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Abstract: This study examines the catalytic activity of NiFeCoOy catalysts for anion exchange
membrane (AEM) water electrolysis. The catalysts were synthesized with a Ni to Co ratio of 2:1 and
Fe content ranges from 2.5 to 12.5 wt%. The catalysts were characterized using scanning electron
microscopy (SEM) and X-ray diffraction (XRD) techniques. The catalytic activity of the NiFeCoOy
catalysts was evaluated through linear sweep voltammetry (LSV) and chronoamperometry (CA)
experiments for the oxygen evolution reaction (OER). The catalyst with 5% Fe content exhibited the
highest catalytic activity, achieving an overpotential of 228 mV at a current density of 10 mA cm 2.
Long-term catalyst testing for the OER at 50 mA cm~2 showed stable electrolysis operation for 100 h.
The catalyst was further analyzed in an AEM water electrolyzer in a single-cell test, and the NiFeCoOx
catalyst with 5% Fe at the anode demonstrated the highest current densities of 1516 mA cm 2 and
1620 mA cm~2 at 55 °C and 70 °C at 2.1 V. The maximum current density of 1880 mA cm 2 was
achieved at 2.2 V and 70 °C. The Nyquist plot analysis of electrolysis at 55 °C showed that the
NiFeCoOy catalyst with 5% Fe had lower activation resistance compared with the other Fe loadings,
indicating enhanced performance. The durability test was performed for 8 h, showing stable AEM
water electrolysis with minimum degradation. An overall cell efficiency of 70.5% was achieved for

the operation carried out at a higher current density of 0.8 A cm~2.

Keywords: AEM; PEM; OER; EIS; ohmic resistance

1. Introduction

Because of global warming and climate change issues, there is a need to switch from
fossil fuels to renewable energy sources. Hydrogen is considered the fuel for the future
and can reduce carbon emissions and pollution caused by fossil fuels [1,2]. Hydrogen can
be used to generate electricity using fuel cells, and the only by-product is water. Proton
exchange membrane (PEM) electrolyzers are very effective in producing hydrogen because
of their compact size, high current densities, and high-purity hydrogen at high pressures.
The widespread use of PEM electrolyzers is limited due the use of expensive and rare
elements as catalysts, as IrO, is used for the oxygen evolution reaction (OER) and Pt for the
hydrogen evolution reaction (HER) [3,4].

Anion exchange membrane (AEM) water electrolyzers share a similar design to PEM
electrolyzers. AEM electrolyzers utilize a thin polymeric anion exchange membrane that
separates the anode and cathode sides and transports the hydroxyl ions [5]. Unlike alkaline
electrolyzers, AEM electrolyzers do not use any diaphragm and minimize gas crossover [6].
Compared with commercial alkaline electrolyzers, AEM water electrolyzers can be used
at low concentrations of electrolytes, and it is also possible to operate them with distilled
water [7]. Non-precious transition metal oxide catalysts such as Ni- and Co-based oxides
can be used in these electrolyzers because of the relative stability and activity of these
catalysts in alkaline conditions [8].
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In water electrolysis, the oxygen evolution reaction (OER) is considered kinetically
more demanding compared with the hydrogen evolution reaction (HER). The overpotential
of the OER is higher than the HER. The OER mechanism involves several intermediate steps,
which are kinetically demanding because they require four electrons for the evolution of a
molecule of oxygen. OER catalysis is an active research area that is focused on decreasing
the overpotential of the reaction [9,10]. There is a need to have active OER catalysts with
the least overpotential to improve AEM water electrolyzer performance and efficiency.

With the advancement in AEM, more research is now focused on nonprecious OER cat-
alysts for AEM water electrolyzers and AEM fuel cells. Three main classes of OER catalysts
have been widely studied for the OER, which are spinels such as NiFe;Oy4, perovskites such
as SrCoO3 and mixed metal oxide catalysts such as LaNiCoOx [11-13]. It was reported
that a spinel catalyst’s structure that contains Ni and Fe has higher OER activity. This is
because Ni and Fe can have synergistic effects on the OER process, resulting in improved
activity compared with catalysts containing only one of these elements. Several studies
have identified Ni-Fe spinel compounds as promising electrocatalysts for the OER [13-15].

The addition of Fe is reported to stabilize Ni in the Ni?* form in Ni-Fe OER cata-
lysts [16]. Mixed oxide catalysts containing both Ni and Fe have been found to have greatly
increased OER activity compared with pure Ni electrodes or other bimetallic mixed oxides.
The modification of a Ni-Fe bimetallic catalyst with a third metal has shown higher activity
compared with a bimetallic OER catalyst [17-19]. The activity of monometallic metal oxide
films for the oxygen evolution reaction (OER) can vary depending on the specific metal
used. Previous studies have suggested that nickel (Ni) is the most active of the group
3d metals for the OER [20]. More recent research has indicated that the high apparent
activity of Ni oxide samples may be due to contamination with trace amounts of iron
(Fe) [21]. In addition, layered double hydroxides (LDHs) have been shown to have higher
electrochemical properties, and NiCo LDH is reported to have enhanced performance along
with morphological changes because of the addition of a third metal [22].

In this work, NiFeCoOyx mixed metal oxides were synthesized with increasing Fe
content. The activity of these catalysts was tested in a three-electrode system and in an
AEM electrolyzer for water electrolysis. The AEM electrolyzer operation was also analyzed
by electrochemical impedance spectroscopy (EIS) with NiFeCoOy catalysts at the anode.
In addition, a NiFeCo(OH)y catalyst was also synthesized, and the activity was compared
with the NiFeCoOjy catalyst. The catalyst durability was also tested in the three-electrode
system and the AEM electrolyzer.

