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Hydrogen production from anion exchange membrane water electrolysis (AEMWE) is an efficient
cost-effective solution to renewable energy storage. Contrary to proton exchange membrane
(PEM) electrolysis, AEMWE requires further optimization of its cell design, particularly for the
kinetically unfavourable oxygen evolution anode half-cell reaction (OER). In this work we
optimize the commercial Fumatech fumion ionomer content in AEMWE anodes using nickel (Ni)
nanoparticles (NP) synthesized by chemical reduction. The optimal ionomer content is then
applied to Ni-iron (Fe)-based NPs with and without ceria (CeO»), all prepared using the same
method. Scanning Electron Microscopy (SEM) of the resulting electrode surfaces, Particle-size
Distribution (PSD) of the catalyst inks, and in-situ testing of the monometallic Ni NPs show that
the best and most active catalytic layer is obtained using 15 wt% ionomer. AEMWE performance
and short-term durability are evaluated in different concentrations of potassium hydroxide (KOH),

where the NigoFe1o is the best performing Ni-based electrode showing 1.72 V at 0.8 Acm?in 1 M



KOH after IR-correction, and a degradation rate of 3.3 mV h’!. The addition of ceria to the Ni-
based catalysts shows more consistent mass transfer over time likely due to more efficient water

transport and bubble release.
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1. Introduction

The production of hydrogen via anion exchange membrane water electrolysis (AEMWE)
is an economically feasible method for renewable energy storage, which can be easily integrated
into a sustainable hydrogen-based energy system[1—4]. The advantages of AEMWE are well
known[1,3,13,5-12]. One of the main advantages of this design comes from the use of a anion
exchange membrane (AEM), which allows for a compact, low resistance cell design[5,9,10,14].
The AEM conducts hydroxide ions, while efficiently separating oxygen and hydrogen, allowing
for higher operating current densities in comparison to traditional alkaline electrolyzers, which
employ porous diaphragms as separators[15,16]. Additionally, contrary to its proton exchange
membrane (PEM) equivalent, AEMWE systems allow the use of inexpensive non-noble metals as
electrode materials due to their high stability and corrosion resistance in an alkaline
environment[15,17-21]. Particularly, nickel-based catalysts have been well investigated as both
anodes and cathodes in alkaline electrolysis systems[22—27]. The anode of the alkaline electrolyser
is responsible for the oxygen evolution reaction (OER), a kinetically unfavourable reaction due to
multiple electron transfer steps[22,28], while the cathode is responsible for the hydrogen evolution
reaction (HER).

In an AEMWE system, one of the most important parts of the membrane electrode
assembly (MEA) is adding the right amount of ionomer to the catalytic layers. In AEMWE, anion
exchange ionomers (AEI) are used. AEIs are anion-conducting polymer electrolytes, consisting of
positively charged functional groups bound to a polymer backbone[29]. In a catalytic layer, AEIs
are used to form a porous network, which facilitates ion transport to the reaction sites as well as
gas permeability, while also serving as a binder for the catalyst particles|30-32]. The amount of

ionomer must be optimized because there are consequences to having too little or too much it.



Many studies[30-36] show that having too little ionomer in the catalytic layer results in poor
adhesion of the catalytic layer and low ion transport and gas permeability through the layer. On
the other hand, having too much ionomer can cause particle agglomeration that can block catalyst
sites as well as inhibit mass transport through the catalytic layer. [onomers may also adsorb onto
catalytic sites, reducing the active area available[37]. Having too much ionomer with readily
access to water may cause the catalytic layer to lose its structural integrity due to dissolution of
the ionomer into the electrolyte[31].

There are a few studies that cover ionomer optimization in AEMWE anodes. Vincent et al.
[31] tested ionomer amounts in their electrolyser anode ranging from ~9-33% in their 5 cm? active
area cell. They used a CuCoOx (Acta 3030®) and a Ni/(CeO2-La03)/C) (Acta 4030®) catalyst
for their OER and HER catalysts, respectively, set up in the CCS format. The loadings of the OER
and HER catalysts on the porous carbon substrates were 30 and 7.4 mg cm™, respectively. The
membrane used was the Tokuyama A-201 which was paired with the Acta I» alkaline ionomer. In
their study, they found that increasing the ionomer content caused voltage drops in the cell, which
were much more significant at ionomer concentrations higher than 20%. lonomer contents lower
than 9% caused large cracks in their catalyst layer, therefore the optimal ionomer content was
found to be 9%. This ionomer loading resulted in a system performing at 0.5 A cm™ at 1.95 V
using 1% potassium carbonate at 60°C as the electrolyte.

Park et al. [32] tested ionomer contents of 10, 20 and 30 wt% in their 5 cm? active area
cell. They used a catalyst coated membrane (CCM) MEA configuration with IrO> and 40 wt%
Pt/C as OER and HER catalyst, respectively. In this work their anode loading was optimized to 4
mg cm and the cathode was set to 0.4 mg cm™. Their cell was run with 1 M KOH at 70°C. The

membrane used in their study was the Fumatech FAA-3-50, which was paired with the Fumatech



FAA-3-Br anionic ionomer. In their study, Park ef al. [32] found that the 20 wt% ionomer showed
the best performance and the lowest charge transfer and cell resistance. They concluded that 20
wt% was the optimal amount when considering the trade-off between available active sites and
pore morphology. The optimal performance found was 1.15 A cm™ at 1.8 V at 70°C.

