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Abstract: Hydrogen production using an Anion exchange membrane (AEM) electrolyzer allows the
use of non-platinum group metal catalysts for oxygen evolution reaction (OER). Nickel and Cobalt-
based oxides are active in an alkaline environment for OER and are relatively inexpensive compared to
IrO2 catalysts used in Polymer electrolyte membrane (PEM) electrolysis. Mixed metal oxide catalysts
NiFeOx and NiFeCoOx catalysts were synthesized by the coprecipitation method using NaOH. X-ray
diffraction results showed mainly NiO diffraction peaks for the NiFeOx catalyst due to the low
concentration of Fe, for the NiFeCoOx catalyst, NiCo2O4 diffraction peaks were observed. NiFeCoOx

catalysts showed a higher Anion exchange membrane water electrolysis (AEMWE) performance
compared to NiFeOx and commercial NiO, the highest current density at 2 V was 802 mA cm−2 at
70 ◦C using 1 M KOH as an electrolyte. The effect of electrolyte concentration was studied by using
0.01 M, 0.1 M and 1 M KOH concentrations in an electrolysis operation. Electrochemical Impedance
spectroscopy was performed along with the equivalent circuit fitting to calculate ohmic and activation
resistances, the results showed a decrease in ohmic and activation resistances with the increase in
electrolyte concentration. Commercially available AEM (Fumasep FAA-3-50 and Sustainion dioxide
membrane X-37-50 grade T) were tested at similar conditions and their performance was compared.
EIS results showed that X-37-50 offered lower ohmic resistance than the FAA-3-50 membrane.
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1. Introduction

AEM electrolyzers are a new generation of water electrolyzers with solid polymer
electrolyte membranes replacing the diaphragm and are receiving much attention due to
their several advantages, such as low ohmic resistance, good gas separation, and use of
non-platinum group metal (PGM) catalysts [1]. The thin anion quaternary ammonium
ion exchange membrane is used to conduct OH− ions, which is cheaper than the polymer
electrolyte membrane (PEM) [2–4].

Anion exchange membrane water electrolysis (AEMWE) has the advantage of being
able to operate in low concentrations of electrolytes, such as 1% KOH or distilled water
compared to conventional Alkaline water electrolysis (AWE), which makes it possible to
use inexpensive Ni and Co-based electrocatalysts [4,5]. It also reduces the accumulation of
K2CO3 precipitates by the reaction of KOH with CO2 in the atmosphere. To improve the
current density and efficiency of AEMWE, a cell structure similar to polymer electrolyte
membrane water electrolysis (PEMWE) is available [6–9]. AEMWE using a zero-gap
alkaline electrolysis cell has been reported to perform better than 3 A cm−2 at 1.8 V using
1 M KOH [10,11].

For OER in alkaline conditions, the reaction involved the consumption of OH− ions at
the anode. The OH− ions are transported through the membrane from the cathode side.
The OER reaction is the main reaction in water electrolysis and has a higher overpotential
than the HER [12]. The mechanism of oxygen evolution involves several intermediate steps,
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and it is kinetically unfavorable due to the four-electrons process for the evolution of one
molecule of oxygen gas. This resulted in the formation of energy barriers and cause slower
kinetics and high overpotential [13]. Due to this, the development of active, stable, and
cost-effective OER catalysts is necessary to achieve higher electrolysis efficiencies.

Several materials and different compositions have been used for the OER, in alkaline
conditions, first-row transition metals showed high activity, in addition, they have good
stability in alkaline environments [14]. Ni, Fe, and Co-based catalysts have been known
to decrease the OER overpotential [8,15–17]. Transition metal oxides, hydroxides, and
oxyhydroxides have been studied for the OER and their activities have been reported in
the literature. The general trend in the activity for these catalysts is Ni > Co > Fe [18–21].

Nickel has been proposed to be the most efficient catalyst for OER based on adsorption
energies and bond strength of the reaction intermediates [19–22]. To further improve the
activity of Ni hydroxides and oxyhydroxides, other transition metals are incorporated in a
small amount to enhance the activity of the catalyst. The incorporation of transition metals
has been shown to significantly affect the electronic properties of the catalyst [23,24]. In
theory, the addition of the transition metal to metal oxide or hydroxide, affects the d-d
intermetallic bonding between the metallic phases, and it could result in lower intermediate
adsorption energy of the intermediates in the reaction [25]. This results in weaker adsorp-
tion of the intermediates and faster kinetics of the reaction. The addition of transition
metals as impurities into Nickle oxide is reported to improve the conductivity, increase the
active sites, and decrease the binding energy of the intermediates. [26–28].