2. Results

The morphology of the nickel foam and GDL was analyzed by scanning electron
microscopy (SEM, Leo 1550, Zeiss, Dublin, CA, USA). Figure 1a,b show the nickel foam
without any catalyst coating, which shows pore size ranges of 100 to 500 um. Figure 1c
illustrates a cross-sectional view of the nickel foam coated with the NiFeCoOy catalyst.
It shows a thin layer of the catalyst on the surface of the nickel foam. The thickness of
the GDE is around 790 um, and the cross-sectional image shows that the top surface of
the GDE is covered with the catalyst layer, and, because of the applied pressure during
the fabrication process, particles are also deposited within the structure of nickel foam.
SEM results of NiFeCoOy (5% Fe) and NiFeCo(OH)x (5%Fe) are shown in Figure S1, which
indicate that NiFeCoOy and NiFeCo(OH)x had particle sizes in the micrometer range.

Figure 1d shows the Pt/C-coated carbon paper cathode. The total loading of the
catalyst was 1 mg/cm? of Pt, and it covered the carbon paper completely. There are some
cracks that are due to the heat treatment during the deposition of the catalyst. Figure le
shows the Energy-dispersive X-ray spectroscopy (EDS) spectra of NiFeCoOy 5 wt% catalyst,
which confirms the ratio of Ni to Co and a Fe content of 5 wt% with respect to the total
metal content of the catalyst. Figures S2-56 show the EDS spectrum of the NiFeCoOx
catalyst series. All the EDS results confirmed the total Fe content in each catalyst.



Catalysts 2024, 14, 322

3o0f21

1.30K|

o
1.17K] (e) Element Weight% Atomic%
1.04K| CK 15.39 35.45
0.91K| OK 20.90 36.15
0.78K| FeK 3.10 1.54
‘3 0.65K CoK 18.87 8.86
3
8 osx NiK 36.70 17.30
AuL 5.05 0.71
0.39K]
0.26K]
0.13K] Au
Au Au Au
0.00K —
0.0 13 26 39 52 6.5 7.8 9.1 104 117 130

kev

Figure 1. SEM of (a,b) the nickel foam without any catalyst deposition, (c) a cross-sectional image of
the NiFeCoOx (5% Fe) catalyst layer deposited on the nickel foam, (d) Pt/C coated on carbon paper,
and (e) EDS of the NiFeCoOx (5% Fe) catalyst.

X-ray diffraction (XRD) investigations were carried out using a Rigaku Miniflex 600
instrument, employing Cu-Ko radiation with a wavelength of 1.54184 A. The XRD of
NiFeCoOy (2.5-12.5 wt.% Fe) catalysts with a Ni-to-Co molar ratio of 2:1 showed a NiCo,O4
spinel crystal structure with the most intense peak at 26 36.8 assigned to (311), as shown
in Figure 2. The peaks were indexed to NiCo,O4 (JCPDS card no. 20-0781). Because of
the low loading of Fe in NiFeCoOx catalysts, diffraction peaks for NiFe;O4 and Fe,O3
were not present. Some peaks corresponding to NiCo,O4 were not distinct because of the
2:1 ratio of Ni to Co, indicating the presence of NiO/NiCo0,0, phases in the catalyst. In
Figure 2, the XRD of NiO is added for comparison, where nickel oxide had five distinct
peaks centered at 20 37.36, 43.36, 60, 75.54, and 79.56 and assigned to (111), (200), (220),
(311), and (222), respectively. The peaks are indexed to NiO (JCPDS card no. 78-0643).
XRD pf NiCoOx without Fe and a Ni-to-Co ratio of 2:1 is also added for comparison. We
performed a detailed study in our previous work with NiCoOy catalysts for OER and AEM
electrolysis; the XRD of NiCoOx with a different Ni-to-Co ratio can be reviewed in that
study [23].
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Figure 2. XRD of NiFeCoOxy catalysts with a Fe content of 2.5 to 12.5% wt.%.

Other studies have shown that with a lower Fe content in a co-precipitated NiFeOy
catalyst with 15% Fe loading, there was no XRD peak observed for NiFe,Oy4 or Fe,O3 [24].
For the XRD of the Ni/NiFe;Oy4 catalyst, no XRD peak due to NiFe,O4 was observed at the
Fe mol% of 10 to 15%. At a higher mol% of 25, the XRD at peak at 20 ~ 35° was observed,
and a further increase in the Fe mol% to 50 resulted in the appearance of Fe,Os diffraction
peaks [25].

2.1. Oxygen Evolution Reaction

To evaluate the catalytic activity of the NiFeCoOx catalysts, LSV was performed in
1M KOH. NiFeCoOy (5%Fe) showed the highest catalytic activity with an overpotential of
228 mV at a current density of 10 mA cm ™2, as shown in Figure 3a, in all cases, the catalyst
was coated on the nickel foam. The catalytic activity increased in the order of 5% > 7.5% >
2.5% > 10% > 12.5% with respect to total Fe content. The trend showed maximum activity
at 5% and 7.5% Fe content, which decreases after further addition of Fe content to 10%
and 12.5% Fe. Similar results were reported for NiFeOy electrocatalysts, where the OER
activity improved until 15% Fe content, and with a further increase in Fe content to 30%,
the OER activity decreased [13]. A higher Fe content in NiFe layered double hydroxide
(LDH) material is reported to decrease OER activity because of the formation of the FeOxHy
segregated phase, which decreases the electrical conductivity of the catalysts [26].