Cho et al. [33,34] tested ionomer amounts varying from 5 to 20 wt% in the anode catalytic
layer in their 2.5x2.5 cm? active area cell in two separate works. Their OER and HER catalysts
were IrO; and 46.5 wt % Pt/C, respectively, assembled using the CCS method. The system
operated at 50°C. The membrane used was the Tokuyama A-201, while the ionomer was a 60 wt%
polytetrafluoroethylene (PTFE) dispersion in water. In their first study[33], the optimal ionomer
content was found to be 9 wt% showing a performance of 0.299 A cm™ at 1.8 V for an anode feed
supply of 0.5 M potassium hydroxide (KOH) and a cathode feed of deionized water. 9 wt%
ionomer allowed for a balance between covered active sites and secondary pore formation. In the
second study[34], 20 wt% ionomer content showed the best result achieving a current of 1.07 A
cm? at 1.8 V for 0.5 M KOH at the anode and a dry cathode. The higher ionomer content was
needed to avoid catalyst detachment and maintain long-term performance. It is interesting to note
here that simply changing the electrolyte feed conditions changed the optimal ionomer content,
implying that every set of operating parameters and conditions must have its own ionomer
optimization step.

In our previous work[26], we performed a preliminary evaluation of Ni-based
nanoparticles (NPs) as oxygen evolution catalysts in AEMWESs. Small amounts of iron were added
to the Ni NPs to enhance oxygen evolution activity as Fe is a well known OER promoter for Ni
catalysts[18,20,22,38-43]. Ceria was also tested as a support to the NPs to further promote

catalytic activity due to ceria’s good electronic and ionic conductivity as well as its oxygen storage



and release properties[28,38,39,44,45]. The results of this work were promising, showing overall
cell voltages between 1.85 and 1.90 V in 1 M KOH at 50°C. The ionomer content used in the
anode layers of this work was however simply set to the amount already optimized for the Ir black
benchmark. Since this study as performed, we have completed an extensive ex-situ OER
evaluation of multiple iron and ceria amounts in the Ni-based catalysts, showing that the best
performing OER catalysts include NigoFe1o and NigoFe2o, both with and without 10 wt% CeO2[46].
As such, the goal of this study was to investigate the effects of the Fumatech fumion FAA-3-
SOLUT-10 commercial ionomer content in the Ni-based anode layer of a single cell electrolyser
and find the required optimal ionomer content. Ink properties such as particle size distribution
measurements using different ionomer contents with Ni NP electrocatalysts are reported, and the
catalytic layer morphology, mechanical stability, and electrochemical performance of the resulting
electrodes are evaluated to narrow in on the optimum amount of ionomer. Finally, NigoFeio and
NigoFezo catalysts with optimized ionomer content, both with and without the addition of 10 wt%

CeQOa, are evaluated as anodes in an AEMWE single cell.
2. Materials and Methods

2.1. Material Synthesis

The Ni-based nanoparticles were synthesized by chemical reduction in ethanol using
sodium borohydride as described in detail in our previous work [26]. To summarize the method to
make Ni NPs, a nickel chloride hexahydrate precursor salt (NiCl2-6H>0, 99.999%, Sigma Aldrich,
St. Louis, MO, USA) is dissolved in ethanol (EtOH, 99%, Greenfield, Grayslake, IL, USA) by
magnetic stirring, then chemically reduced using sodium borohydride (NaBH4, >98%, ACROS,
Geel, Belgium). The NPs are then removed from the dispersion and washed 3x in EtOH using a

centrifuge run at 6000 rpm for 10 minutes (mins) per wash. Once the materials are washed, they



are freeze-dried over night to remove the remaining EtOH. To add iron or ceria to the Ni NPs, iron
sulphate heptahydrate (FeSO4-7H20, >99%, Sigma Aldrich, St. Louis, MO, USA) and cerium
oxide nanopowder (CeO2, 99.5%, Alfa Aesar, Haverhill, MA, USA) are dissolve in EtOH in
separate flasks. Once dissolved, the Ni, Fe and CeO» solutions are mixed and chemically reduced
together. The prepared samples of this study include Ni, NigoFe1o (at%), NigoFe2o (at%), as well as
NigoFe10/10 wt% CeO2 and NigoFe20/10wt% CeOs.. It is important to note that at a small quantity
of 10 wt%, CeO: is likely present as a catalyst promoter, rather than a catalyst support. All
glassware was cleaned using the Aqua Regia procedure of a volumetric 2:1 ratio of hydrochloric

acid to nitric acid (HCI 37%, HNO3 70%, Sigma Aldrich, St. Louis, MO, USA).

2.2. Material Characterization

The transmission electron microscopy (TEM) images of the NigoFeio, NigoFeio and
NigoFe10/10 wt% CeO2 nanoparticles were taken using the Philips CM 12 operating at 120 kV. The
TEM images of the NigoFe20/10 wt% CeO2 NPs were taken on the JEOL JEM 2010 Field Emission
Transmission Electron Microscope (FETEM) (Tokyo, Japan) with an operating voltage of 200 kV.
For characterization of the monometallic Ni particles, see our previous work [26]. The Brunauer-
Emmett-Teller (BET) specific surface areas of the nanoparticles as well as the Barrett-Joyner-
Halender (BJH) pore size distributions were evaluated using the Micrometrics 3Flex Version 5.00
analyser. Once the samples were degassed under nitrogen flow at 110°C, the measurements were
taken by holding 30°C for 10 mins, 75°C for 15 h and 25°C for 4 h. The temperature ramp for all
transitions was 10°C/min. Particle-size distribution (PSD) measurements of the catalyst inks were
carried out using the Horiba Partica LA-960 (Kyoto, Japan) PSD analyzer. Measurements were

taken under no sonication, as well as with 30 s and 180 s (3 minutes) of sonication. Finally, the



catalyst coated surfaces were analyzed under the Hitachi SU6600 (Hitachi High-Tech, Krefeld,

Germany) field emission gun scanning electron microscope (FEG SEM) at 20 kV.