The performance of AEMWE is highly dependent on the AEM and concentration of
electrolytes as well as the electrocatalysts [4]. In AEMWE, various electrolytes such as KOH,
K2CO3 and KHCO3 are used to improve the performance [4,29]. Higher concentrations of
electrolyte generally ensure higher ionic conductivity of the OH−, which can be expected
to improve performance. However, DI water can also be used as an electrolyte to prevent
the corrosion of components [30,31].

In this study, we compared three different OER catalysts NiO, NiFeOx, and NiFeCoOx
for AEMWE. The effect of electrolytes was also studied by varying the concentration of
KOH. Electrochemical impedance spectroscopy (EIS) was performed to investigate different
resistances during the operation of the electrolyzer. In addition, two different membranes
(Fumasep FAA-3-50 and Sustainion dioxide membrane X-37-50 grade T) were compared.
EIS with the equivalent circuit fitting was performed to evaluate the reason for different
performances under similar conditions. The catalyst performance for the electrolysis was in
the order of NiFeCoOx > NiFeOx > NiO. Unlike other studies performed on these catalysts
at lower current densities and in three-electrode systems, this work evaluated the catalyst
at higher current densities in AEMWE. EIS was also measured at higher temperatures
and at high current densities in AEM electrolysis which are not always included in AEM
electrolysis literature.

2. Experimental
2.1. Synthesis of Catalyst

The NiFeCoOx catalyst was synthesized by the coprecipitation method at room tem-
perature. Ni(NO3)2·6H2O, Co(NO3)2·6H2O, and Fe(NO3)3·9H2O were used as a precursor
of Ni, Co, and Fe, respectively. The mole fraction of Ni, Co, and Fe were 0.648, 0.324, and
0.027, respectively. Precursors were dissolved in water and kept at 25 ◦C. The precipitation
step was carried out by adding 1 M NaOH dropwise for 1 h until precipitation stops.
After the precipitation, the suspension was stirred for 2 h, and the catalyst suspension was
centrifuged to get the solid catalyst. The solids obtained after centrifuging were washed
with plenty of water to remove excess NaOH. The solid obtained after washing was dried
in an oven overnight and then calcined/annealed in the furnace at 300 ◦C for 5 h to convert
the catalyst into oxide form. NiFeOx catalyst was also developed by the same method with
Ni and Fe mole fractions of 0.85 and 0.15. All the chemicals used in the synthesis were from
Sigma Aldrich, Saint Louis, MI, USA.
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2.2. Preparation of the Membrane Electrode Assembly

NiO, NiFeOx, and NiFeCoOx catalysts were deposited on the nickel foam (thickness
1.7 mm), which is used as the anode. The catalyst slurry was made by dispersing 100 mg of
catalyst in water and Nafion solution (Nafion™ 1100 W from Sigma Aldrich), if the slurry
is too thick, an additional amount of water was added dropwise using a micropipette to get
the proper consistency, the Nafion content was 10 wt% of the catalyst amount. After making
the slurry, it was sonicated for 30 min to make a uniform mix. The thick catalyst slurry was
then pasted on the surface of nickel foam and hot pressed to get the catalyst-coated gas
diffusion electrode (GDE). In all cases, the catalyst loading at the anode was 25 mg·cm−2.
The final thickness of the electrode was 0.75 mm. Figure 1a,b shows nickel foam which is a
gas diffusion layer (GDL) at the anode side and carbon paper coated with Pt/C catalyst
which is used at the cathode side. Nickel foam coated with the catalyst and AEM on top of
carbon paper is shown in Figure 1c,d. The dimensions of the GDLs are 1.8 cm × 1.8 cm.
Figure 2a,b shows the Membrane electrode assembly (MEA) from the cathode side and
anode side, with AEM sandwiched in between them.
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Figure 2. MEA after the electrolysis operation (a) MEA with cathode side (carbon paper) on top and
(b) MEA with anode side (nickel foam) on top. The dimensions of the electrodes were 1.8 cm× 1.8 cm.