NiO catalysts have shown comparatively lower activity for OER [21,27], there is a
self-redox peak at 1.45 V (V vs. RHE) that is indicative of Ni?* to Ni** oxidation. With
the increase in Fe content higher than 5% Fe, the peak became less prominent. In earlier
work, it has been proposed that the addition of Fe in NiO materials promotes charge
transfer and increases the valence state of Ni. This made further oxidation of the catalyst
relatively difficult, causing the disappearance of Ni** to the Ni3* peak at 1.45 V. This
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partial charge transfer between Ni and Fe has been linked to improved OER activity [28].
Figure 3b shows the overpotential at current densities of 10, 50, and 100 mA cm 2. At
10 mA cm 2, the overpotential did not change much with the increase in Fe content in the
NiFeCoOx catalyst series, where the NiFeCoOy (5% Fe) catalyst had an overpotential of
228 mV at 10 mA cm 2. At higher current densities of 50 mA cm~2 and 100 mA cm 2, the
overpotential of NiFeCoOy (5% Fe) was 406 and 495 mV, which is the lowest among other
catalysts, and with a further increase in Fe content to 12.5%, it increased to 458 mV and
558 mV for 50 mA cm 2 and 100 mA cm 2, respectively.
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Figure 3. Oxygen evolution reaction for the NiFeCoOy catalyst series in 1M KOH. (a) Polarization
curves (85% iR-corrected) of NiFeCoOy catalysts. (b) Overpotential of the OER at 10, 50, and
100 mA /cm?.

The kinetics of the NiFeCoOy catalysts were compared by using a Tafel plot, as shown
in Figure 4a. The catalysts with 5%, 7.5%, and 12.5% showed a lower Tafel slope, which
indicates faster reaction kinetics of the OER on these catalysts. A long-term stability test
was performed on the NiFeCoOy (5% Fe) catalyst for 100 h, as shown in Figure 4b. The
OER catalyst stability test was performed at a current density of 50 mA /cm?. During the
100 h operation, the voltage increased from 1.741 V to 1.79 V (vs. RHE). The rate of voltage
increase over the 100 h stability period was 0.49 mV /h. This test helped to analyze the
stability of the catalyst for a prolonged OER at a relatively higher current density.

The determination of double-layer capacitance (Cq;) involved conducting cyclic voltam-
metry (CV) in the non-faradic region, specifically ranging from 0.967 V to 1.167 V. The
plots in Figure 5a—f depict the relationship between the scan rate and current density in
the non-faradic region. C4; was calculated from the slope of the scan rate vs. the current
density plot, as shown in Figure 6. The table in Figure 6 shows the values of C4; and ECSA
for the NiFeCoOy catalysts. The calculated values for the ECSA were 172.5 cm?2, 127.5 cm?,
132.5 cm?, 135 cm?2, and 132.5 cm? for the NiFeCoOx catalysts with Fe concentrations of
2.5%, 5%, 7.5%, 10%, and 12.5%, respectively.
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Figure 4. (a) Tafel plots for the OER with NiFeCoOx catalysts in 1 M KOH. (b) Long-term OER tests
of the NiFeCoOy (5%Fe) catalyst at 50 mA / cm?.
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Figure 5. Cyclic voltammetry for the determination of C4; for NiFeCoOy catalysts with varying Fe
contents of (a) 2.5%, (b) 5%, (c) 7.5%, (d) 10%, (e) 12.5%, and (f) NiCo(OH)x (5%).
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Figure 6. Plot of scan rate vs. current density for the evaluation of the electrochemical double-layer
capacitance (Cq;) of NiFeCoOjy catalysts.

2.2. Single-Cell Performance with the NiFeCoO, Catalyst

The activity of the catalyst in the AEM electrolyzer was tested using chronoamper-
ometry. Figure 7 shows the activity of the catalyst at 45 °C, with voltage ranges from
1.5V to 2.2 V. The voltage was constant for one minute at each voltage. The electrolyzer
performance was monitored, and there was very little variation in current density at a fixed
voltage. At a voltage of 2.2 V, the maximum current density was 1675 mA cm 2.
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Figure 7. NiFeCoOy (5% Fe) catalyst activity measurement in the AEM electrolyzer using chronoam-
perometry at 45 °C with a voltage from 1.5 to 2.3 V.

Figure 8a shows polarization curves for the series of NiFeCoOy catalysts at 45 °C.
The Ni-to-Co ratio in all the catalysts was 2:1 with Fe content changed from 2.5 to 12.5%.
The catalyst with 5% Fe content showed the highest activity of 1128 mA cm~2 at 2.1 V.
Other catalysts also exhibited increased activity, with the catalyst containing 7.5 wt% Fe
achieving a current density of 832 mA cm~? at the same voltage. As the percentage of iron

(Fe) exceeded 7.5 wt%, a reduction in activity was observed, particularly at concentrations
of 10 and 12.5 wt%.

1200 1600 1800
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1000 A 16?
(]
1200 4 12.5% 1300
800 - 1200
1000 55°C
% P % 1000
£
S 600 - gsoo '-E'
< < <
£ £ £ 800
600
400 600
400 400
200 A
200 200
0 4 (]

14 15 16 1.7 1.8 19 2.0 21
Cell Voltage (V)

14 15 16 1.7 1.8 19 20 21
Cell Voltage (V)

14 15 16 1.7 1.8 19 2.0 2.1
Cell Voltage (V)

Figure 8. Linear sweep voltammetry was conducted across different temperatures using theX-37-50 T
membrane for AEM electrolysis at (a) 45 °C, (b) 55 °C, and (c) 70 °C. The cathode employed Pt/C,
while the anode utilized a synthesized NiFeCoOy catalyst with a varying Fe content ranging from
2.5% to 12.5% wt.%.

