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Abstract

Anion Exchange membrane water electrolysis (AEMWE) is going through the critical transition
phase from laboratory scale to scale-up prospects owing to the development of highly durable
ether-free aromatic anion exchange membranes. The next important step is processing competent
nonprecious metal catalysts as scalable electrodes. Here, we fabricated an iron-integrated self-
supported nickel phosphide (NiP-Fe/NF) catalyst for the sluggish oxygen evolution reaction
(OER). It was demonstrated that this catalyst could work as a high-performing anode electrode in
an AEMWE system when combined with a durable ether-free aromatic polyelectrolyte. The noble
metal-free NiP-Fe/NF electrode developed employing a simple and scalable strategy
demonstrated higher performance as an anode electrode in water electrolysis with a cell voltage of
1.73 V for 1 A/lcm? with an excellent energy conversion efficiency (84%) in 1M KOH and is also
found stable for 24 h at 200 mA/cm?. Electrochemical and spectroscopic investigations over the
Ni2P-Fe/NF metal electrode surface during & post-OER disclosed the beneficial synergistic
interaction of the metal species leading to lattice alterations, formation of oxy-hydroxide active
species, and improved electron charge transfer as crucial factors responsible for the excellent
performance and stability. This work involving scalable processing of catalyst structures over

nickel foam surface, insights into thickness variation of the substrate for catalyst processing
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andprocessing and identifying the OER characteristics under water electrolysis conditions are

significant in the application direction of applying noble metal-free electrodes for green hydrogen

generation in AEMWE.
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Introduction

Green Hydrogen, derived from renewable resources, is an excellent energy carrier capable of
meeting sustainable energy requirements.® A Hydrogen economy has immense potential to address
the ever-growing global energy demands, with the advantages of being pollution free, clean, and
sustainable, along with its high energy density of 142 MJ/kg.?® Water electrolysis is a crucial
technique and one of the most promising routes to yield green hydrogen involving the
electrochemical splitting of water to form H2 and O2. However, it is a non-spontaneous process
requiring high electrical energy to obtain significant amounts of H.. For realizing water
electrolysis, two major matured processes are often discussed; alkaline water electrolysis (AWE)
and proton exchange membrane (polymer electrolyte membrane) based water electrolysis (PEM).#
> Although alkaline water electrolyzers have established merits, including low cost and higher
durability,® AWE efficiency is typically low compared to PEM electrolysis and suffers from poor
response to a fluctuating power supply.” PEMWE resolves these issues compared with AWE by
using a thinner membrane in the application. In PEM electrolysis, however, the corrosive acidic
environment and large overpotential for anodic water oxidation necessitate using precious metals
as catalysts compared to AWE, where non-precious catalysts can be used. As such, despite having
an efficiency advantage, the high-cost precious catalysts in acidic environments for PEMWE are
always a significant limiting factor adding to the elevated cost of the system. This includes bipolar
plates and current collectors using expensive precious metals such as Pt-coated titanium,

accounting for ~68% of the total cost.

In this scenario, an alternative to PEMWE is the anion exchange membrane water electrolysis
(AEMWE) involving alkaline electrolysis, where a thin anion exchange membrane (AEM) having

lower OH™ transport resistance can be effectively utilized. In this system, where HER and OER



are the overall reactions, the diffusion of OH™ ions transpires through the AEM from the cathode
to the anode, and electrons are being brought to the cathode through external circuit. Even though
a fast growing concept for effective water electrolysis combining the benefits of PEM and AWE,
AEMWE is still in the development phase and has been demonstrated mostly at the laboratory
scale models with pursuit is on for improving performance focusing on different factors including
diffusion layers.2 With the AEM operating in an alkaline environment, the catalyst and current
collector can be composed of inexpensive non-precious metals, which reduces the overall cost of
the system and is a promising alternative to the matured technologies.® However, application of
AEM to WE system is long limited due to poor durability of the membrane in alkaline
circumstances. Recently, degradation mechanism of AEM in alkaline conditions was reported by
several researchers'®! and several types of ether free aromatic polymers have been developed as
durable AEMs to solve this degradation mechanism.'># It has been demonstrated that some of
these ether free AEMs show high performance and durability in AEMWE system.'>!® Thus, the
focus in AEMWE is gradually shifting towards developing and applying efficient, high performing
non-precious metal-based catalysts that can be integrated with these high performing AEMs. As
stated previously, alkaline water electrolysis operating in an alkaline environment does offer the
window of using wider range of less expensive non precious metal catalysts.!” However, it is still
challenging to completely disregard the noble metals and replace them with alternative catalysts
due to the lower mass activity and subsequent requirement of huge catalyst loadings.'® As known,
with the two half reactions occurring at anode and cathode, slower kinetics and high overpotential
for oxygen evolution reaction (OER), caused by high energy requirements to break O—H is one of
the major bottleneck in making the water splitting technology affordable and widespread.®