2.3. In-situ Experiments
2.3.1. AEMWE Setup
2.3.1.1 Cell and System Configuration

The in-situ AEMWE measurements were carried out in a modified 25 cm? parallel flow
field fuel cell hardware (balticFuelCells Gmbh, Schwerin, Germany). In comparison to our
previous study[26], the increased active area here is used to put our catalysts to the test in a more
representatively sized electrolyser, accounting for active area dependant activity. While this area
is not comparable to testing in an stack, like in the work of Kim ef al.[27], where they performed
electrolysis testing on a stack of 26 unit cells having an active area of 200 cm?, it is still on the
larger side of the active areas reported in literature, which range from around 1 - 28
cm?[5,18,31,33,47-52], with most studies conducted with an area under 10 cm?. Aside from the
cell, the electrolyser setup included a 5 L Teflon electrolyte tank and a double headed peristaltic
pump, which was used to pump 300 mL min™' of potassium hydroxide (KOH, >85%, Sigma
Aldrich, St. Louis, MO, USA) electrolyte around the anode and cathode sides of the system. The
KOH electrolyte was made using Milli-Q® water (H>O, Milli-Q® Millipore, 18.2 MQ cm et 293
K). To heat and control the system temperature to 50 & 2°C for all experiments, the electrolyser
cell as well as both sides of the KOH tank were equipped with heating elements and temperature
sensors. The membrane used for all experiments was a commercial anion exchange membrane
(fumasep FAA-3PE-30, Fumatech, Bietigheim-Bissingen, Germany). This membrane was paired
with a 10 wt% solution of a commercial anionic ionomer (fumion FAA-3-SOLUT-10, Fumatech,

Bietigheim-Bissingen, Germany). To secure the membrane and help seal the cell, the membrane



was sandwiched between two gaskets (0.35 and 0.5 mm thick, 35 FC-PO 100 Ice Cube Sealing,

Quintech, Goppingen, Germany). For a schematic of the electrolyser cell, see Figure S1.

2.3.1.2 Ni-based Electrodes

To formulate the Ni-based anode inks, the NPs were first measured out then mixed with
Milli-Q® water and the ionomer. Once the ionomer was added, the dispersion was sonicated in an
ultrasonic bath (45 Hz Ultrasonic Cleaner USC300TH, VWR International, Radnor, PA, USA) for
5 mins over ice. Next, isopropanol (IPA, 99.9%, Fischer Scientific, Hampton, NH, USA) was
added at a 50:50 ratio of water to IPA. The %solids in the ink was 3 for optimal spraying. Once
all the ink components were mixed, the ink was sonicated in an ultrasonic bath (45 Hz) for 10 mins
over ice and then further mixed using an ultrasonic probe at 40% amplitude for 5 minutes, 5 s
on/off (20 kHz Branson 450 Digital Sonifier, Marshall Scientific, Hampton, NH, USA) over ice.

Ionomer nominal loadings of 7, 15, 25, 35 and 45 wt% in the resulting electrodes were made.

All electrolysis experiments were carried out using the catalyst coated substrate (CCS)
method. When optimizing the ionomer content using the monometallic Ni NPs, the anode layer
ink was hand sprayed onto a carbon fibre paper (Toray Paper 090, FuelCellStore, Texas, USA) to
a final loading of 5 mg cm™ (metallic weight) using an air brush (Cocraft airbrush sprayer, 0.35
mm mouthpiece). As using a carbon paper on the anode side significantly increased the initial cell
resistance, a cell activation procedure was performed (keeping the cell current at 0.5 A cm™ until
the potential stabilized) to hydrate the carbon paper prior to polarization curve measurements. For
the electrolysis experiments using the optimized ionomer in the catalytic layers, the NigoFe1o and
NigoFe2o with and without CeO; catalysts were sprayed onto a 1 mm thick gold coated titanium

porous transport layer (PTL, Ti felt, Bekaert, Zwevegem, Belgium) instead of the carbon paper.



It should be noted that the actual metal loadings obtained differ slightly from the desired
amount of 5 mg cm™ due to slight variations in the amount of waste generated during electrode
preparation. For the actual catalyst loadings, see Table S1 in the Supplementary Information (SI).
Additionally, AEMWE testing was performed on the NigoFeio electrode with less sonication prior
to electrode spraying to observe whether sonication time impacted AEMWE performance. This is
shown in Figure S2, S3 and Table S2, with a summary of tested EIS models found in Table S3.
While the effects of ink sonication could not be properly analyzed here, the results do show that
sonicating the ink for longer helps more efficiently air brush the electrode, which results in a higher
electrode loading and therefore better AEMWE performance. For more information on this short

study, see the SI.

2.3.1.3 Benchmark Electrodes

Commercial iridium black (Alfa Aesar, Haverhill, MA, USA) was used as a performance
benchmark with an anode loading of 3 mg cm™ hand sprayed on a gold coated Ti felt PTL. As for
the cathode layer, commercial platinum supported on carbon (Pt/C, 60 wt% metal on support, Alfa
Aesar, Haverhill, MA, USA) was used at a loading of 1 mg cm™ hand sprayed onto a carbon paper
PTL. To properly study the different electrolysis anodes, the cathode layer was identical for all
experiments. The benchmark electrode inks were prepared similarly to the Ni-based ones, however
the %solids was set to 2 and the first step in the sonication sequence was done for 15 mins instead
of 5. Furthermore, the resulting ionomer content in the electrode layers was 7 and 23 wt% for the

Ir black benchmark anode and the Pt/C cathode, respectively.



2.3.2. AEMWE Performance Evaluation

2.3.2.1 lonomer Optimization

To optimize the ionomer content in the monometallic Ni electrodes, the best three anodes
in terms of mechanical stability, were tested in the electrolyser. The electrodes with 7, 15 and 25
wt% ionomer were chosen. The in-situ performance evaluation consisted of polarization
experiments carried out using a BioLogic high current potentiostat/galvanostat (HCP-803,
BioLogic Science Instruments, Seyssinet-Pariset, France) that was operated using a custom-made
LabVIEW program. The polarization curves were carried out by stepping from 0 to 50 A (0 to 2
A cm). To avoid equipment damage and maintain safe cell operation, the program was manually
stopped when the measured voltage surpassed 2 V. Next, electrochemical impedance spectroscopy
(EIS) measurements were carried out with the HCP-803 using the EC-Lab® software. EIS spectra
were measured at a fixed direct current (DC) supply of 1, 5 and 18 A (0.04, 0.2 and 0.72 A cm?)
with an alternating current (AC) supply of + 5%DC, over a frequency range of 50 kHz down to
200 mHz. The current spectra obtained at 5 A are reported in this article. All experiments were

carried out at 50 £ 2°C in 1 M KOH.