AEM water electrolysis is usually performed at higher temperatures than 45 °C,
the reason is to improve the reaction kinetics and to increase the conductivity of the
electrolyte. Figure 8b,c show the AEM electrolysis performance at 55 °C and 70 °C. The
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trend in activity was the same with 5% Fe, having the highest current density of 1516
and 1620 mA cm~2 at 55 °C and 70 °C, respectively, at 2.1 V. With the 7.5 wt% Fe catalyst,
the highest activities were 1048 and 1340 mA cm 2 at 55 °C and 70 °C, respectively. An
increase in temperature can have a positive effect on the overall activity of electrolysis by
decreasing the overpotential (the extra energy required to drive a reaction) at the cathode
and anode [7].

In our earlier work, it was found that a NiFeCoOy catalyst performed well compared
with a NiO catalyst for AEM water electrolysis [24]. The formation of a spinel phase,
such as NiCo,0y4, can be a contributing factor to enhancing the activity in electrocatalysis,
particularly for the oxygen evolution reaction. The presence of Fe oxides can also promote
the formation of the NiCo,0y4 spinel phase, which is known to be a good oxygen evolution
electrocatalyst [29]. The optimum percentage of Fe in Ni-based catalysts for the OER has
been shown to vary in different studies. For a NiO/NiFe;O4-based mixed oxide catalyst,
the OER activity was reported to be maximum at 10 mol% of Fe with 90% of Ni. Increasing
the Fe content to 20 mol%, the activity of the OER decreased to half. It was proposed that
the formation of amorphous Fe;O3 could be the reason for the lower activity with the
increase in Fe content [25]. In another study, it was shown that the addition of Fe in a Ni
hydroxide catalyst enhanced the overall performance of alkaline water electrolysis, with
higher Fe content, the performance was reported to decrease [30]. A nickel iron oxide with
a sputtered catalyst with 1.9% Fe was reported to have a lower overpotential than a 5.6%
Fe catalyst for the OER [31].

A variety of materials and compositions have been studied for their application in the
OER under alkaline conditions. Among these, transition metals have proven to be highly
effective, demonstrating both elevated activity and stability in such environments [32].
Catalysts containing nickel (Ni), iron (Fe), and cobalt (Co) have proven to be effective in
reducing the overpotential necessary for the OER [33-36]. Investigations have been carried
out on the suitability of transition metal oxides, hydroxides, and oxyhydroxides as catalysts
for the OER. The general pattern among these catalysts indicates that Ni-based catalysts
exhibit the highest activity, followed by Co and then Fe [20,21]. By incorporating transition
metals into metal oxides or hydroxides, the dynamics of interactions among metallic phases
change because of the modification of d-d intermetallic bonding. This causes a reduction
in the energy required for intermediates to adsorb, leading to low adsorption energy of
intermediates and thereby faster reaction kinetics [37,38].

In this work, the addition of Fe in NiCoOx catalysts showed a promotional effect
on the overall activity of the catalyst when the Fe content was 5 to 7.5%. The increased
activity is linked to the improved conductivity of the catalyst and also the decrease in
the overpotential of the OER catalyst. The NiO catalyst’s performance for the OER has
been demonstrated to be enhanced by a Fe content between 10 and 20%. Co aids in the
formation of Ni3*, and it was suggested that Fe would stabilize Ni in the Ni** oxidation
state [14]. In another study, trimetallic Nig¢Cog2Fep, was reported to have a current
density of 1.5 A/cm? at 2 V. The enhancement in the activity of the catalysts was due to the
Ni(OH); to NiOOH transformation at relatively lower temperature [39].

Figure 9a shows a bar graph, which illustrates a clear electrolysis activity trend with
the change in Fe content under the condition of 2.1 V at 55 °C. At 2.5 wt% Fe, the catalyst
activity is higher than the 10 and 12.5% Fe, which means that a higher Fe content retards
the overall activity. The optimum Fe content was at 5 and 7.5%, which shows the highest
activity among the series of catalysts. For comparison, when the Fe content increased from
2.5 to 5%, the current density increased by 96%.

An Arrhenius plot was used to calculate the apparent activation energy for AEM water
electrolysis by plotting the logarithm of current density and reciprocal temperature, as
shown in Figure 9b. The apparent activation energy was calculated at a voltage range of
1.5 t0 2.2 V and a temperature range of 45 to 70 °C. The apparent activation energy was
in the range of —33.09 to —12.40 kJ/mol for the NiFeCoOy catalyst with 5% Fe content.
Table 1 shows the apparent activation energy at each current density, the activation energy
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decreased with the increase in the voltage. In electrochemical reactions, such as the OER,
as voltage increases, the potential energy of the reactants also increases. This increase in
potential energy can be used to overcome the activation energy barrier required for the
reaction to occur, making it easier for the reaction to take place [23,40].
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Figure 9. (a) Trend in the activity of AEM electrolysis performance with an increase in the Fe content
at2.1 Vand 55 °C. (b) Arrhenius plot of the NiFeCoOy (5% Fe) catalyst as the anode for AEM water
electrolysis at a temperature range of 45-70 °C.

Table 1. Apparent activation energy with the NiFeCoOy (5% Fe) catalyst at the anode for AEM
water electrolysis.