Commercial Pt/C (40 wt%, HISPEC 4000, Johnson Matthey, London, UK) catalyst was
used for HER at the cathode, and 1 mg of Pt was deposited by drop casting method on
the carbon paper (Sigracet 29BC) which has a thickness of 235 µm. The catalyst ink was
prepared by adding the catalyst to water, ethanol, and a Nafion solution. For a typical ink
composition, 50 mg of Pt/C was dispersed in 5 mL of ethanol and 1 mL of water with
0.22 g of Nafion solution. The Nafion content was 20 wt% of the catalyst amount. After the
fabrication of the gas diffusion electrodes, the MEA was formed by adding AEM (Fumasep
FAA-3-50 or dioxide membrane X-37-50 grade T) between the anode and cathode. The
commercial AEM is in Cl or Br form, to use them in AEM electrolyzer, they are soaked in
a 1.0 M KOH solution overnight (about 24 h) and rinsed with distilled water. The final
activated membrane was used for the fabrication of MEA. The MEA was not pressed
because it was possible to puncture the membrane due to the nickel foam. The MEA was
formed by inserting the components in the MEA plastic casing, A porous transport layer
made by pressing 3 nickel foams which were pressed to the thickness of 2 mm was first put
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into the casing; then, a nickel foam anode is inserted in the casing followed by the AEM
and then, the carbon paper cathode. The MEA was pressed during the tightening of the
electrolyzer.

2.3. AEM Electrolyzer Single-Cell Tests

The performance of AEMWE was evaluated by using a potentiostat connected with
100 A Booster VMP3B-100. The AEM electrolyzer had a water inlet and water and oxygen
outlet on the anode side and hydrogen outlet at the cathode side. The total active area of
the MEA was 3.24 cm2 with dimensions of 1.8 cm × 1.8 cm. The catalyst was activated
by performing cyclic voltammetry (CV) in the range of 1.3 V to 2.2 V at a scan rate of
5 Mv·s−1. The operation was also performed by using linear sweep voltammetry (LSV)
and chronoamperometry (CA). KOH was used as an electrolyte and was circulated with a
flow rate of 90 mL/min. A hot plate was used to heat the electrolyte and the electrolyzer at
the desired temperature, the temperature range used in electrolysis was from 45 to 70 ◦C.

EIS measurements were carried out to get the impedance of the electrolyzer cell during
the operation. Potentiostatic EIS was performed at the voltage range of 1.7 V to 2 V, with a
frequency range of 100 kHz to 100 mHz, the data were analyzed by Nyquist curves and
further equivalent circuit fitting.

Half-cell reactions at the anode and cathode are shown in Equations (1) and (2), the
overall reaction in AEM electrolyzer is shown in Equation (3). The theoretical voltage
required to split water is 1.23 V, in practical cases, it is higher than 1.23 V due to the
overpotential of these reactions at the anode and cathode.

Figure 3 shows a schematic of the AEM electrolyzer, in which the anode and cathode
are separated by a thin polymeric AEM. In this work, the KOH aqueous solution is circu-
lated from the anode side only. The reduction of water takes place at the cathode to form
hydrogen, the OH− transports through the AEM and oxidized to give O2 at the anode.

Anode 4OH− →O2 +2H2O +4e− E = 0.401V (1)

Cathode 4H2O + 4e−→ 2H2 +4OH− E = −0.828 V (2)

Overall 2H2O→ 2H2 + O2 , E = 1.23 V (3)
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3. Results

The morphology of the catalyst coating and nickel foams was performed by scanning
electron microscope (SEM, Leo 1550, Zeiss, Jena, Germany). The morphology of nickel
foam which acts as a GDL at the anode was analyzed by SEM. Figure 4a,b shows nickel
foam before it was coated with the catalyst layer. The pore size was in the range of 100 to
500 µm. Figure 4c shows nickel foam coated with NiFeCoOx catalyst; the catalyst layer was
pressed with nickel foam to get a compact layer of catalyst on top of the nickel foam. From
SEM it was observed that the catalyst layer completely covered the nickel foam. There
were some cracks in the catalyst layer which are due to the high loading of the catalyst.
Figure 4d shows the cross-sectional image of a catalyst-coated nickel foam gas diffusion
electrode (GDE), the overall thickness of GDE was 785 µm.
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Figure 4. SEM images of (a,b) Nickel Foam without catalyst (c) NiFeCoOx coated on nickel foam and
(d) Cross section image of nickel foam coated with NiFeCoOx catalyst.