2.3.2.2 Ni-based Material Evaluation

Once the ionomer was optimized to 15 wt%, the performance of the NigoFeio, NigoFe2o,
NigoFe10/10 wt% CeO2 and NigoFe20/10 wt% CeO> materials was evaluated. This was done by
performing the experiments described in Section 2.3.2.1 in I M and 0.1 M KOH. When switching
electrolytes, the system was washed by cycling 5 L of Milli-Q® water for 15 minutes. An identical
experimental sequence was also performed using the Ir black benchmark anode. In addition to
performing polarization and EIS measurements in both 1 M and 0.1 M KOH, preliminary electrode

stability testing was carried out by fixing the cell current at 12.5 A (0.5 A cm™) for 12 hours. To



observe any changes in cell resistances over time, EIS measurements were done at a DC of 12.5
A (0.5 A cm™) with an AC of = 5%DC over a frequency range of 50 kHz down to 200 mHz after

every hour during this constant current polarization.

3. Results and Discussion

3.1. Material Characterization
3.1.1. Nanoparticles

Figure 1 shows TEM images for NigoFeio (Figure 1a), NigoFezo (Figure 1b), NigoFei0/10
wt% CeO> (Figure 1¢) and NigoFe20/10 wt% CeO; (Figure 1d). Overall, the NiFe particles are very
small in size (estimated as 4-6 nm), however they are difficult to see because when taking TEM
images, the particles agglomerate under the electron beam. While it can be hard to identify
individual particles on the TEM images, in our previous work[26], we ran X-ray diffraction (XRD)
on the particles, which shows broad diffraction peaks, which confirms the presence of
nanostructures with nanocrystallites. In comparison to the NigoFe1o particles, the NigoFezo particles
show an additional flake-like phase. This flake-like phase could be due to the increased iron
content or residues of the reactants or incomplete washing. As for the CeO»-containing materials,
both samples show that ceria is not well blended with the metallic content resulting in somewhat
inhomogeneous samples. This can, however, be expected due to the large size of CeO2 (15 - 30
nm) in comparison to the small nanoparticles, as well as the relatively small specific surface area
of ceria (30 — 50 m? g'!). More information on the characterization of these materials can be found

in our other works[26,46].
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Figure 1: TEM image of (a) NisoFejo, (b) NisoFezo, (c) NisoFero/ 10 wt% CeO: and (d)
NigoFez / 10 wt% CeO: nanoparticles.

Figure S4 in the SI shows the BJH adsorption pore size distribution by incremental volume
(Figure S4a) and by incremental area (Figure S4b). Table 1 summarizes the key information for

the BET and BJH analysis.
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Table 1: Summary of BET and BJH analysis.

Material BET area [m?g’'] Ads pore Daye [A]
Ni 91.16 122.64
NigoFe1o 53.68 179.19
NigoFe2o 158.10 94.21
NigoFe10/10 wt% CeO- 112.74 138.36
NigoFe20/10 wt% CeO; 220.76 91.62

The NigoFe1o particles show the smallest BET surface area of 53.68 m? g'!. Overall, adding ceria
increases the BET surface area of the sample, however, this increase is likely attributed to the
presence of large ceria particles in the samples (15 — 30 nm with a specific surface area of 30 — 50
m? g'!). While we have observed in our previous work[46] that ceria agglomerates separately from
Ni and Fe, it is also possible that some NiFe NPs are dispersed on ceria, resulting in a higher
specific area. As for the adsorption pore size, there is somewhat of an opposite trend. The NigoFe1o
material has the largest pores, and the ceria containing materials show smaller pore sizes than their

metallic equivalent.

3.1.2. Ni Catalyst Inks
Figure 2 shows the effect of ionomer content on the particle-size distribution measured for
monometallic Ni catalyst inks containing 7, 15, 25, 35 and 45 wt% of the ionomer. The

measurements were taken after 180 s of sonication.
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Figure 2: PSD measurements for Ni inks taken after 180 s of sonication for 7, 15, 25, 35 and
45 wt% ionomer.

The PSDs shown in Figure 2 are bimodal for the 7, 25, 35 and 45 wt% samples, showing particles,
or rather agglomerates of particles, of around 10 and 100 pm. The 15 wt% sample on the other
hand shows a uniform distribution of particles or agglomerates of around 100 um. This effect could
be due to the way the ionomer disperses itself throughout the catalyst ink when the required amount
of ionomer to result in 15 wt% on the final electrode layer is used. The fact that the distribution of
the 15 wt% electrode is more uniform may be beneficial for a more efficient electrode fabrication
as agglomerates can result in clogging or spitting of the air brush when hand-spraying electrodes.
It should be noted that the agglomerate size observed in the PSD measurements are representative
of the nanoparticles in a catalyst ink containing an ionomer, and as such, will not necessarily
correspond to the particle agglomerates observed in the TEM images of the materials. In this case,
the agglomerates observed in the PSD measurements of the catalyst inks are larger than what is

observed in the TEM images.
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3.1.3. Ni Catalyst Coated Surfaces

Samples of the monometallic Ni catalyst coated membranes (CCM) with 7, 15, 25, 35 and
45 wt% ionomer were prepared and evaluated. Images of every CCM after being treated in KOH
for 12 h are shown in Figure S5 of the SI. From the images, the 7, 15 and 25 wt% (Figure S5a, b
and c, respectively) ionomer electrode surfaces maintain more or less their initial physical form
during the ion exchange step, while the structure of the 35 and 45 wt% ionomer electrodes (Figure
S5d and e, respectively) have started to break down due to excessive swelling. We therefore
consider that an ionomer content of 35 and above is too high for efficient cell operation. Although
a higher ionomer content is favoured for improved transport of anions through the catalytic layer,
too high of an ionomer content ultimately results in an overhydrated catalytic layer leading to its
destruction. Note that initially, the CCM format was going to be used for electrolysis because it is
known to be more advantageous due to a lower cell resistances[32], however when using high
material loadings on the full 25 ¢cm? membrane, the catalytic layer started to peel off once
submerged in KOH. This effect can be seen in Figure S6 of the SI. As such, AEMWE experiments

were set up using the CCS format.