Voltage Activation Energy

V) kJ/mol

1.5 —33.09
1.6 —21.66
1.7 —17.63
1.8 —15.62
1.9 —14.94

2 —13.36
2.1 —12.57
2.2 —12.40

2.3. Electrochemical Impedance Spectroscopy

EIS is a robust technique employed for investigating the operational characteristics
of electrolyzer cells, especially in the context of AEM water electrolysis cells [41,42]. By
this analysis, the impedance of the electrolyzer during the electrolysis operation can be
measured. In addition, the impedance at the cathode and anode and resistance due to
electrolytes and the membrane can also be evaluated [43]. The data obtained from the
EIS measurements can be analyzed by Nyquist plots, which allow for the visualization of
the impedance characteristics of the cell. A Nyquist plot can be used to identify different
components of the impedance, such as the charge-transfer resistance and the Warburg
impedance [44].
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Figure 10 illustrates the Nyquist plot obtained during the electrolysis operation at
55 °C, performed at a voltage of 1.7 V, for the NiFeCoOy catalyst series. On the Nyquist
plot, the x-intercept at the high-frequency region signifies the ohmic resistance (Ropm ), and
the activation resistance (R,ct) can be determined by subtracting the first x-intercept from
the second x-intercept. The Nyquist plot in Figure 10 illustrates that the semicircle diameter
for NiFeCoOx with a 5% loading is smaller than that of the other catalysts with different
Fe loadings. This suggests that the activation resistance for this catalyst is comparatively
lower when compared with the other catalysts.
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Figure 10. EIS analysis with a Nyquist plot at 1.7 V for AEM electrolysis with NiFeCoOy catalysts
at 55 °C.

To gain further insight into the performance of the electrolyzer cell, equivalent circuit
fitting was used to analyze the contributions of different components to the impedance. An
equivalent circuit is shown in Figure 10 with different electrolyzer components, where (L)
is inductance, R1 is the ionic resistance, R2 and R3 are the activation resistances, and Q2
and Q3 are the constant phase elements (CPEs) (Q2 and Q3) at the electrodes [23]. Because
of the non-uniform nature of the electrodes, CPEs were used instead of capacitive elements
Q [45].

Table 2 shows the activation resistance and ohmic resistance evaluated from the
Nyquist plots for the catalyst series during AEM electrolysis. The Nyquist plots showed the
same trends as those observed in the performance testing, where the activation resistance
and ohmic resistance increased in the same order of 5%Fe < 7.5%Fe < 2.5% Fe < 10% Fe <
12.5% Fe. The lower activation resistance (0.074 ()) and ohmic resistance (0.064 Q) for
the NiFeCoOy (5% Fe) catalyst resulted in higher performance for the AEM electrolysis.
The lower ohmic resistance for NiFeCoOy (5% Fe) was due to the increased conductivity
of the catalyst because of the addition of Fe. The higher loading of Fe greater than 5%
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resulted in a decrease in the conductivity of the catalyst and resulted in an increase in ohmic
resistance. Similarly, a higher Fe content in the catalyst resulted in increased activation
resistance, which means that the OER at the anode has a lower overpotential on NiFeCoOx
(5% Fe) than the other catalysts in the series. These results clearly showed that the addition
of Fe in the range of 5-7.5% in the NiCoOy catalyst increased the catalyst conductivity,
leading to a reduction in ohmic resistance. The activation resistance was also lower for the
catalysts with 5-7.5% Fe content, and these catalysts showed higher current densities in
single-cell performance.

Table 2. Resistances evaluated from equivalent circuit fitting. EIS was performed at 55 °C and 1.7 V.

Ohmic Resistance Activation Resistance Membrane Resistance

Catalyst Fe%
Rohm Q) Ranode + Rcathode Q) Rmembrane Q)
2.5 0.102 0.218 0.090
5 0.064 0.074 0.060
75 0.083 0.180 0.078
10 0.166 0.139 0.167
12.5 0.159 0.284 0.137

Potentiostatic EIS was also used to study the effect of temperature on different resis-
tances involved in the AEM electrolysis operation. EIS was performed on the NiFeCoOx
(5% Fe) catalyst from 45 to 70 °C at 1.7 V and 2 V, as shown in Figure 11. The equivalent
circuit fitting results in Table 3 suggest that as the temperature of the AEM electrolyzer
increases, the ohmic resistance decreases, which can improve the overall efficiency of the
electrolysis process.
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Figure 11. Effect of temperature on AEM water electrolysis with EIS analysis using Nyquist plots at
three distinct temperatures (45 °C, 55 °C, and 70 °C). The NiFeCoOy catalyst with (5 wt% Fe) was
used at the anode for AEM water electrolysis. EIS was performed at 1.7 Vand 2 V.

The results in Table 3 show that with an increase in temperature from 45 to 70 °C,
the total activation resistance at the anode and cathode decreased from 0.096 to 0.065 Q)
at 1.7 V and from 0.051 to 0.029 Q) at 2 V. With the increase in the voltage from 1.7 to 2V,
the activation resistance decreased at each temperature. The activation resistance at 45 °C,
55 °C, and 70 °C decreased by 46.8%, 47.3%, and 55.3% by increasing the voltage to 2 V.
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Table 3. Equivalent circuit results for EIS analysis. AEM electrolysis was carried outat 1.7 Vand 2 V
from 45 °C to 70 °C with the NiFeCoOy (5 wt% Fe) anode.