Although many studies have been progressing for developing noble metal-free catalysts for water



splitting, their performance is far behind the Pt based (HER) and Ru/Ir based (OER) catalysts when
assembled in the membrane—electrode-assembly (MEA) for anion exchange membrane water
electrolyzers.?-?2 But, along with the scarcity and high cost in scaling up/integrating at
commercial scale using noble metal catalysts, the dissolution and stability issues related have made
it imperative to look for alternative earth abundant metal-based catalysts, and also improve
strategies for diluting noble metals in catalyst compositions to be applied for MEA fabrication.?3
For alkaline water electrolysis, transition metal-based multimetal catalysts created using Ni, Co,
Fe, etc., are increasingly sought lately, to amend the issues involving performance and cost
effectiveness. These catalyst compositions being studied include phosphides, sulfides and nitrides,
either unary or multimetal-based which are reported to be efficient and stable when compared with
conventional catalysts.?*3% Among them, transition metal phosphides (TMPs) are promising
catalysts identified for both alkaline oxygen evolution (OER) and hydrogen evolution (HER)
reactions, with excellent synergistic interactions among the constituents and phosphide acting as a
layer to trap protons during HER.3! Studies have also highly recommended that the construction
of multi-metal phosphide compositions can create favorable electronic environment for water

electrolysis.?

A further significant problem with catalyst processing and application when it comes to both
commercial water electrolyzers including AEMWE and fuel cells is that the catalysts which shows
good half-cell performance are mostly in powder state and need to be immobilized onto a current
collector or membrane using a suitable polymeric binder.33-3* The traditional fabrication method
of electrodes for water electrolyzers involve a catalyst ink being generally spray-coated on the
membrane, which is time-consuming and puts vast economic burden in the manufacturing process.

This coating process, which is very important to maintain the catalyst stability and uniqueness,



increases the interfacial resistance between catalyst and membrane/current collector. In addition
to this higher resistance, detachment of the catalysts and subsequent catalyst aggregation during
long-term water electrolysis operations results in serious performance degradation of MEAs.3>-3
In this regard, developing of self-supported catalysts involving construction of catalyst layers or
structures over 3D current collectors like nickel foam comes as a practical solution to overcome
this problem while progressing in goal of realizing efficient and durable water electrolyzers. The
identified advantages of these type of self-supported catalysts include direct use of catalysts as
anode/cathode electrodes, excellent synergistic effect between the catalyst and substrate involved,
reduced peeling off catalysts and more importantly superior charge transfer between catalyst layer

and current collector.39-40

Thus, with the mandate of creating high performing nonprecious metal catalysts for AEM water
electrolysis having stability and durability, we herein developed self-supported metal phosphide
catalyst; iron-integrated nickel phosphide over nickel foam (Ni.P-Fe/NF) using a simple and
scalable two-step process (Scheme 1a). Herein, we have used commercial porous nickel foam
(NF) to prepare self-supporting metal catalyst structures and NF is a commonly used current
collector in water electrolyzer systems due to its excellent electrical conductivity, low cost, good
corrosion resistance in alkaline conditions and its high surface area.*! Further, nickel foam current
collector whose surface can be modified to act as a catalytically active surface should be an
effective strategy to mitigate the cost of manufacturing and time during electrolyzer integration.
The processed self-supported metal phosphide catalysts were tested initially in half-cell conditions
for OER and then characterized in to identify the factors favoring excellent OER performance and
stability. We then further testified these catalysts as anode electrodes by integrating MEA to create

an excellently performing AEMWE, utilizing an in-house developed high molecular weight and



ether-linkage-free aromatic ionomer (poly- (fluorene-alt-tetrafluorophenylene) - trimethyl
ammonium, PFT-C6-TMA) and a cross-linked poly (vinyl benzyl trimethyl ammonium chloride)
(PVBTAC) pore-filling membrane filled in a porous polyethylene substrate: PE(VBTAC)) as the
AEM. The schematic illustration of the developed membrane—electrode assembly (MEA) using
the catalysts electrodes is shown in Scheme 1b. A very interesting aspect on the thickness of Ni2P-
Fe/NF electrodes were also carried out to understand the effect on AEMWE performances and to
the best of our knowledge, electrolyzer tests for identifying the effect of self-standing anode

electrode layer thickness on the water electrolysis performances is seldom reported.
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Scheme 1. (a) Illustration of the simple and scalable process for developing self-supported Fe
integrated phosphide catalysts over nickel foam (Ni2P-Fe/NF) and (b) the MEA system for AEM
water electrolysis using the self-supported NF catalyst as Anode.