X-ray diffraction studies were performed (Rigaku Miniflex 600) using Cu-Kα radiation
(λ = 1.54184 Å). Catalysts were analyzed by XRD, commercial NiO and NiFeOx (15% Fe)
show mainly NiO phase with five distinct peaks at 2θ which are at 37.36, 43.36, 60, 75.54
and 79.56, which are assigned to (111), (200), (220), (311) and (222), respectively. All peaks
are indexed to NiO (JCPDS card no. 78-0643) as shown in Figure 5. The dashed lines are the
corresponding JCPDS standard. NiO has a rock salt structure with a lattice constant of 4.17
Å. Due to the low concentration of Fe in the NiFeOx catalyst any peaks related to NiFe2O4
or Fe2O3 were not observed. The XRD of NiFeCoOx catalyst which has 2.7 wt.% Fe and Ni
to Co molar ratio of 2:1, showed NiCo2O4 spinel crystal structure with a most intense peak
at 2θ 36.8 assigned to (311), all peaks are indexed to NiCo2O4 (JCPDS card no. 20-0781).
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Figure 5. XRD of NiFeOx, NiFeCoOx catalyst calcined at 300 ◦C, commercial NiO is for reference.

Equation (4) is listed in the following, where λ is the wavelength of the X-ray, β is the
full width at half Maximum (FWHM) peak intensity in radian, and θ is the diffraction angle
and k is the Scherrer’s constant, which is 0.94 for crystalline nanoparticles. The calculated
particle sizes for NiO, NiFeOx, and NiFeCoOx were 17, 4, and 6 nm, respectively.

D =
kλ

β cos θ
(4)

4. Water Electrolysis over NiO, NiFeOx and NiFeCoOx

Three different OER catalysts, commercial NiO, lab-made NiFeOx, and NiFeCoOx
were tested for AEMWE operation with Pt/C catalyst for the HER at the cathode. The
polarization curve was taken at a temperature range of 45 ◦C to 70 ◦C. LSV was used as a
preferred method to evaluate the activity of the catalyst.

NiFeCoOx showed the highest activity among all the catalysts tested, the catalyst
showed a current density of 802 mA cm−2 at 2 V with the temperature of the electrolyte
and the electrolyzer at 70 ◦C.

Figure 6 shows polarization curves using NiFeCoOx, at 70 ◦C when the voltage was
further increased to 2.2 V, the current density increased to 1100 mA cm−2, which is an
enhancement of about 37% in current density. The current density also increased with the
increase in electrolyte temperature, for electrolysis operation at 45 ◦C and 55 ◦C at 2 V. The
current density was 532 and 656 mA cm−2, which increased to 802 mA cm−2 at 70 ◦C, which
is an increase of 53% and 22% in the current density. The increase in temperature decreases
the overpotential at the cathode and anode side for OER and hydrogen evolution reaction
(HER). Moreover, the conductivity of the electrolyte also increased with the temperature
and improves the overall activity of the electrolysis [4]. In another study, electrolysis
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performance was evaluated from 30 ◦C to 50 ◦C, at the current density of 470 mA cm−2.
The electrolyzer potential decreased with the increase in temperature [29]. The effect of
temperature was also investigated with a novel integrated inorganic membrane electrode
assembly at the temperature range of 50–70 ◦C, the performance of the electrolyzer improves
with the increase in temperature. The enhancement in the performance was mainly due to
the higher conductivity of OH− and the reduction in the overpotential of the catalyst [32].
It has been reported that the addition of cobalt in NiO lattice results in the formation of
conductive NiIIIOOH. Fe content in the range of 10–20% has been shown to improve the
NiO catalyst performance for OER. Fe was proposed to stabilize Ni in the Ni2+ Oxidation
state and Co helps in the formation of Ni3+ [33].
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Figure 6. Linear Sweep Voltammetry at temperature range of 45 to 70 ◦C. Pt/C was used at cathode
and synthesized NiFeCoOx was used at anode. FAA-3-50 membrane with a thickness of 50 µm was
used in electrolysis operation.

Chronoamperometry was used to analyze the activity of the catalyst at constant voltage
for a fixed period of time. Figure 7 shows the chronoamperometry at 70 ◦C. The voltage
increased from 1.5 V to 2.2 V with a time step of 60 s. The electrolysis operation was stable
during the analysis and had minimum current fluctuations at the fixed voltage. At 2.2 V
the maximum current density was 1140 mA cm−2.
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Figure 7. Chronoamperometry at a voltage range of 1.5 to 2.2 V, Pt/C was used at the cathode and
NiFeCoOx was used at anode.