The physical impact of ionomer content on the catalytic layer morphology was observed
with SEM. Representative SEM images of the 7, 15 and 25 wt% ionomer electrode surfaces are

shown in Figure 3.
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Figure 3: SEM images for (a) 7, (b) 15 and (c) 25 wt% ionomer electrode surfaces.

From inspection of the SEM images, it is possible to see that at lower ionomer concentrations such
as the 7 wt% electrode (Figure 3a), the catalytic layer looks more textured and porous. When
increasing the ionomer amount, the catalytic layer starts to have less texture and starts to show
more agglomerates on its surface. Similar effects of the ionomer on the morphology of catalytic
layers have recently been reported[30—34], where electrodes with lower ionomer loadings are less
mechanically stable (more cracks) with more access to active sites, and electrodes with higher
ionomer content show better mechanical stability with more particle coating and agglomerates.
From the SEM images it is possible to say that there is a trade-off between catalytic layer texture
and structure, where is more favourable to expose more active sites for oxygen evolution, while
the other is more favourable from a durability perspective. However, to properly assess this
potential trade-off, in-situ testing of all three electrodes was done and is presented and discussed

in the next section.

3.2. In-situ lonomer Optimization of the Monometallic Ni NPs

The ultimate test for the ionomer optimization is its electrochemical performance. Figure
4 shows IR-corrected polarization curves (Figure 4a) and impedance spectra (Figure 4b) for the 7,
15 and 25 wt% ionomer electrodes prepared using monometallic Ni NPs. The data before IR-

correction can be seen in Figure S7 of the SI. Table 2 summarizes key data extracted from Figure
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4. The complex-impedance plane plots indicate that an equivalent circuit with at least two
relaxations must be used to fit the data. The equivalent circuit should account for charge transfer,
adsorption, and double layer capacitance in the porous catalytic layer, although no detailed
interpretation is attempted here. After testing a few EIS models, the LReL(Q1R1)(Q2R2) circuit is
chosen, similar to the one used by Faid et al.[25] when studying the hydrogen evolution reaction
in the same AEM electrolyser test station. The fitted data is provided so that the first Q1R parallel
represents the high frequency arc, commonly assigned to kinetics contributions at the electrodes,
i.e charge transfer (R.) of both electrodes and a constant phase element that represents the
electrode roughness. The second (O»R; parallel represents the low-frequency arc and is commonly
assigned to mass transfer and bubble formation [25,53,54]. The RgL represents the uncompensated
ohmic resistance, frequently referred to as the high frequency resistance (HFR) and estimated from
the real axis approach at high frequency. Finally, the L term represents an inductor term and was
added in series to better fit the high frequency data. It should be noted that parameters were only
added to the equivalent circuits if it was statistically significant to do so, according to the F-ratio

test method[55,56]. Supplementary data for the EIS models are reported in Table S4 of the SI.
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Figure 4: (a) Polarization curves and (b) EIS at 5 A for the monometallic Ni NPs, using 7, 15

and 25 wt% ionomer. Experiments were run at 50°Cin 1 M KOH. In (b), the solid lines represent
the EIS fit to the equivalent circuit.

Table 2: Summary of polarization and EIS data extracted from Figure 4 for different wt%
ionomer.

Ni wt% E at 0.4 ImT:jglnce Rex R R;

ionomer A cm?[V] I[)mV] [mQ cm?] [mQ cm?] [mQ cm?]
7 1.791 64 254 +£5 387+ 19 221+ 32
15 1.766 48 269 +£4 354+ 164 243 + 29
25 1.793 37 213 +£3 199 4+ 20 338 £ 83

As shown in Figure 4a, the 15 wt% ionomer shows the best catalytic activity by showing a slightly
smaller increase in cell potential with increasing current density. At 0.40 A cm™, it is 250 and 270
mV lower than the 7 and 25 wt% electrodes, respectively. The Ni NPs with 15 wt% ionomer show

current densities of 0.280 and 0.538 A cm™ at 1.8 V for the original and IR-corrected graphs,
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respectively. This is comparable to what others have found in literature where the ionomer content
was optimized for the anode catalytic layer[31-34]. Interestingly, the observation that the ionomer
content influences the Ni anode activity is opposite to what Faid et a/.[36] found in their recent
work covering the Fumatech fumion FAA-3 ionomer content optimization for a NiO anode and
Ni/C cathode. Through both rotating disc electrode (RDE) measurements and in-situ half-cell
AEMWE measurements, Faid ef al.[36] found that the cathode layer was dependent on the ionomer
content, showing an optimal of 10 wt% ionomer, while the anode layer did not show a significant
change in activity with varying amounts of ionomer. It should be noted that prior to IR-correction,
the 15 and 25 wt% electrodes perform similarly, however this is likely due to the 25 wt% electrode
having a thicker catalytic layer, resulting in a more favourable contact between the catalyst layer
and the membrane, as further discussed below. To properly factor out effects of cell compression,

the IR-corrected polarization curves were used to identify the optimal amount of ionomer.