Results and Discussion

Structural characterization: The phosphide-based catalyst, Ni.P-Fe/NF was prepared by initially
dipping the mechanically pressed and surface treated NFs in aqueous iron precursor solution,
followed by controlled heat treatment in the presence of phosphorous precursor under inert N>
atmosphere (see the experimental section for more details). The processing of catalysts was carried
out at varying thickness of NF, ranging from 220 pm to 800 pm and under varying phosphorization
(2-6h. at 2 h. intervals). The phase identification carried out using the X-ray diffraction (XRD)
analysis indicated the formation of major Ni,P phase in the surface and possible Ni2P-Fe
interaction over the NF substrate. Fig 1a shows the XRD patterns observed for the composition of
the Ni2P-Fe/NF catalyst and also depicts the XRD reference patterns of Ni2P, Fe and Ni obtained
from the International Centre for Diffraction Data (ICDD). The slight positive shift in 26 for Ni
for the Ni>P-Fe/NF (Fig 1b) indicates a possible transformation in electronic environment for the
Ni species on the surface, under the catalyst processing. This further shows an effective interaction
facilitated among the metal species during the catalyst formation over the NF surface and the
absence of Fe diffraction peaks in the XRD patterns points towards this prospect. Fig 1c and Figld
are the structural representation of bare Ni foam and transformed NF to Ni2P-Fe/NF(2h) during
the processing. Fig. S1 shows the X-ray diffraction patterns for the catalysts processed at longer
phosphorization times (4 h and 6 h), indicate that the phosphide phase formed on the NF (220um)
surface was always similar. In the scanning electron microscopy (SEM) images for Ni2P-Fe/NF, a
uniform coverage of nanostructures over the NF could be seen (Fig 1e, f), stating the efficiency of
the synthesis process for NF surface modification. Fig. S3 shows the excellent adhesion of catalyst
structures over the NF substrate which could prevent dissolution in OER conditions. Further, the

energy dispersive spectroscopy (EDS) mapping of Ni:P-Fe/NF (Fig S2) indicated an



undifferentiated distribution of Ni, P, Fe, O species throughout the surface of the NF and the SEM-
EDS revealed ~3 wt.% of Fe and 20 wt.% of P content over the surface, which was supported by

the ICP analysis. The overall catalyst loading varied in the range of 2-3 mg over the NF substrate.

Phase identification using X-ray diffraction was followed by X-ray photon spectroscopy
(XPS) analysis and the deconvoluted spectrums for Ni 2p, Fe 2p and P 2p binding energies in
Ni2P-Fe/NF(2h) are shown in Fig 1g—i. The XPS survey spectra for the modified NF catalyst
showed Ni, Fe, P and O elements (Fig S4) confirming the successful modification. In the
deconvoluted XPS spectra, Ni 2p region shows major binding energy peaks at 853.1 eV
corresponding to Ni—P and 857 eV for Ni oxide (Ni—O) species (Fig 1g). There is also a smaller
B.E. peak ascribed to Ni(OH) on the surface at 861.2 eV with a satellite peak seen at 864.1 eV.4>
43 Interestingly, the partial positive charge associated with Ni species is noted from the Ni—P peak
which is positively shifted and seen close to metallic Ni (852.7 eV) region.*4*> In the case of Fe
2p (Fig 1h), two peaks are observed ascribed with major one for Fe 2p3/; at 712.4 eV for oxidized
(Fe—O) species and another B.E. peak at 706.1 eV for the interaction with P (Fe—P).%5%" As could
be understood from XRD, and the observed shift in XPS B.E. for Fe 2p supports the Fe doping in
Ni lattice and bonding with P. When it comes to P species, peaks seen at 129.1 and 129.8 eV are
connected P 2pz; with metal-P bond (Ni—P & Fe-P) and are at a negative shift compared to
elemental P,*8-4° suggesting a partial negative charge as seen in Fig 1i. The positive shift of Ni
2p32 and negative shift of P 2ps2 points at the altered electronic structure as observed from XRD
and an enhanced electron transfer between Ni and P. The XPS peak at 134.2 eV binding energy
corresponds to the oxidized species of POx with likely additional contribution from atmospheric

exposure as well.#850
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Figure 1. a) X-ray diffraction patterns of bare nickel foam and Ni2P-Fe/NF (2h) with reference
patterns observed for Ni2P, Ni, Fe, b) deconvoluted X-ray patterns for Ni-P-Fe/NF and bare NF
showing the shiftin 26 c-d)schematic illustrations of Ni and Ni2P-Fe/NF unit cells (blue: Ni atom,
yellow: P atom, green: Fe atom) e, f) SEM micrographs of Ni2P-Fe/NF showing the formation of
nanostructured patterns over the NF surface, g—i) X-ray photon spectroscopy deconvoluted spectra
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showing the oxidation states of Ni 2p , Fe 2p and P 2p species respectively in the formed Ni2P-
Fe/NF catalyst.