Ohmic Resistance Activation Resistance =~ Membrane Resistance
Temperature Rohm (€2) Ranode + Reathode (€2) Rmembrane (€2)
1.7V
45°C 0.080 0.096 0.072
55°C 0.064 0.074 0.060
70°C 0.060 0.065 0.058
2V
45°C 0.078 0.051 0.071
55°C 0.064 0.039 0.060
70 °C 0.061 0.029 0.060

2.4. Comparison of the NiFeCoO, Catalyst with NiFeCo(OH)y

Ni-based hydroxide-based materials have shown good stability in alkaline conditions
and are known to have high OER activity. Ni-, Fe-, and Co-based layered double hydroxide
materials are also reported to have high OER activity [26,46,47]. The synthesis method
for NiFeCo(OH)y was similar to NiFeCoOy, with the only difference being that it was not
annealed at a high temperature, and the catalyst was dried at room temperature for one
day. The loading of Fe was 5%, and the performance of the catalyst was compared with
the NiFeCoOy (5% Fe) catalyst. The XRD pattern of NiFeCo(OH) revealed peaks that
corresponded to reflections of a hydrotalcite-like structure, as shown in Figure 12, with
distinct peaks at 26 at 10.4, 21, 34, 38.5, and 60 which were assigned to (003), (006), (012),
(015), and (110) reflections and indexed to (JCPDS: 00-035-0965).
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Figure 12. XRD of the NiFeCo(OH)y catalyst with 5 wt% Fe.

To compare the electrolyzer activity of NiFeCo(OH)y and NiFeCoOy, a dioxide mem-
brane X-37-50 T was employed, and the MEA preparation method followed the previously
described procedure. The operation was conducted at three temperatures (45 °C, 55 °C,
and 70 °C), as depicted in Figure 13a—c. At each temperature, the NiFeCo(OH)y catalyst
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exhibited a lower current density compared with NiFeCoOy, with both catalysts having the
same loading of 25 mg cm~2. At a voltage of 2.2 V, the current density for NiFeCo(OH)
was 514 mA cm 2 at 45 °C, 588 mA cm 2 at 55 °C, and 617 mA cm 2 at 70 °C. In contrast,
for the NiFeCoOy catalyst, the current density was higher, reaching 1311 mA cm~2 at 45 °C,
1800 mA cm 2 at 55 °C, and 1880 mA cm 2 at 70 °C. The activity of NiFeCo(OH)x was
higher as it achieved a current density higher than 500 mA cm~2 at each temperature, but
compared with NiFeCoOy, the activity was 2.5 times lower at 45 °C. At relatively higher
temperatures of 55 °C and 70 °C, the NiFeCo(OH)y activity was 3 times lower than the
NiFeCoOx catalyst. The hydroxide form of the OER catalyst is reported to show higher
activities in the literature. However, their low electronic conductivity can be a limitation for
the OER. This means that the electrons may have difficulty moving through the material,
which can slow down the reaction and decrease the efficiency of the electrolysis process [46].
The hydroxyl group present in the catalyst results in oxygen defects. It is reported that
the presence of oxygen defects can change the properties of materials, including energy
levels and conductivity. It also leads to an increase in the number of reactive and surface-
active sites. However, an overabundance of oxygen vacancies causes a deformation in the
metal-oxygen bond, which decreases the electron transfer between the catalyst surface and
the intermediate in the oxygen evolution reaction [26].
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Figure 13. Electrolysis performance using NiFeCoOy and NiFeCo(OH)x with 5 wt% Fe at a tempera-
ture range of (a) 45 °C, (b) 55 °C, (c) 70 °C.

Modifications to nickel hydroxide catalysts to improve their performance for OER
typically focus on several key areas. Heteroatom doping, such as the incorporation of Fe
and Co into a catalyst, can enhance the conductivity of the material and promote charge
transfer, thereby improving its OER performance [48-50]. Heteroatomic doping, specifically
Fe-doping, has been shown to be a promising method for improving the activity of nickel-
based (oxy)hydroxide catalysts in the OER. Studies have found that the intentional and/or
incidental incorporation of Fe into nickel (oxy)hydroxide can significantly enhance the
catalytic activity of the material. It was reported that the introduction of Fe into nickel
(oxy)hydroxide catalysts affects the electronic structure of the material and promotes a
partial charge transfer activation on the Ni atoms. Fe-doping in nickel (oxy)hydroxide
catalysts has been found to result in optimal adsorption energy for oxygen intermediates,
making the OER more efficient. Other research has also suggested that the Fe ions, rather
than the Ni sites, may be the active sites for the generation of O, from intermediate species
on Nij_yFeyOOH catalysts [51].
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Another strategy to improve the activity of NiFe-based layered double hydroxides
(LDHs) in the OER is a ternary metal catalyst. This can affect the conductivity and structure
of a binary catalyst (NiFe hydroxide), leading to enhanced OER activity. For instance,
ternary NiFeCo mixed metal oxide film has been found to exhibit enhanced OER activity
compared with reference NiFe LDH catalysts. This approach can create new active sites
and change the electronic structure of a catalyst, leading to improved performance in the
OER [14,47]. Some synergism has been reported between Ni and Co in the Ni(Co)OxHy
catalyst for the OER, which is more active than the corresponding CoOxHy, catalyst. The
OER activity was reported to increase by 3 times by co-deposition of Fe in Ni(Co)OxHy [52].

