrodes do not require any 

binding agent to fix the catalyst layer to the GDL support. Therefore, we hypothesize 

that the addition of ionomer to the electrodes might principally contribute to favour the 

ion diffusion. To check possible improvements in performance due to ionomer addition, 

three different cell configurations have been tested as explained in Section 2.4 in the 

Experimental Part. In general, the amount of added ionomer is optimized to maximize 

the electrochemical yield of the cells, with an Ionomer/Catalyst (I/C) ratio of 0.2 being a 

common value in various studies on the subject [3,29,37]. However, the AEMWE cells 

incorporating MS-OAD electrodes seem to behave differently. Linear sweep 

voltammetries in Figure 6 a) show a maximum performance for sample 10.1-NiFe 

without ionomer, and that the electrochemical response is not affected by the addition of 

ionomer for a I/C ratio of 0.2 (i.e., 4.4 mg of ionomer). Moreover, the performance 

drastically decreased adding more ionomer to cover the entire surface of the catalyst. A 

similar effect can be deduced from Figure 6 b), where long-term chronopotentiometry 

stability tests show that, for a constant current density of 400 mA cm-2, a lower potential 

is required for the electrodes without ionomer. Moreover, for long operation times, the 

cell voltage increase was 0.3 % V h-1 for the electrode without ionomer and 0.6 % V h-1 

and 0.9 % V h-1 for the electrode with I/C=0.2 and its full surface covered with ionomer, 

respectively. We believe that the inefficiency of ionomers with the MS-OAD electrodes 

is related with a morphology where diffusion constrains towards OH- seem to be 

unimportant and the fact that the ionomer is added once the electrode has been prepared 

and will likely cover part of the catalyst active sites [29]. This hypothesis was 
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confirmed through various electrochemical tests as, for example, the fact that while the 

cyclic voltammetry curves did not change after 200 cycles with the 10.1-NiFe cell 

electrode, slight and high increases in density current were found, respectively, for the 

electrodes covered with ionomer at I/C=0.2 or total coverage, respectively (see Figure 

S11 in the SI file). This behaviour is consistent with a progressive dragging out of 

ionomer molecules from the electrode surface after the successive cycles. The 

detrimental role of the ionomer also agrees with the SEM observations (see Figure S12 

in the SI file) showing that ionomer agglomerates form onto the Ni/Fe nanocolumnar 

structure and likely block some of the catalyst active sites. Electrochemical evidence of 

this blocking effect was provided by the EIS analysis of the complete MEAs. Figure 6 

c) shows the measured Nyquist plots for the three MEAs and the equivalent circuit 

(inset in the figure, similar to ref [42]) utilized to retrieve resistance parameters. In this 

representation, the intersection to the X axis at high frequencies is related to the ohmic 

resistance of the membrane (REL) or with the electrolyte resistance associated to the 

availability of OH- ions [42]. The charge transfer resistance (Rct) is obtained by the 

difference between the two intersection at a high and low frequencies (diameter of the 

semicircle) and is related to the polarization resistance or to the kinetics of the 

electrochemical reactions [10,42]. Fitting values are included in the table inserted in the 

figure. The obtained values are similar to values reported for other systems including 

ionomers [42] and can be easily interpreted assuming that the relatively higher REL 

values found for the ionomer containing electrodes respond to an increase of thickness 

of the catalyst-ionomer layer. Similarly, the lowest Rct value found for the 10.1-NiFe 

ionomer-free electrode, agrees with the little restrictions to the transfer of charge 

through the catalyst film in this case.  
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Figure 6. Effect of the addition of ionomer to a 10.1-NiFe electrode in a MEA assembly 

(1.0 M KOH solution, temperature of 40 ºC a) polarization curves for 10.1-NiFe 

electrodes with or without ionomer impregnation, b) Idem, constant-current 

chronopotentiometry experiments (@400 mA cm-2, c) idem, impedance spectra of the 

cell evaluated at 2.0 V. 
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data in the literature, where values ranging between 140 and 250 mA cm-2 [86,89,90] 

are rather common.  

However, the performance of the NiFe anodes developed here gains a particular 

relevance when expressing their activity in terms of current density per amount of 

catalyst (specific activity). Figure 7 summarizes some of the results mentioned above 

formulated in these units. It is noteworthy that the current yield per amount of 10.1-

NiFe catalyst (1086 mA mg-1) is superior to any other of the values reported in the 

literature for Ni/Fe [42,86], Ni [10,88–90], cobalt-based oxides [11,29,91,92] or those 

obtained with a novel IrO2 anodes [3,86,93]. Moreover, this result is especially 

outstanding considering that the AEMWE electrodes in this work are ionomer-free and 

therefore simpler from the point of view of their manufacturing and processing.  
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Figure 7. Electrochemical performance of our 10.1-NiFe anode based AEMWE, 

characterised by its specific activity, compared to other reported results from literature.  

4. Conclusions 

The previous results and discussion have pointed out that the MS-OAD technique is a 

suitable method of fabrication of Ni and Ni/Fe anodes for water electrolysis cells. 

Incorporation of Fe within Ni based anodes improves the OER performance and we 
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onto the carbon paper used as GDL support. This has been demonstrated through an 

outstanding electrochemical response, particularly for the electrodes with the optimum 

composition. These electrodes presented a high reaction yield, good repetitively upon 

cycling and long-term stability, features that have been accounted for by the particular 

microstructure and high surface area of these electrodes and the mixing at atomic scale 

of their constituent elements both before and after their activation to generate a 

catalytically active oxide/hydroxide surface layer.   

The good properties of the electrodes when tested in a three-electrode laboratory cell, 

have been confirmed upon their integration in a MEA for their testing in a complete 

AEMWE cell.  In particular, it has been demonstrated that the addition of ionomers, a 

critical issue for most conventional AEMWE cells, does not improve the performance 

of MS-OAD Ni/Fe electrodes, thus simplifying the manufacture and integration of cells 

and reducing the costs and other problems (stability, reproducibility) associated with the 

incorporation of this kind of additives.  

The high stability and specific activity (1086 mA mg-1 at 2.0 V) depicted by the MEA 

integrated 10-NiFe anode in comparison with other results recently reported in the 

literature, confirm the MS-OAD technique as an appropriate method to fabricate 

ionomer-free nanostructured electrodes for AEMWE.  
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