Oxygen Evolution Performance: We conducted half cell (three-electrode cell) oxygen evolution
reaction (OER) testing of Ni2P-Fe/NF (supplementary video, SV-1), along with bare NF, and
control NiFe/NF and Ni2P/NF in N2 saturated 1 M KOH aqueous solution. The solution IR
compensated linear sweep voltammograms (LSV) recorded for OER are depicted in Fig 2. To
avoid the interference of the Ni oxidation feature, we measured cathodic sweeps profiles of the
different catalyst in which potential was scanned from high to low potential (complete OER CV
profiles are provided in Fig S6a). The peak formed at around 1.3 V is due to the redox
characteristics of the Ni based electrodes and also contribution from the introduction of Fe. In Fig
2a, initially processed Ni>P-Fe/NF, which was prepared using NF with the thickness of 220 um
and a phosphorization time of 2 h, showed an overpotential of 210 mV (potential of 1.44 V) at the
current density of 10 mA/cm?, significantly lower than those of bare NF (350 mV), and Ni,P/NF
(270 mV) and control NiFe/NF (250 mV) samples. When the phosphorization time was increased
during processing, OER performance of the phosphide catalyst varied and a further reduced OER
overpotential of 185 mV was observed for 4 h (cathodic CV profiles shown in Fig 2b). However,
the overpotential slightly increased on moving to 6 h phosphorization time similar to 2 h. A
comparison of the overpotentials for NioP-Fe/NF(4h) catalyst with recently reported nickel foam-
based catalysts for OER in an alkaline electrolyte solution are shown in Table S1; which confirms
that the Fe incorporated nickel phosphide catalysts showed outstanding efficiency during alkaline
OER. Similar to the OER activity, the double layer capacitance (Ca))*'also showed a marginal
variation with the phosphorization times (Fig S7b), indicating higher electrochemically active sites
at 4 h compared to other phosphorization times, causing the difference in OER performances. Tafel
plots (Fig 2c) clearly demonstrated that Ni>P-Fe/NF favors rapid OER kinetics with a Tafel slope
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values of 14.4 mV/dec (NiP-Fe/NF (2h)) and 12.6 mV/dec for Ni:P-Fe/NF (4 h) at lower
potentials, compared to Ni.P/NF (30.6 mV/dec) and bare NF (46.1 mV/dec). The surface P content
over the modified NF would activate water at lower potentials and thereby improving the resilience
of the catalyst towards poisoning on the surface leading to improved activity,>* as also could be
seen from the Tafel slope values at low potentials. Further, the stability tests for Ni.P-Fe/NF were
carried out using the accelerated durability test (ADT) for 1000 CV cycles at 100 mV/s in the
potential range of 1.3-1.6 V vs reversible hydrogen electrode (RHE) and the chronoamperometry
(CA) test at 1.5 V vs RHE for 12 h. An improved OER performance (Fig S9) with lowered
overpotential was observed. More importantly, detachment of metal constituents was observed
below the detection limit from the ICP analysis of the electrolyte after the stability test indicating
robustness of the catalyst surface in harsh conditions. Thus, the Ni.P-Fe/NF (4h) is identified as
the best catalyst composition with overall better OER performance under half cell conditions and

was used for processing electrodes for further AEMWE studies.

After optimizing the annealing time (4h) and checking the OER performances followed by
stability, we performed the alkaline OER analysis of Ni>P-Fe/NF (4h) catalysts processed by
varying the thickness of the NF substrate. Ni>P-Fe/NF processed with the thickness of 220 and 400
pm showed virtually identical overpotentials for 10 mA/cm?, while the thicker Ni.P-Fe/NF catalyst
with 800 um in thickness showed an improved OER activity (Fig 2d) in half cell conditions as
expected from higher difference in effective catalyst area. While analyzing the loading using ICP,
there was also a slight increase in total loading of Fe and P constituents in the NF network for 800
pm sample also helping with a better OER performance in half cell conditions. The overpotential
for achieving 100 mA/cm? was 230 mV for the Ni,P-Fe/NF catalyst with 800 pum thickness and

250 mV for the catalyst with 400 um compared to 270 mV for 200 um. With Cq being considered
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linearly proportional to ECSA, the electrochemically active surface area was estimated using the

double layer capacitances and it suggested that higher thickness meant higher overall available

catalyst area which could have helped with improved OER mass activity during half-cell

electrolysis testing in 1 M KOH (aq.) The values obtained during Cai measurement in mF/cm? is

also normalized to the geometric surface area of NF, and the unit is [cm?/cm?ged].
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Analyzing the OER influencing factors: To develop highly active and efficient catalysts, it is
essential to identify the originating factors for the excellent performance of the developed
catalysts. To begin with, initially we analyzed the increase in OER actives sites by the formation
of phosphide phase and Fe incorporation by calculating the ECSA from double layer capacitance
(Ca) for different catalysts (Fig S10a-d). The Ca was calculated from the slope of the plots (Fig
S10d), drawn after averaging the differences in anodic and cathodic part at different scan rates.
The bare NF (220 um) gave an estimated ECSA of 2.1 cm?/cmgeo? While NiP/NF (2h, 220 pm)
showed a value of 2.4 cm?/cmgeo? and NioP-Fe/NF (2h, 220 um) displayed an ECSA value of 3.8
cm?/cmgeo?. The effective increase in ECSA for NiP-Fe/NF could be attributed to the successful
interaction of introduced Fe, P species with Ni surface and improved charge transfer benefits. A
lower charge transfer resistance for the Ni.P-Fe/NF from the electrochemical impedance analysis
(EIS) (Fig. S11a) compared to bare NF and also Ni2P/Fe at 1.5 V vs RHE indicated a faster OER
Kinetics being favored by Fe and P incorporations. Further, the EIS measurements for the different
phosphorization times also indicated the better charge transfer benefits for the NixP-Fe/NF
catalysts (Fig. S11b). More active sites from incorporation of Fe in Ni/Ni2P system would be one
of the reasons for the excellent OER activity of Ni2P-Fe/NF. Further, the Ni2P-Fe/NF catalyst
exhibited much lower Tafel slope values at low potentials than those of the bare NF and NiP/NF

catalyst, implying faster OER kinetics due to the beneficial surface modification