The lower conductivity of layered double hydroxides (LDHs) has been a barrier to
their use as catalysts in the OER. To overcome this limitation, researchers have attempted
to combine LDHs with conductive materials such as reduced graphene oxide (rGO) and
carbon nanotubes (CNTs) or to grow LDHs on conductive substrates such as nickel foam or
carbon fiber cloth. This approach aims to enhance the conductivity of the catalysts, making
them more efficient in the OER process [53-55].

Figure 14a shows EIS results at 55 °C for the NiFeCo(OH)x (5% Fe) catalyst using the
X-37-50 T membrane. The ohmic resistances at 1.7 and 2 V were 0.225 () and 0.218 ), and the
activation resistances were 0.244 (3 and 0.2 (), as determined from equivalent circuit fittings.
When these EIS results were compared with NiFeCoOyx (5% Fe) for electrolysis operation,
and the ohmic resistances were 3.5 and 3.4 times higher for the NiFeCo(OH)y catalyst.
This could be due to the low conductivity offered by this catalyst, which offered higher
resistance in electron transport. The conductivity also affected the overall performance
of the electrolyzer, and this catalyst achieved a lower current density than the NiFeCoOx
catalyst during water electrolysis at the same conditions. The activation resistances were
also 3.29 and 5.1 times higher compared with the NiFeCoOy catalyst. This explains the
lower performance of hydroxide catalysts for water electrolysis compared with the other
NiFeCoOx series of catalysts.
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Figure 14. (a) Comparison of the Nyquist plot for NiFeCoOy and NiFeCo(OH)y catalysts with 5 wt%
Fe at 55 °C for AEM water electrolysis. (b) AEM electrolyzer durability test at 800 mA / cm? for 8 hin
1M KOH; the electrolyzer was operated at 55 °C.

2.5. AEM Electrolyzer Durability Test

A durability test was performed for water electrolysis with the NiFeCoOx (5%Fe) OER
catalyst at 800 mA /cm? for 8 h. Cell efficiencies were determined within the first hour
of the stability test. The cell efficiency was 70.5% at this high current density operation.
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During the stability testing, the voltage did not increase much during the analysis. The
degradation rate observed during the test was 2.3 mV /h. The initial voltage at the start of
the test was 1.825 V, and after 8 h, it reached 1.839 V, as shown in Figure 14b. The Faradic
efficiency was also calculated within the first 60 min of the operation, with an efficiency
of 87%.

One of the factors that affect electrolyzer performance in longer runs is the stability
of AEM. Some of the commercially available membranes tested in the durability testing
were not stable even at very low current density; for example, the FAA-3 membrane was
reported to degrade within 10 h of the operation at 20 mA cm~2. With aryl ether-free
HMT-PBI, AEM showed stability for 200 h at a current density of 25 mA cm~2 [56]. Higher
current density AEM stability tests were reported with FAS-50 and Sustainions X-37-50
membranes at 60 °C, where both membranes showed stability for 180 h and 2000 h at
1Acm2[57].

3. Experimental
3.1. Synthesis of the NiFeCoOy Catalyst

For the catalyst synthesis, nickel nitrate (Ni(NO3);), cobalt nitrate Co(NO3),-6H,0,
and iron nitrate Fe(NOs); were utilized as precursors for Ni, Co, and Fe, respectively. By
maintaining a Ni-to-Co molar ratio of 2:1, the Fe concentration varied from 2.5 to 12.5 wt%
per metal basis. All three precursors were dissolved in water at 25 °C, and 1 M NaOH was
then added dropwise for 60 min during the precipitation phase, followed by 2 h of stirring.
The resulting catalyst suspension underwent centrifugation to isolate the solid catalyst,
which was thoroughly washed to remove excess NaOH. The washed solids were dried in
an oven overnight and subsequently subjected to calcination at 300 °C for 5 h in a furnace
to convert the catalyst into its metal oxide form.

3.2. The Oxygen Evolution Reaction (OER) in the Three-Electrode System

The three-electrode OER system was made by using graphite as the counter electrode,
a Standard Calomel Electrode (SCE) as the reference electrode, and the NiFeCoOjy catalyst
coated on nickel foam as the working electrode. Linear sweep voltammetry (LSV) and
cyclic voltammetry (CV) were performed using a potentiostat (VMP-3, Biologic). The
working electrode surface area was 1 cm?, and 1M KOH was used as an electrolyte at room
temperature. OER activity polarization curves were recorded with a scan rate of 5 mV/s
and 85% iR correction. Durability tests were performed at a constant current density of
50 mA cm~2 for 100 h. CV was used in non-faradic regions to determine the double-layer
capacitance (Cq;). The electrochemical surface area (ECSA) was estimated by dividing Cg;
by the smooth plane capacitance (Cs), with a specified value of 40 pF/cm?.

All potentials were converted to values relative to the reversible hydrogen electrode
(RHE) using the Nernst equation. Catalyst loading was maintained at 5 mg-cm~2 for each
run, and the catalyst was coated onto the nickel foam using catalyst slurry prepared from
the catalyst, 5 wt% Nafion solution, and isopropanol.

3.3. Fabrication of the Gas Diffusion Electrode

Nickel foam with a thickness of 1.7 mm was used as the gas diffusion layer (GDL) for
the anode. The catalyst was coated by forming a slurry using a catalyst, Nafion solution
(Nafion™ 1100W from Sigma Aldrich, St. Louis, MO, USA), water, and isopropanol. The
Nafion content was 10 wt% of the total catalyst amount. For all AEM electrolysis tests, the
catalyst loading at the anode was 25 mg-cm™2.