Figure 8 shows the LSV of NiO, NiFeOx, and NiFeCoOx catalysts at 70 ◦C using 1 M
KOH electrolyte. NiFeCoOx had a higher current density followed by NiFeOx and NiO,
the current density with NiFeOx catalyst was 551 and with NiO was 509 mA cm−2. When
comparing the performance of NiO and NiFeOx, there was not much enhancement due to
the addition of Fe in the NiFeOx catalyst. In this study, very high loading of Fe was used
which might have decreased the performance of the NiFeOx catalyst. NiFe-based catalysts
are reported to have higher catalytic activity in basic electrolyte medium [34,35]. Nickel
is proposed to be an active site for OER and Fe is considered to improve the conductivity
of the catalyst. In other research works, the addition of Fe is linked to stabilize Ni in Ni2+

form [36]. Ni-Fe binary catalyst modified with third metal (Cr, Mo, and V) showed higher
activity compared to the Ni-Fe oxide catalyst [37–39].

Emily Cossar et al. studied the AEMWE performance over Ni-Fe nanoparticles as an-
odes using 1 M KOH, Ni0.9Fe0.1 showed the cell voltage of 1.72 V at 0.8 A.cm−2. Ni0.80Fe0.1
with 10% CeO2 had a voltage of 1.67 V with 0.4 A.cm−2 using 0.1 M KOH. In durability
testing, Ni0.9Fe0.1 showed stability of 12 h at 0.5 A.cm−2 [40]. In another study, NiFe
bimetallic anodes were fabricated using the magnetron sputtering technique. The work
showed the enhancement in electrochemical activity with the addition of Fe to Ni-based
catalysts. The highest performance was on Ni/Fe catalyst with an atomic ratio of 10/1,
on that catalyst at 2 V the current density was 0.6 A.cm−2 and 0.4 A.cm−2 at 60 ◦C and
40 ◦C, respectively [41]. Dongyu Xu et al. synthesized transition metal (oxy) hydroxide
for OER and tested it in the AEM electrolyzer. Among the catalysts NiCoOx:Fe showed
the highest activity with a current density of 900 mA cm−2 at 2.4 V [42]. The catalyst was
designed to be oxyhydroxide because the active sites for OER are proposed to be transition
metal oxyhydroxide.
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Figure 8. Linear Sweep Voltammetry at temperature of 70 ◦C. Pt/C was used at the cathode and NiO,
NiFeOx, and NiFeCoOx were used at anode. FAA-3-50 membrane with a thickness of 50 µm was
used in electrolysis operation.

EIS measurements were carried out to get the impedance of the electrolyzer cell during
the operation. Potentiostatic EIS was performed at the voltage range of 1.7 V to 2 V,
with a frequency range of 100 kHz to 100 mHz, the data was analyzed by Nyquist plots
and equivalent circuit fitting. Figure 9 shows the Nyquist plot for electrolysis operation
performed at 1.7 V at two different temperatures of 45 ◦C and 70 ◦C. The first x-intercept is
at a high-frequency region and shows the ohmic resistance (Rohm), the second intercept at
the x-axis subtracted by the first intercept gives the activation resistance (Ract). As can be
seen in Figure 9, the diameter of the semicircle for the Nyquist plot at 45 ◦C is higher which
shows that there is higher activation resistance at this temperature compared to 70 ◦C
operation. To further evaluate the contribution of different components to the resistance,
the equivalent circuit fitting is performed. The circuit given in Figure 9 shows the whole
electrolyzer element, where L is the inductance due to the wires, R1 is the ionic resistance
due to the AEM, R2, and R3 are the activation resistance due to the anode and cathode,
respectively. Q1 and Q2 at anode and cathode are the constant phase element (CPE) and
are used to simulate resistors, capacitors, and inductors, and capture the effects of surface
roughness, porosity, reactivity, and surface inhomogeneity that are due to the electrical
double layer [43]. EC-Lab software was used to fit the Nyquist plot with Randomize
simplex method and the results are given in Table 1.
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Table 1. Resistances evaluated from equivalent circuit fitting.