After understanding the electrode characteristics in terms of surface area and favorable charge
transfer kinetics from the processing of Ni>P-Fe/NF catalysts, effects of Fe, P and their oxidation
characteristics in OER kinetics are to be discussed. The incorporation of Fe would act favorably
to improve the redox activity of Ni surfaces by lower oxygen adsorption activation energy.>>3 Fe

in Ni2P-Fe/NF also would show a synergistic interaction to create the favorable electronic structure
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of Ni in NizP by forming Fe 3d state at fermi level. Further, since nickel oxy-hydroxides are known
for strong interaction with Fe,>* the incorporation of Fe boosts the formation of oxy-hydroxide
phases of Ni, which are highly active phases for OER in alkaline conditions. As reported
previously, it is understood that the interaction between oxy/hydroxide species of nickel and POy
species are beneficial for OER. %% For understanding the characteristics of the metal species in
the NF catalyst surface under varying electrolyzer conditions, a detailed analysis was carried out

after electrolyzer MEA studies and results are provided in the upcoming session.
Anion Exchange Membrane Water Electrolysis:

After the OER half-cell analysis and identifying the ECSA accessible with different modifications
for the catalysts, we assessed the utility of the best prepared NF-based catalysts as self-supported
anode electrodes in the AEMWE cell. After the OER half-cell analysis and identifying the ECSA
accessible with different modifications for the catalysts, we fabricated MEAs with durable ether
free poly(fluorene-alt-tetrafluorenephenylene) ionomer to assess the utility of the best prepared
NF-based catalysts as self-supported anode electrodes in the AEMWE cell. For the AEM of the
MEAs, PVBTAC membrane filled in the porous polyethylene substrate was used (AEM
fabrication is explained in the experimental section). To enhance the chemical durability of the
membrane, thin poly(fluorene-alt-tetrafluorenephenylene) polyelectrolyte layer was coated on the
surface of the membrane by a simple dip coating to protect PVBTAC from the attack of OH- anion.
The coated AEI layer is also beneficial to construct better electrochemical contact with the catalyst

layer and the poly(fluorene-alt-tetrafluorenephenylene) ionomer.

For the initial study, the best performing Ni2P-Fe/NF catalyst (phosphorization time = 4 h,
thickness = 220 um) and the bare NF catalyst (thickness = 220 pum) were used. The polarization

curves for the AEMWE obtained at 80 °C using 1 M KOH (ag.) fed to the anodes are provided in
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Fig 3a. The MEA with the Ni,P-Fe/NF catalyst at the anode yielded a current density of 1 A/cm?
at a low cell voltage of 1.73 V and 2 A/lcm? at 1.9 V. The energy conversion efficiency calculated
using the thermo-neutral voltage of 1.48 V were 86% and 78% at 1 and 2 A/cm?, respectively. The
MEA with the bare NF catalyst at the anode showed 2.1 and 2.3 V at 1 and 2 A/cm?, respectively.
Thus, the efficient OER catalyst of Ni:P-Fe/NF provided the much higher AEMWE cell
performances, compared with bare NF. To effectively compare the catalyst performance with
commercial catalysts, the MEA with 1rO2 anode was also fabricated. As shown in Fig. 3a, the
polarization curve of the MEA with the IrO2 anode indicates a cell voltage of 1.77 V and 1.97 V
at 1 and 2 A/lcm?, respectively, whose performance was lower than the MEA with the Ni2P-Fe/NF
anode. These results indicate the NiP-Fe/NF (4 h,220 um) catalyst can be an effective substitute
for expensive commercial IrO; as a high-performance anode electrode in AEMWE. The stability
of the Ni2P-Fe/NF catalyst during the AEMWE operation was also evaluated. When the cell with
Ni.P-Fe/NF anode was subjected to operation at a constant current density of 200 mA/cm? and 80
°C using 1 M KOH feed, the cell voltage showed no deterioration in performance for 24 h (Fig
3b), indicating the performance stability of the electrolyzer cell. ICP-MS analysis of the electrolyte

after the CA test also showed no degradation of metallic constituents.
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ionomer d) Electrolyzer performances for electrolyzer while varying the Ni.P-Fe/NF catalyst
electrode thickness e) EIS spectra for the Ni>P-Fe/NF with varying thickness in 1 M KOH.

Furthermore, the Ni,P-Fe/NF anode electrode was tested in pure water flow and this electrolyzer
(as shown in Fig. 3c) exhibited excellent efficiency with a cell voltage of 1.88 V at 1 A/cm? (energy
conversion efficiency = 79%). This high performance in pure water feed was largely due to the
high OH™ conductivity of the ionomer and the AEM, but it was demonstrated that non-precious
Ni2P-Fe/NF catalysts can achieve the high performance of pure-water-fed AEMWE if properly
integrated with electrolyte materials. The comparison of the AEMWE performances (alkaline and
pure water feed) with the MEASs using non-PGM anodes as reported recently is shown in Table
S3. From Table S3, it can be concluded that our MEA with the Ni>P-Fe/NF catalyst is one of the
MEAs showing high AEMWE performances. Nevertheless, more recently few papers have
reported the MEAs with higher AEMWE performances than our MEA, suggesting that
optimization of an MEA, including ionomer and AEM to be combined with a Ni>P-Fe/NF catalyst,
IS necessary.