A Pt/C catalyst (40 wt%, HISPEC 4000, Johnson Matthey, London, UK) was used for
the cathode side. A coating of 1 mg of Pt was applied to carbon paper (Sigracet 29BC)
using an airbrush. The Nafion content was 20 wt% of the catalyst in the ink used for
depositing the Pt/C catalyst. After fabrication of the gas diffusion electrodes, a membrane
electrode assembly (MEA) was made by inserting an anion exchange membrane (AEM,

dioxide membrane X-37-50 grade T, San Diego, CA, USA) between the anode and cathode.
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The MEA assembly involved placing a porous transport layer (made by pressing three
nickel foams to a thickness of 2 mm) into the casing, followed by inserting a nickel foam
anode, the AEM, and then the carbon paper cathode. The total active area of the MEA was
3.24 cm? with dimensions 1.8 cm x 1.8 cm [23].

3.4. AEM Electrolyzer Performance Test

The operation was performed by using LSV and chronoamperometry. A potentiostat
connected with 100 A Booster VMP3B-100 (Biologic, Seyssinet-Pariset, France )was used
for analysis, 1 M KOH was used as an electrolyte, which was circulated with a flow rate
of 90 mL/min, and the temperature range used in electrolysis was from 45 to 70 °C. 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 plots.

The durability of the AEM electrolyzer was tested at a constant current density of
0.8 A/cm? for 8 h. To calculate cell efficiency, which is the ratio of power input to the
electrolyzer to the power of hydrogen out, the AEM electrolyzer power was calculated by
multiplying the cell voltage and current density. Cell efficiency was calculated by using
Equation (1). Faradaic efficiency was determined by measuring the quantity of hydrogen
generated at room temperature.

moles of hydrogen x AH x 100
AEM electrolyzer power input

Cell efficiency (%) = 1)

Figure 15a depicts an AEM water electrolyzer with water and oxygen outlets on
the anode side and a hydrogen outlet on the cathode side. The electrolyzer employs an
anion exchange membrane to separate the anode and cathode. The 1M KOH solution was
circulated only from the anode side.

AEM Water Electrolysis
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Figure 15. (a) Configuration of the AEM water electrolyzer. (b) Schematic of the membrane electrode
assembly used in this study.

The water reduction reaction at the cathode generates hydrogen, while hydroxyl ions
move through the membrane and are oxidized at the anode to release oxygen. Figure 15b
shows the schematic of the MEA, where NiFeCoO, was used in the nickel foam and Pt/C
was used in the carbon paper gas diffusion layer.
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4. Conclusions

In this study, the catalytic activity of NiFeCoOy catalysts in AEM water electrolysis was
investigated. NiFeCoOxy catalysts exhibited a well-defined NiCo,Oy spinel crystal structure.
The electrochemical analysis in the three-electrode system revealed that the catalytic activity
of the NiFeCoOy catalysts varied with the Fe content. Specifically, the catalyst with 5% Fe
content exhibited the highest catalytic activity, achieving an overpotential of 228 mV at
a current density of 10 mA cm?. The long-term stability testing for 100 h showed stable
performance with a slight voltage increase, which shows the stability of the NiFeCoOy
catalyst anode for the OER. As the Fe content increased beyond the optimal concentration,
the catalytic activity gradually decreased. This observation suggests that there is an
optimal Fe concentration for maximizing the catalyst’s performance, beyond which the
presence of excess Fe might negatively affect catalytic activity because of the decrease in the
conductivity of the catalyst and increase in the overpotential of the catalyst. This finding
emphasizes the importance of careful control over the catalyst composition to achieve
optimal performance. The single-cell tests conducted under practical operating conditions
further supported the superior electrochemical activity of the NiFeCoOx catalyst with
5% Fe content. This catalyst consistently demonstrated the highest current densities of
1516 mA cm~2 and 1620 mA cm~2 at 55 °C and 70 °C, respectively, at 2.1 V, highlighting
its stability and suitability for real-world applications. NiFeCoOx consistently exhibited
higher current density than the NiFeCo(OH)y catalyst at each temperature, with the former
achieving 2.5 times higher activity at 45 °C and three times higher activity at 55 °C and 70 °C.
These results indicate that NiFeCoOx outperforms NiFeCo(OH)x in terms of electrolyzer
activity, particularly at elevated temperatures.

EIS coupled with equivalent circuit fitting analysis of various catalyst compositions
in AEM water electrolyzers shows performance characteristics. The catalyst study dur-
ing AEM electrolysis revealed that NiFeCoOy (5% Fe) exhibited superior performance,
attributed to its lower activation and ohmic resistances. Increasing the temperature demon-
strated a steady decrease in overall resistances, enhancing electrolysis efficiency. A higher
voltage further lowered the activation resistance, emphasizing the importance of voltage
and temperature in optimizing AEM electrolysis.

The durability test of the NiFeCoOx (5%Fe) OER catalyst in water electrolysis showed
promising results. The catalyst demonstrated stable performance throughout the 8-hour
AEM electrolysis at 800 mA cm ™2, suggesting its reliability and durability in high current
density operations. The cell efficiency measured during the initial hour of the stability test
was 70.5%, highlighting the catalyst’s efficiency in facilitating water electrolysis and hydro-
gen generation. The faradic efficiency of the system was measured to be 87% during the first
hour of operation, indicating efficient electrochemical reactions during water electrolysis.

These findings have important implications for the development of efficient and
sustainable hydrogen production. By optimizing the composition of NiFeCoOy catalysts,
it is possible to enhance the electrochemical performance of alkaline water electrolysis
systems, thereby facilitating the production of hydrogen in a more environmentally friendly
and economically viable manner.
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