Resistance
Temperature

45 ◦C 70 ◦C

Rohm 0.125 0.105
Rmembrane 0.102 0.068

Ranode + Rcathode 0.186 0.116

Equivalent circuit results are tabulated in Table 1. As the electrolyzer was operated
at a higher temperature of 70 ◦C, the ohmic resistance decreased from 0.125 to 0.105 Ω.
This was mainly due to the increase in the conductivity of OH− at higher temperatures,
which also results in a decrease in membrane resistance. The ohmic losses are due to the
resistance in the flow of electrons from different components of the electrolyzer, such as the
anode, cathode, and membrane.
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The total activation resistance at the anode and cathode were also evaluated us-
ing equivalent circuit fitting. With the increase in temperature, the total activation re-
sistance at both electrodes decreased from 0.186 to 0.116 Ω. This is mainly due to the
improvement of reaction kinetics of OER and improved conductivity of OH− with the
increase in temperature. The membrane resistance also decreased with the increase in
temperature and there was a reduction of about 33%, when the temperature was increased
from 45 to 70 ◦C. One of the reasons for the decrease in ohmic resistance is the decrease
in the membrane resistance with the temperature. It was reported that the membrane
resistance decreased from 75.3 to 52.5 mΩ.cm2 for polycarbazole-based anion exchange
membrane (QPC-TM) [10].

The EIS measurement at a voltage of 1.9 V was performed by Immanuel Vincent et al.,
the ohmic resistance was reported to decrease with the increase in temperature. The
reported ohmic resistance at 1.9 V was 17.8, 16, 15.8, and 15.6 mΩ at 30, 40, 50, and
60 ◦C [44]. In PEM electrolysis, an increase in temperature is also reported to decrease the
ohmic contact, one of the reasons being the thermal expansion of the components which
causes the decrease in interfacial contact resistance [45,46]. The interfacial contact resistance
decreases with the thermal expansion due to the increased compression pressure in the
PEM electrolyzer [47].

5. Effect of Electrolyte Concentration

The concentration of the electrolyte is an important parameter that needs to be un-
derstood in detail to optimize the electrolysis conditions. It is desirable to operate the
electrolyzer at low electrolyte concentrations or only with water. However, using only
water or using low concentrations of the electrolyte can significantly affect the performance
of the electrolyzer, due to the decreased conductivity of OH− ions.

In this work, the electrolyzer was tested at three different concentrations of KOH. The
molarity of KOH was 0.01, 0.1, and 1 M used in this study, all other parameters were the
same as mentioned earlier. Briefly, 25 mg/cm2 NiFeCoOx catalyst at the anode side and
1 mgPt/cm2 Pt/C were used at the cathode, the anion membrane was 50 µm Faumsep
FAA-3-50. Figure 10 shows the LSV curves, the highest activity was achieved when 1 M
KOH was used, and the electrolyzer reached the current density of 951, 681, and 513 mA
cm−2 for 1 M, 0.1 M and 0.01 M electrolyte at 2.1 V. The current density increased to about
39%, when electrolyte concentration increased from 0.01 M to 0.1 M, and there was an
increase of 85% in current density when KOH concentration increased from 0.01 to 1 M.
It was also observed that at 0.01 M concentration, the polarization curve did not remain
linear after 1.9 V and slightly bend downwards. This is the indication that at a higher
voltage, more OH− is required for the OER, but due to the lower concentration of OH−, the
current density did not remain linear and started to decrease. This trend was not observed
for 0.1 M and 1 M concentration electrolyzer performance. Electrolysis with DI water has
shown lower current density compared with other results obtained with KOH, the highest
current density achieved was 254 mA cm−2 at 2.1 V. At 2.3 V, which is considered high for
electrolysis, the current density was 400 mA cm−2.

An increase in pH is reported to improve the conductivity of AEM, which reduces
the ohmic resistance and increases the activity of AEMWE operations [48]. Higher pH is
reported to decrease the overpotential of the reaction. At lower concentrations of KOH there
is a lower number of OH− available, which causes slower reaction kinetics of OER [4]. In
other works, DI water was used in AEM electrolyzer with a current density of 399 mA cm−2

at 1.8 V [30]. At a current density of 400 mA cm−2 with ultra-pure water, an electrolyzer
voltage of 1.8 V is reported [31].
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Figure 10. Linear Sweep Voltammetry at temperature of 70 ◦C with 0.01 M to 1 M KOH concentration.
Pt/C was used at the cathode and NiFeCoOx was used at anode.