As for the impedance spectra in Figure 4b, for an increasing ionomer content, the first
semicircle resistance (R1) decreases. Park et al. [32] found a similar change in charge transfer
resistance with increasing ionomer content, and attributed this effect to the increased size of
secondary pores. The second semicircle resistance (R2) increases with increasing ionomer content,
which could be attributed to large quantities of ionomer inhibiting mass transport. The 25 wt%
ionomer shows a noticeably lower ohmic resistance (Rgr) than the 7 and 15 wt% electrodes.
Interestingly, a lower ohmic resistance for the 25 wt% ionomer electrode was observed despite a
thicker catalyst layer. This is in line with the observed reduced ohmic resistance that Faid et al.[25]
observed when employing a NiMo/C catalyst instead of a Pt/C catalyst for the hydrogen evolution
reaction in the same set-up using 1 M KOH. In addition to the electrolyte resistance, constriction

or contact resistances, ohmic resistance in pores and pore distribution, as well as uneven reaction
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distribution will contribute to the impedance spectra and impact the measured high frequency
resistance. Furthermore, Tafel impedances were extracted from the impedance measurements as
the diameter of the impedance arc, assuming only kinetic contributions (i.e. subtracting the ohmic
resistance from the impedance spectra and multiplying it with the steady state current [57,58]).
This showed that the 25 wt% sample led to the lowest Tafel slope of 37 mV. The validity of the
Tafel impedance calculations may however be questioned as the low frequency tail observed,

likely due to bubble formation or mass transport[53], was not taken into account.

After AEMWE testing was completed, the cells were opened and the anode catalytic layer
residue on the membrane (anode catalytic layer that broke off the carbon paper) was observed.
This is shown in Figure 5 for all 3 samples. From the images, it is possible to observe that the 15
wt% ionomer layer (Figure 5b) lost the least amount of material. The 7 wt% layer (Figure 5a) did
not have enough ionomer to bind the catalytic layer, causing it to detach when the parallel flow
field was pressed into it, and the 25 wt% layer (Figure 5c) was over hydrated during electrolysis
causing the catalytic layer to partially disintegrate. In other words, the 15 wt% ionomer electrode
was the only one that had: (i) enough ionomer to keep all the particles adhered to the GDL, despite
the imposed shear stress, which causes the particles to be forced off the catalytic layer, and (ii) not
too much ionomer to cause excessive swelling and thus loss of the catalytic layer structure. The
effects of swelling with increased ionomer content are also apparent on the MEAs that were made,
then exchanged in 1 M KOH in Figure S5 of the SI. As such, although the 15 and 25 wt% ionomer
electrodes both showed good performance, the 15 wt% showed a better adhesion of the catalytic
layer and was therefore chosen as the optimal ionomer content for the Ni-based materials. It is
important to note that observing the state of the anode GDL post-testing is only a preliminary

indicator of the efficiency of catalytic layer under operating conditions. Running electrolysis for
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thousands of hours under various conditions would be required to truly put the mechanical

durability of an electrode to the test.

Figure 5: Anode catalytic residue on the AEM after electrolysis for (a) 7, (b) 15 and (c) 25 wt%
ionomer.

3.3. AEMWE Performance Evaluation of the Ni-based NPs
3.3.1. Polarization Curves and Electrochemical Impedance

Once the ionomer content for the Ni electrodes was optimized, the 15 wt% ionomer content
was used when fabricating the anodes for the NigoFeio, NigoFe2o, NigoFe10/10 wt% CeO» and
NigoFe20/10 wt% CeO> catalysts. Figure 6 shows polarization curves (Figure 6a, b) and EIS
measurements (Figure 6¢, d) for all the mentioned Ni-based materials in addition to the Ir black
benchmark catalyst in 1 (Figure 6a, ¢) and 0.1 (Figure 6b, d) M KOH. Tables 3 and 4 summarize
key information extracted from the plots in Figure 6 in 1 and 0.1 M KOH, respectively. To see
polarization curves without IR-correction, see Figure S8 in the SI. The EIS data for the materials
tested in 1 and 0.1 M KOH were analyzed using a similar equivalent circuit as the ionomer
optimization study. Here however, it was not always statistically significant to use a more complex
circuit, such as the LReL(Q1R1)(Q2R2) model described above. In some cases, the circuit was not
improved by adding the inductor term, L, and in other cases, a simple Rer(QRp) circuit best fit the

experimental data. In the latter case, the polarization resistance Rp would represent both the
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previous R; and R». For data of the best fitted EIS models in 1 and 0.1 M KOH, see Table S5 and

S6, respectively, in the SI.
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Figure 6: Polarization curves (a, b) and electrochemical impedance spectroscopy run at 5 A (c,
d)runin 1 (a, c) and 0.1 (b, d) M KOH at 50°C.

Table 3: Summary of in-situ performance in 1 M KOH extracted from Figure 6a and c.

: Eat0.4Acm? Eat0.8A cm? Tafel Rex
Material V] V] Impedance [mQ cm?]
[mV]
Ir Black 1.547 1.578 34 109+ 1
NigoFero 1.645 1.717 63 170 +3
NisoFe2o 1.785 N/A 131 130 + 10*
NigoFe10/10 wt% CeO2 1.655 1.723 70 250+3
NigoFe20/10 wt% CeOz 1.688 1.751 73 232+6

*It should be noted that this value may be misrepresenting the actual Rg; of the system because the impedance of this
sample in the high frequency region is not ideal. See the SI for more details.
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Table 4: Summary of in-situ performance in 0.1 M KOH extracted from Figure 6b and d.

Material Eat 20 4 Eat038 Im::iellnce Rew

A em? V] A cm?[V] (mV] [mQ cm?]
Ir Black 1.577 1.617 47 158 £ 12
NigoFeio 1.692 1.782 70 2202
NigoFe2o 1.732 N/A 108 144 + 32%*
NigoFei0/10 wt% CeO» 1.743 N/A 102 314+9
NigoFe20/10 wt% CeO2 1.666 N/A 74 338+ 5

*It should be noted that this value may be misrepresenting the actual Rg; of the system because the impedance of this
sample in the high frequency region is not ideal.