After the excellent performance of the electrodes under electrolyzer conditions, we continued
AEMWE cell testing by varying the thickness of the NF (Ni-P-Fe/NF) electrodes (220-800 pum).
Fig 3d shows the polarization curves for the AEMWE results obtained with Ni>P-Fe/NF as anode
of processed over NF thicknesses 220, 400, and 800 um in 1 M KOH (ag.). MEA with anode of
lowest thickness, i.e., 220 um showed best performance reaching 1 A/cm? current density at 1.73
V whereas electrolyzer with anode thickness 400, 800 um required 1.81 and 1.96 V, respectively,
to attain similar current density. This increase in cell voltage with thickness is attributed mostly to
the increased cell resistance for the MEAs, as evident from the electrochemical impedance analysis

(Fig 3e). The Tafel plot for the MEA polarization curves (Fig S12a) with varying thickness of
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Ni2P-Fe/NF showed a higher mass transfer resistance while using the thicker electrode (152.8
mV/dec for MEA having 800 um Ni2P-Fe/NF compared to 104.4 mV/dec for MEA with 220 pm
Ni2P-Fe/NF). Similarly, for the polarization curves during electrolysis in pure water feed with
Ni2P-Fe/NF — 400 and Ni2P-Fe/NF — 800 reached 1.93 V and 2.22 V at 1 A/cm? current density,
respectively, showing the tendency of thicker electrode to require high energy for water splitting
(Fig S12b).Thus, the self-supported Ni>P-Fe/NF (4 h,220 um) is identified as the ideal anode for
AEMWE in the present study, which can be an important reference for future AEMWE design and
commercialization purposes utilizing self-supported catalysts including based on nickel foam. The
Ni2P-Fe/NF anode electrode used for CA studies in AEMWE condition was tested in detail for

evaluating the surface characteristics and insights into the performance factors.

Niz2P-Fe/NF electrode surface assessment after MEA testing: The SEM analysis of the
electrodes taken after the water electrolysis followed by the constant current durability test showed
the formation a thin layer over the surface and while analyzing with energy dispersive spectroscopy
(EDS), an enhanced oxygen distribution was noticed (Fig S13). Then we carried out the XPS
analysis of the electrode surface and when we examined the deconvoluted spectra, the Ni 2P peak
at 856.2 eV (Fig 4a) indicated oxide phased M-P species and the peak observed at 861.8 eV
indicated the formation of Ni (OH). phase.*®5" Thus, the OER active phase of oxide/oxy-hydroxide
formation over the Ni2P-Fe/NF electrode surface is confirmed during the water electrolysis, which
favors the stable oxygen evolution performance in alkaline conditions.

The peaks associated with M—P species in the pristine Ni>P-Fe/NF electrode were converted
completely into POy state, which could be characteristic of tetrahedral POx group, according to the
peak for P2p species seen at ~133.6 eV (Fig S14a) with a reduction in intensity.>%% The formation

of oxidized P species could be further confirmed by the O 1s peak at 533.2 eV (Fig S14b). As
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intensity (a.u.)

discussed previously, the successful interaction between formed oxy/hydroxide species of nickel
and POx would act as a ligand and vary its coordination modes during the redox swapping process
of the metal ion and further, the presence of these phosphates would also facilitate the
electron/proton transfer, enhancing the OER kinetics and help in overall improved electrolyzer
performance. On analyzing the Fe 2p species, the peak at 706 eV had disappeared and the peaks
are seen at a lower intensity after being oxidized at 712.6 and 718.7 eV post OER (Fig 4b). Thus,
an atomic-level surface reconstruction of the modified Ni>P-Fe was observed after the stability test
and these changes are supportive for enhanced OER activity. The surface reconstruction was
successfully established further when the XRD analysis of the anode electrode showed the peaks
associated with oxide species of metals (Fig S15) after the CA test. Hence, it can be explicitly
inferred that the metal-oxide/hydroxide species would act as the major active sites in the processed
Ni2P-Fe/NF, which further facilitated the electron transfer from metal species to the oxidized

species, for providing dynamically stable OER under alkaline conditions.5%-60

Ni 2 ) After 24h CA
| Niz2p iﬁ* Ni2p3/2 | Fe2p Foll After 24h CA
A

‘{ 856.19 eV

Fe2p3/2

intensity (a.u.)

845 850 855 860 865 870 875 40, 705 708 711 714 717 720 723
binding energy (eV) binding energy (eV)