Nyquist plot for KOH concentration of 0.01 M to 1 M and DI water are shown in
Figure 11a,b. The EIS was performed at 2 V and 70 ◦C for all electrolyte concentrations.
There is a big difference between the DI water Nyquist plot, which has a higher x-intercept
and a bigger diameter, which are indicative of ohmic resistance and activation resistance,
respectively. The ohmic resistance for DI water-fed electrolyzer was very high at 0.56 Ω.
For KOH-fed electrolyzer the ohmic resistance decreased with the increase in concentration.
Lower ohmic resistance with increased KOH concentration was due to the increased
conductivity of the anion exchange membrane.

For comparison, the ohmic resistance using 1 M KOH was 0.12 Ω, which was 4.66 times
lower compared to the DI water-fed electrolyzer. For EIS measurement at 1.5 V, ohmic
resistance is reported to decrease from 170.4 to 18 mΩ, when the concentration of KOH
increased from 0 to 1 M KOH [44]. The decrease in ohmic resistance was attributed to the
increase in the conductivity of the membrane.

To evaluate individual resistances due to the components of the electrolyzer, equivalent
circuit fitting was performed with the same circuit as discussed earlier. The results from
the equivalent circuit fitting are shown in a bar graph in Figure 12. The Figure shows
the activation resistance at the anode and cathode along with membrane resistance, the
resistances as a function of electrolyte are shown along with DI water. In all cases, DI water
shows the highest resistances at each component of the electrolyzer, followed by 0.01 M
and 0.1 M KOH. These results showed that two main components which can control the
activity of the electrolyzer are the anion exchange membrane and the anode catalyst. For
the membrane, a lower thickness and higher conductivity can reduce these resistances. For
the resistance at the anode, where an oxygen evolution reaction takes place, there is still
room for improving the OER catalyst to reduce the overpotential of the catalyst. Another
trend that was observed was membrane resistance and activation resistance at the anode
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decreased with the increase in KOH concentration, but activation resistance at the cathode
did not change much with the increase in KOH concentration.
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6. Comparison of AEM Membranes

The AEM is the main component of the electrolysis cell. It is made up of a polymer
backbone and functionalized with anion exchange groups, mostly with quaternary ammo-
nium salts [49,50]. AEM membrane should have the properties of high ionic conductivity,
good thermal and mechanical stability, gas impermeability and stability in long-term us-
age [51–53]. Its main role is to transport OH− from the cathode to the anode side, and to
avoid gas crossover. To be considered for commercial use, AEM should be of low cost to
increase its feasibility. Membrane conductivity is shown to increase with the nucleophilic
substitution of the ammonium group and by the substitution of a methyl group to hydroxyl
ions. High conductivity can be achieved with the increase in the incorporation of the anion
exchange group, but it may also increase the water uptake and deteriorate the mechanical
strength of the membrane [11].

Commercially available AEM membranes are widely used in AEM electrolysis re-
search, which are Sustainion® 37-50 (dioxide membrane), Tokuyama A201, Fumasep®

FAA-3, OrionTM, and AemionTM. These AEM needs to be pretreated because they are
usually shipped in bromide and chloride forms. The AEM can be activated by keeping the
membrane in the KOH solution for about 24 to 48 h. Table 2 provides the properties of the
commercially available membrane [42,54–56].

Table 2. Commercially available membranes and their properties [52,57,58].

Membrane Thickness (µm) Conductivity (ms·cm−1)

Sustainion® 37–50 (dioxide membrane) 50 70
Fumasep® FAA-3 45–50 40–45

Fumasep® FAB-PK-130 110–140 42
Tokuyama A201 28 -

AemionTM 50 80
OrionTM 50 60

Membranes from Fumatech, such as the FAA3 type, are polyaromatic polymers with
ether bonds and quaternary ammonium group present at the main chain. The reported
electrolysis work with these membranes in the presence of a noble metal catalyst (Pt/C
cathode and IrO2 anode) showed the activity of 1.5 A.cm−2 at 2 V with 1 M KOH at
50 ◦C [59]. The durability testing of the FAA3-40 membrane showed a lifetime of 31 h, due
to poor mechanical stability caused by the excessive swelling of the membrane [4]. Whereas,
the FAA3-50 AEM membrane shows the stability of 1000 h, with the NiMnOx anode
and Pt/C cathode catalyst [60]. Sustainion membranes X-37-50 from dioxide materials
are based on 4-vinylbenzyl chloride-co-styrene [51,52,61]. The membranes take some
water for crosslinking which reduces the swelling of the membrane during the electrolysis
operation [52].