In 1 M KOH, Ir black is the best performing electrode showing voltages of around 1.58 at
0.8 A cm™. This is closely followed by NigFeio showing a cell voltage of 1.72 V at that same
current. The ceria containing materials are not too far behind the NigoFe1o performance, where the
NigoFe10/10 wt% CeO; electrode outperforms the NigoFez0/10 wt% CeO». The NigoFeyo is the least
performing catalyst, which is unexpected considering it shows better three-electrode cell OER
performance than all other Ni-based materials in this study[46]. It is however important to note
that although a catalyst presents high activity in a three-electrode cell, it will not necessarily show
high performance in an electrolyser, as discussed in the works of Xu et al.[18]. Additionally, it is
known that iron is not stable at the anode in electrolyser systems[59], therefore it is possible that

here, the stability of the NigoFexo electrode is lower due to its higher iron content.

In the EIS data shown in Figure 6c, the lowest ohmic resistance of around 109 mQ cm? was
found for the Ir electrode, with the NigoFeao electrode showing the next the lowest ohmic resistance
of around 130 mQ cm?. Overall, the samples containing 20 at% Fe show lower electrolyte
resistances than their 10 at% Fe equivalents. Additionally, while we have dramatically reduced the
ceria content from 50 to 10 wt% following our previous AEMWE study[26], the ceria containing

samples still show higher R values than their metallic equivalent. This result is in agreement with
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our recent detailed ex-situ study on the effects of CeO2 on the OER performance of NiFe
nanoparticles[46], where we find that while CeO, can be beneficial to electrochemical
performance, it also introduces additional ohmic resistances to the catalyst, which can lower its
overall catalytic activity. It is important to note that while poor conductivity and constriction
resistance between electrical and ionic conductors, as well as electrolyte solution resistance can
affect the Rgz, the observed changes in Rgy with different catalyst materials are likely more

importantly related to changes in the resistance of the electrolyte solution within the system.

In terms of the charge transfer resistance shown in Figure 6c, Ir black has the lowest
resistance of 132 mQ cm?, followed by NigoFeio/ 10 wt% CeO», which has a resistance of around
242 mQ cm?. Overall, the 10 at% iron samples show lower observed polarization resistances than
their 20 at% Fe equivalents. When preparing the CCS of the materials containing 20 at% iron, the
material was readily oxidizing. This effect, in combination with the aforementioned possible low
stability of Fe in the NigoFeo catalyst, could be negatively affecting AEMWE performance and
the observed polarization resistance. The low relative activity of the NigoFe2o electrode is reflected
in its extremely high charge transfer resistance of 774 mQ cm?. The NisoFezo electrode also shows
a Tafel impedance value of 131 mV, 58 mV higher than any other electrode. With respects to the
ceria-containing materials, they each show lower observed polarization resistances than their
metallic equivalents, possibly due to electronic effects that ceria has on NiFe. This result is in
accordance with our previous work[26], showing that ceria has beneficial effects on the charge

transfer of the process.

In 0.1 M KOH, the iridium electrode still shows the best performance in terms of lowest
reaction overpotential and low cell resistances. Aside from Ir, the only other material to reach 0.8

A cm? was NigoFe1o, which shows a cell voltage of 1.78 V at that current, which is 165 mV higher
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than what was obtained for Ir. Interestingly, in 0.1 M KOH, the NigoFe20/10 wt% CeO- electrode
shows the best performance of all Ni-based materials, showing a cell voltage of 1.67 V at 0.4 A
cm? after IR-correction. It also shows a low charge transfer resistance in comparison to NigoFeo
and NigoFeio/ 10 wt% CeOz. Reasons for the change in relative behaviour of the NigoFe2o/ 10 wt%
ceria electrode with pH, could be related to ceria’s oxygen storage capacity and reducibility, which
may favourably affect the local pH in the vicinity of the electrode, improving electrochemical
activity. While this effect is likely also present in the NigoFeio/ 10 wt% CeOz, it is possible that
having more Fe in comparison to Ni in the NigoFe2o/ 10 wt% CeO> material, alters the properties
of the catalyst to further boost the surface oxygen ion (O?) conductivity of ceria, making it
outperform NigoFeio/ 10 wt% CeO2 in 0.1 M KOH. It should be noted that prior to IR-correction,
NigoFe1o was the best performing Ni-based electrode, followed by the NigoFe2o/ 10% CeO. This is

illustrated in Figure S8.

Overall, the NigoFejo electrode is the best Ni-based AEMWE anode, however, when
analyzing the IR-corrected data in 0.1 M KOH, the NigoFe20/10 wt% CeO; outperforms NigoFeo.
Recalling the results of the BET measurements of the respective catalyst powders, the NigoFeio has
a low BET area but a high average pore size, while the NigoFe20/10 wt% CeO> has a high BET area
with a low average pore size. It could therefore be said that at the higher electrolyte concentrations,
it is more important to have larger pores to allow for better mass and ion transport through the
catalytic layer, while at lower concentrations, it is more important to have a higher area to expose
more active sites. It would of course be ideal to combine having a large average pore size with a
high BET area to expose the most active sites, while allowing for optimal ion and mass transport

through the catalytic layer.
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Overall, although a direct comparison cannot be made due to many different cell variables,
it is possible to say that these results are comparable to what has previously been reported in
literature[6,32,60—63]. Based on the above results in both 1 and 0.1 M KOH, it is not evident
whether incorporating ceria into the catalyst helps very much with performance. The ceria-
containing materials have a larger high frequency resistance, which makes their IR-corrected
catalytic performance more comparable to the other catalysts. When looking at the actual electrode
loadings reported in Table S1 of the SI, both the NigoFe10/10 wt%CeO2 and NigoFe20/10 wt% CeO2
materials have a lower loading than their metallic counterpart. It could therefore be possible that
the lower performance of those materials was due to the lower resulting anode loadings.
Interestingly, in most cases, the addition of CeO: to the NigoFeio and NigoFezo materials results in

a lower charge transfer resistance indicating more favourable kinetics.