Figure 4. Deconvoluted XPS spectra for a) Ni 2p and b) Fe 2p after 24 h stability tests in the water
electrolyzer for Ni,P-Fe NF at 200 mA/cm?
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From the excellent MEA test results in water electrolysis, the self-supported Ni>P-Fe NF catalysts
developed using our simple and scalable approach is testified as an excellent electrode material for
AEM-based water electrolysis; with the developed system performing at par with commercial
catalysts which signifies its tremendous commercial potential and further development. The
catalysts also showed excellent stability with no detachment during long term stability studies
which are extremely advantageous over currently used powder catalysts by virtues of its
application ease and excellent performance. With many parameters involved in electrolyzer
integration including catalysts, ionomers, AEM membrane type and thickness, we are currently
involved in navigating strategies to improve further with AEM electrolyzers using the nickel foam

based self-supported catalysts.
Conclusions

In this study, scalable self-supported non-noble metal electrodes favoring excellent oxygen
evolution reaction performance in AEMWE were developed and demonstrated. The OER catalyst,
Ni2P-Fe/NF was obtained over nickel foam using Fe as the multi-metal constituent which were
phosphodized under controlled conditions. The catalyst under half cell conditions yielded 10
mA/cm? current at 185 mV overpotential for OER in 1 M KOH electrolyte solution and displayed
excellent stability in accelerated conditions. The MEA using the Ni>P-Fe/NF catalyst at the anode
for AEMWE using 1 M KOH ag. generated sufficiently high performance achieving 1 A/cm?
current density at 1.73 V with an excellent energy conversion efficiency (84%). Also, the
combination of the Ni2P-Fe/NF catalyst, highly conductive inhouse ionomer (PFT-C6-TMA) and
a pore filled VBTAC AEM with thin PFT-C6-TMA layer achieved an excellent pure-water-fed
AEMWE performance delivering 1 A/cm? at 1.88 V. Furthermore, in this study, we could study a
critical factor for water electrolyzers using self-supported catalysts involving the thickness of self-
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supported catalyst electrodes. With the thickness for NF based catalysts being varied from 220—
800 um, the cell resistance increased with thickness and the performance dropped for the
AEMWEs in both alkaline and pure water fed conditions. In addition to the excellent water
splitting performance of Ni>P-Fe/NF in half-cell and MEA testing, our study also successfully
demonstrated the factors responsible for the excellent OER performance by means of
comprehensive spectroscopic and electrochemical studies. The current study on scalable noble
metal free electrode and the performance results forms part of important milestones aimed towards

the development of AEMWE and its commercialization prospects.

Experimental Methods

Preparation and Characterization of Self supported catalysts: The catalysts were processed by
a simple and scalable approach involving two-step process (Scheme 1a). For the processing of the
self-supported catalysts, nickel foam (NF) having an initial thickness of 1600 um (MT]I Japan) was
treated with 1 M HCI ag. and acetone before drying to remove the residual oxide layer, after
mechanically pressed to varying (220-800 pum) thickness. Chloride salt of iron (FeCls) was used
as the metallic precursor (Sigma-Aldrich, USA) and H2Na>OP was used as the phosphide precursor
(Fujifilm Chemicals, Japan). For the Ni>P-Fe/NF processing, in the first step 0.3 g FeCls was
dissolved in 50 ml deionized water before immersing the treated NF and keeping it for ~1.5 h
without stirring. Before the second step involving heat treatment to form the desired catalyst, the
NF with precursor coating was dried at ambient conditions slightly. To impart phosphorization,
the NF with Fe precursor was heated at 350 °C at 3 °C/min ramp rate and held for 4 h in a tubular
furnace along with the phosphide precursor at the front end of the furnace having high purity N>

flowing at 60 SCCM. The heating time was also varied in later study further to identify the effect
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of varying phosphorization time on catalyst formation and properties. The overall loading of the

catalysts was analyzed by weight change after the different processing conditions.

The initial phase identification of the NF-based catalysts was done using the XRD patterns recorded at
a scan rate of 3 °/min using an Ultima IV (Rigaku, Japan) system, with Cu Ka (A = 1.5406 A) X-ray
source operating at 40 kV and 40 mA. The surface morphological characteristics and elemental
distribution of the metal species on the self-supported catalysts before and after electrochemical
reactions were documented using SEM (S-8400, Hitachi High Technologies, Japan). XPS analysis
(Quantum 2000, ULVAC-PHI Inc., Japan) fitted with a twin-anode X-ray source using Al Ko
radiation (hv = 1486.58 eV) was used for confirming the surface elemental composition and
identifying oxidation states of the metal species in the nanostructures. The XPS spectra curves
obtained were fitted using the Gauss-Lorentz wave shape function and the background was revised
using "Shirley". The catalyst compositions in each cases were calculated from inductively coupled
plasma - atomic emission spectrometry (ICP-AES) analysis after dissolving the catalyst by using
aqua regia.

Electrochemical Studies: For the CV and CA tests using the processed catalysts, electrochemical
measurement system using a potentiostat and an electrode rotating system (HZ-7000 and HR-500,
Hokuto Denko, Japan) was used. OER studies in alkaline solution were evaluated by CV using a three-
electrode system with Hg/HgO and a Pt wire as the reference and counter electrodes, respectively. The
NF-based catalysts with active geometrical area of 2 cmgeo? (by dipping the desired area of catalyst
in the electrolyte and the remaining portion being masked by a Teflon tape) being used as the
working electrode (can be seen in Fig. S16 and Fig. S17 in the supporting information). The OER
performances were recorded at a scan rate of 10 mV st in a Np-saturated 1 M KOH aqueous solution

at room temperature. After the initial surface activation using 30 CV cycles between 1.2 and 1.8 V vs
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RHE, OER currents were collected from the cathodic CV profiles to eliminate the effect of nickel
oxidation on the performance analysis. All potential values in half-cell conditions were converted to
RHE according to the equation: ErHe = Engrgo + 0.917 V. Ohmic losses were corrected using the
measured current (i) and solution resistance (R), which were obtained by ac impedance as follows: iR
corrected E = Erne— 1°R. The accelerated durability test (ADT) for the OER catalysts was performed at
100 mV s scan rate for 1000 cycles in Np-saturated 1 M KOH (ag.). In addition, the
chronoamperometry (CA) studies were conducted using constant potential of 1.5V vs RHE for 12 hin