For the comparison of electrolyzer activity commercially available Dioxide membrane X-
37-50 was used, the MEA preparation method was similar as mentioned earlier. The operation
was performed at three temperatures of 45, 55, and 70 ◦C as shown in Figure 13a–c. The
X-37-50 MEA had a higher current density at each temperature compared to the FAA-3-50
membrane with the same thickness of 50 µm. At 2.2 V the current density for X-37-50 MEA
was 1390, 1590, and 1815, for FAA-3-50 MEA it was 794, 937, and 1121 mA cm−2 at 45,
55, and 70 ◦C, respectively. The higher activity could be correlated with the X-37-50 higher
conductivity compared to the FAA-3-50 membrane. With a non-precious catalyst, Sustainion
37–50 membrane showed stability for 2000 h while maintaining the current density of 1 A.cm−2

at 1.9 V [51,52]. With Platinum and IrO2 catalysts at the cathode and anode, respectively,
2 A.cm−2 of current density was reported at a very low voltage of 1.7 V [52,62].

Figure 14 shows EIS results at 70 ◦C for both membrane electrode assemblies at 2 V.
There is a big difference between both results. The ohmic resistance for the X-37-50 was
0.064 Ω and for FAA-3-50 it was 0.12 Ω. This shows that the conductivity of the X-37-50 is
higher in similar conditions, higher conductivity decreases the resistance caused by the
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membrane. This also demonstrated that the X-37-50 membrane has better charge transfer
ability between the catalyst layer and the membrane compared to FAA-3-50. The diameter
of the semicircle which is indicative of activation resistance is also lower for X-37-50, the
corresponding activation resistance was 0.037 and 0.054 Ω. These results showed that lower
ohmic resistance and activation resistance resulted in higher performance for X-37-50.
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There are few studies where Sustainion X-37-50 is reported to be a better membrane in
terms of stability and performance. Electrochemical impedance comparison at different
membranes showed Sustainion® 37-50 had lower resistance compared to Fumasep® FAS-50,
Fumasep® FAPW, AMI 7001, and Nafion 115. When it was compared with AemionTM and
Tokuyama A201 membranes at different temperatures, electrolyte, and current density, the
Sustainion membrane showed higher performance with 3 A cm−2 current density with
1 M KOH at 60 ◦C [63]. Sustainion® membrane had higher stability in the test with a
degradation rate of 5µV.h−1 for 2000 h operation at a fixed current density of 1 A.cm−2 [50].
Tokuyama A201 had a degradation rate of 150 µV.h−1 for 1000 h at 470 mA cm−2 [29],
Fumapsep® FAA-3-50 had a degradation rate of 800 µV h−1 in 1000 h [60].

7. Conclusions

NiO, NiFeOx, and NiFeCoOx catalysts were tested for AEMWE using Fumasep FAA-3-
50 membrane, NiFeCoOx showed higher performance than other catalysts, due to the pro-
motion effect of Co and Fe in Ni-based catalysts. The highest activity at 2 V with NiFeCoOx
catalysts was 802 mA cm−2 at 70 ◦C. The performance of the AEM electrolyzer was found to
be highly dependent on the electrolyte concentration, the activity was 954 mA cm−2 at 2.1 V
with 1 M KOH whereas with DI water it was 254 mA cm−2 at 70 ◦C. EIS results showed
that there is a decrease in ohmic resistance with the increase in electrolyte concentration,
mainly due to the increased conductivity of the membrane. The membrane conductivity
increased due to more OH− ions available at higher concentrations of KOH. The activation
resistance of the anode also decreased with the increase in electrolyte concentrations, which
is due to the availability of more OH− ions at higher pH, which improved the reaction
kinetics of OER. A comparison of the FAA-3-50 and X-37-50 membranes, which have the
same thickness of 50 µm showed higher AEM electrolyzer performance with the X-37-50
membrane. For comparison, the highest activity on FAA-3-50 and X-37-50 membrane was
1121 and 1815 mA cm−2 at 2.2 V, 70 ◦C, which shows X-37-50 had 1.62 times higher current
density at the same operating conditions. EIS results showed that the X-37-50 membrane
had lower ohmic resistance than the FAA-3-50 membrane.
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