3.3.2. Electrode Stability

Many authors[10,18,31,64—-67] have done durability investigations of their systems for
times ranging from hours to days of operation. In this study, preliminary durability measurements
were performed over 12 h on the Ni-based catalysts to see how well their performance holds over
time in an AEMWE setup. This can be seen in Figure 7 with key information of that plot presented

in Table 5.
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Figure 7: Chronopotentiometry (CP) experiments at 0.5 A cm™ in 0.1 M KOH at 50°C.
Catalysts: Ir black, NigoFejo, NisoFezo, NisoFeio/ 10 wt% CeO: and NisoFezo/ 10 wt% CeO:.

Table 5: Summary of in-situ stability performance evaluation in 0.1 M KOH extracted from

Figures 7 and 8.

. AE Degradation Rate ATafel
Material [mV] [mV h!] Impedance
[mV]

Ir Black 67 5.6 16
NigoFeio 40 33 3
NigoFeo 47 3.9 5
NigoFei0/10 wt% CeO» 52 4.3 4
NigoFe20/10 wt% CeO» 62 5.2 3

In addition to the long-term polarization, an EIS spectrum was taken every hour during the 12 hour

polarization experiment. Figure 8 shows the spectrum taken at the 1, 6" and 12 hour for every

material. The change in Tafel impedance over 12 hours is reported in Table 5. To see the EIS

spectra taken every hour, see Figure S9 in the SI. See Table S7 of the SI for the best fitted EIS

models for the spectra shown in Figure 8 at hours 1 and 12.
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Figure 8: Electrochemical impedance spectroscopy of (a) Ir black, (b) NisoFejo, (c) NisoFezo, (d)
NigoFe1o/10 wt% CeO: and (e) NisoFex/10 wt% CeO: taken at the 1%, 6" and 12" hour of
polarization.

As shown in Figure 7, the best performing material in terms of lowest cell potential is Ir black,
which is followed by NigoFe1o and then NigoFe20/10 wt% CeOz. This is as expected following the
results of the polarization experiments presented above. As shown in Table 5, although the Ir
benchmark shows the lowest current, its change in potential over the 12 hours is higher than all
Ni-based materials, likely due to its low stability in an alkaline environment[68]. Based on the
calculated degradation rate, it could be possible that over a longer period, the Ni-based electrodes
would outperform Ir black. Overall, the materials containing 10 at% iron are more stable that their
20 at% iron equivalents, where the most stable Ni-based material is the NigoFe1o catalyst showing
a change in voltage of 40 mV over 12 hours or a degradation rate of 3.3 mV h™!. It should be noted
that a degradation rate of 3.3 mV h™! is not practical for commercial scale operation. An example
of an AEMWE that shows a more commercially stable performance is presented in the works of
Motealleh et al.[67], where they run electrolysis testing for 10 000 h at 1 A/cm?. Their cell,

constructed using a Sustainion® membrane and Ni-based anodes and cathode, is able to hold
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around 1.85 V over 10 000 h at 60°C in 1 M KOH, showing a degradation rate of less than 1 pV
h!. Incorporating ceria into the NigoFe1o and NigoFexo catalysts did not help the catalysts’ overall
stability as both materials with ceria showed higher degradation rates than their respective metallic
counterpart. These stability results are all in accordance with the results found in our three-

electrode study for the NiFe materials with and without 10 wt% ceria[46].

The observed positive degradation rate of the NiFe materials without ceria shown in Figure
7 could be due to iron dissolution under applied currents[59] and could be more important for the
samples with 20 at% Fe. As for the materials containing ceria, a possible reason for this decrease
in stability over time could be the phase segregation of a redox inactive CeO> phase[38,69,70],
however a more detailed investigation into the interactions of Ni, Fe and CeO, under constant
applied current would need to be done to know for sure. Additionally, while short term durability
testing can be informative, running longer durability experiments (over thousands of hours) would

be required to know whether the voltage drift observed in Figure 7 is maintained over time.

When analyzing the EIS data in Figure 8, all materials have an increase in the ohmic
resistance over time. Furthermore, contrary to the ceria containing materials, the Ir black, NigoFe1o
and NigoFezo cells seem to have a more prominent second semicircle with time. This could mean
that incorporating ceria into the catalysts helps with the transport of water to the surface and the
bubble release from the surface allowing for more consistent mass transfer overtime, all while
maintaining the integrity of the pores in the catalytic layer. The Ir black electrode also shows the
largest increase in observed polarization resistance over time, possibly related to its higher

degradation rate in comparison to the Ni-based materials.
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4. Conclusions

In this work, we have determined the optimal amount of commercial Fumatech anionic
ionomer content to be 15 wt% in NigoFe1o and NigoFexo NPs, both with and without 10% CeO»
catalysts for the oxygen evolution reaction in anion exchange membrane water electrolysis
(AEMWE). The optimization was based on particle size distribution measurements of the catalyst
inks, scanning electro microscopy images of the prepared electrode surfaces and electrochemical
performance in an operating AEMWE single cell. 15 wt% ionomer provided the highest activity,
while showing the best adhesion of the catalyst particles within the catalytic layer. The NigoFeio
and NigoFexo NPs with and without 10% CeO»> catalysts were evaluated using the optimal 15 wt%
ionomer. NigoFeio is found to be the best-performing non-noble metal catalyst, showing 1.72 V at
0.8 A cm™ in 1 M KOH after IR-correction. However, in 0.1 M KOH the NigoFe20/10 wt% CeO;
catalyst obtained a higher activity than NigoFeo, achieving an IR-corrected cell voltage of 1.67 V
at 0.4 A cm™. This increase in relative activity of the NigoFezo/ 10 wt% CeO> electrode at lower
pH, could be due to ceria’s oxygen storage capacity and reducibility. Based on the calculated
degradation rates during stability measurements, it is likely that the Ni-based electrodes,
particularly the NigoFeio electrode, will outperform Ir black when operated over an extended
period. Upon measuring electrochemical impedance over the course of the durability experiments,
it was observed that incorporating ceria into electrodes may assist mass transport within the

catalytic layer over time perhaps by maintaining the porous structure of the catalytic layer.
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