N2-saturated 1 M KOH (aq.).
Anion Exchange Membrane preparation:

To prepare a PE(VBTAC) pore-filling membrane as an AEM, poly (vinyl benzyl trimethyl
ammonium chloride) (PVBTAC), which was cross-linked by divinyl benzene, was filled in the
pores of a polyethylene (PE) porous substrate (thickness = 25 um, porosity = 46%, Toray
Industries, Inc.) using the impregnation polymerization method reported in our previous study.5?
The thickness the prepared PE(VBTAC) membranes were about 25 um. This developed membrane
is cost-effective, can be easily prepared and is also scalable using the commercially available

monomer and the porous polymer substrate.

Preparation and performance evaluation of MEAs for AEMWE:

Slurry preparation for Cathode & Anode Coating of Commercial Catalysts: For preparation
of Pt/C slurry, 40 mg of 46.5 wt. % Pt/C (TEC10ES50E, Tanaka Kikinzoku Kogyo K.K., Japan)
and 13.33 mg of PFT-C6-TMA ionomer (Mw = 178000 g/mol and ion exchange capacity = 3.2
mequiv/g) were dispersed in 5 ml water-IPA mixture (1:1 volume). Here, high molecular weight
ionomer with Mw >100,000 was used. Due to the well-entanglement of polymer chains by its high
molecular weight, it is stable and does not leach in hot water despite its high IEC.** The above
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mixture was ball-milled for 1 h at 150 rpm speed using a planetary ball mill (Pulverisette 6, Fritsch,
Germany). Similarly, for IrO; slurry preparation, 40 mg IrO. (Alfa Aesar, USA) and 13.33 mg
PFT-C6-TMA ionomer were dispersed in 5 ml of 1:1 volume ratio IPA-water mixture through

sonication for 1 h.

MEA fabrication using NF-based catalysts at anode: Prior to the MEA fabrication, a NF-based
catalyst (5 cm? in area) was immersed in a solution of PFT-C6-TMA (10 mg in 10 ml 1:1 volume
ratio IPA-water mixture) for 30 min and then dried for another 30 min at 60 °C. This process
allows to form a thin layer of the polymer on the catalyst surface. This polymer layer is necessary
for the efficient conduction of OH™ in the three-phase boundary at pure water operation. For the
cathode, the prepared Pt/C slurry was coated on the one side of the AEM of a PE(VBTAC) pore-
filling membrane using a pulsed spray system (Nordson K.K., Japan). The loading of Pt at the
cathode was maintained at 0.3 mge/cm?. The NF-based catalyst and the cathode-catalyst-coated
membrane were assembled in an electrolyzer cell with serpentine flow channels. On the cathode
side, carbon paper (SGL 29 AA, SGL Carbon, Germany) was used as a diffusion layer whereas at
the anode modified NF itself functions as a diffusion layer. The gasket thickness was adjusted

according to NF thickness employed.

MEA fabrication using commercial PGM catalysts at anode & cathode: For comparing the
performance of the processed NF catalysts with commercial catalysts, IrO, and Pt/C were used as
anode and cathode catalysts, respectively. The anode and cathode catalyst layers were prepared
using the catalyst-coated membrane technique. In this case, IrO> slurry was spray-coated on one
side of PE(VBTAC) membrane to be used as the anode electrode. The loading of IrO- at the anode

was 1.2 mg/cm?. For the cathode, the prepared Pt/C slurry was coated on the other side of the
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PE(VBTAC) pore-filling membrane AEM with the loading of Pt at the cathode being maintained

at 0.3 mge/cm?.

Cell testing procedure: To evaluate AEMWE performances of the MEASs using the modified NF-
based catalysts, 1 M KOH aqueous solution or pure water was fed to the anode side of the cell.
Initially, the MEA was conditioned by applying a current density of 100 mA/cm? until the cell
voltage became stable. The flow of 1 M KOH ag. was maintained at 5 mL/min and the cell
temperature was kept at 80 °C during the conditioning and electrochemical measurements. After
conditioning, polarization curves of the cells for AEMWE were recorded using an HJ1010SD8
charge—discharge unit (Hokuto Denko, Japan) followed by the MEA stability tests performed at a
current density of 200 mA/cm? for ~24 h. The energy conversion efficiency of water electrolysis
was calculated using the equation, thermal neutral voltage/cell operating voltage X 100,
with thermal neutral voltage (1.48 V). Electrochemical impedance spectroscopy (EIS) was
measured at a DC voltage of 1.5 V vs RHE with a DC amplitude of 10 mV and was performed by
an electrochemical measurement system equipped with an impedance analyzer (HZ-7000, Hokuto

Denko, Japan).
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