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ABSTRACT: Green hydrogen produced via water electrolysis powered by
renewable energy sources promises the decarbonization of large sectors of the
economy. Despite alkaline environments that enable use of non-noble, abundant
materials, state-of-the-art anion exchange membrane water electrolyzers
(AEMWEs) uses noble-metal-based catalysts. Developing non-noble-metal-
based anodes would enhance the competitiveness of AEMWEs. Herein, an
anode fabricated by hydrothermal deposition of binder-free NiFe-LDH onto
Raney Ni (RNi) substrates is described. The introduced platinum-group-metal-
free AEMWEs display high performance of 1 A cm™ at 1.9 V cell voltage.
Physicochemical characterization highlights the successful combination of NiFe-
LDH with RNi applying a scalable synthesis offering feasibility to fabricate active
and durable electrodes for AEMWEs.
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G reen hydrogen will be playing a key role in decarbonizing
power production, industrial processes, heat generation,
as well as mobility." Cost reduction of the production of green
hydrogen is critical to trigger its wider use: today, 96% of all
global hydrogen is still produced by steam cracking," Water
electrolysis providing H, and O, via electrochemical splitting
of water (H,0 — H, + 1/2 O,) is a zero CO,-emission
alternative if renewable energy sources are used. Low
temperature water electrolysis technologies, such as alkaline
electrolysis (AEL), polymer electrolyte membrane water
electrolyzers (PEMWEs), and anion exchange MWEs
(AEMWESs), are in different stages of R&D and commercial-
ization.” AEL is the most mature technology with industrial
applications.” Nevertheless, low operation current densities
accompanied by large stack sizes and slow start—stop operation
limit integration with renewables. PEMWEs ofter high current
densities and hydrogen production rates, small stack sizes, and
fast start-up and shut-down operation. Despite the key
advantages of PEMWEs over AEL, global deployment of
PEMWE technology depends on the availability and circular
economy of necessary critical raw materials. Rare platinum
group metal (PGM) based electrodes combined with noble-
metal-coated cell components and fluorinated polymers
necessary to sustain the harsh applied acidic conditions are
expensive. In particular, iridium with its volatile cost
accompanied by low annual production of 8.5 t tied to the
supply of platinum places a bottleneck for realization of
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required market goals.”* AEMWEs combine the advantages of
both technologies. High current densities and small stack sizes
offer opportunities for integration with renewables. Further-
more, high pH environments are compatible with abundant
and low-cost transition metal (oxyhydr)oxide catalysts and
noncritical cell components. Nevertheless, AEMWEs are in the
early stages of development. State-of-the-art AEMWE tech-
nology still relies on highly alkaline feeds and PGM powder
electrocatalysts.” Recent state-of-the-art AEMWE hydrogen
production rates are 1.7 A cm™* at 1.8 V cell voltage with 24 wt
% KOH solution (above 5 M KOH) at 80 °C.°

AEMWE electrocatalysts are largely applied as thin powder
films on porous transport layers (catalyst coated substrate,
CCS) or membranes (catalyst coated membrane, CCM).
Coating techniques require ionomer binders stabilizing the
powder catalyst on the substrate of choice and providing ion-
conduction between the membrane and catalytically active
centers. Surface blocking, introduction of nonconductive
polymers, delamination and oxidation of binder polymers,
and catalyst blocking accompanied by time-consuming
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Figure 1. Morphological and electronic structure/chemical state investigations of pristine RNi substrates and hydrothermally grown NiFe-LDH-
90—600-RNi composite electrodes, using FIB-SEM cross-sectional images and X-ray Photoemission. (a) FIB-SEM cross section of the RNi
substrate; the RNi portion is indicated in green. (d) FIB-SEM cross-section of NiFe-LDH-90—600-RNi. (b, ¢, e, and f) XPS spectra in Ni 2p, Fe 2p,
O 1s, and C 1s range. The black line corresponds to RNi substrate, while the blue line corresponds to NiFe-LDH-90—600-RNi.

catalyst-ink developments are significant hurdles for perform-
ance and practical application.”

Binder-free direct catalyst coating techniques overcome the
limitations related to powder catalysts. However, these coating
techniques are still poorly explored and, to date, have not been
shown to yield electrode performance comparable to conven-
tional powder-based catalyst layers or demand highly
optimized,” complicated preparation techniques limiting
broad application.'” High performance catalyst coatings
require the effective and easily scalable deposition of highly
active catalysts onto high surface area contact layers, providing
high catalyst utilization. This study addresses this unmet need
reporting a direct AEMWE electrode deposition design with
higher performance in AEMWE single cells than NiFe-LDH in
nickel foam (NF), which places the standard material for direct
catalyst deposition in the literature.""'” Our cell design also
excludes any “hidden” PGM-coatings of porous transport layer
components. We demonstrate that the cell performance is
made possible by a synergistic effect between Raney-Ni (RNi)
electrode substrates,"> onto which NiFe-LDH layers were
grown directly layer-by-layer. We characterized the morphol-
ogy, structure, and chemical state of the NiFe-LDH@RNi
composite electrodes using focused-ion beam scanning
electron microscopy (FIB-SEM) as well as selected area
electron diffraction (SAED) on a FIB-prepared lamella. We
demonstrate that powder-free deposition results in catalyst
layers that are structurally and chemically identical with
conventional NiFe-LDH powder/binder-type coatings.
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B SYNTHESIS AND CHARACTERIZATION OF
NiFe-LDH AT NF

Metal precursors, solvent, and the anode substrates were
introduced in a 30 mL autoclave followed by autogenous
pressure hydrothermal synthesis (detailed synthesis conditions
for different sets of anodes are depicted and described in Table
1 and Figure S1). Synthesis conditions were optimized with
NF (Table 1) and applied to RNi. Under hydrothermal
conditions, nanostructured NiFe films grew in situ on the high
surface area RNi substrate. FIB cross sections of blank RNi and
NiFe-LDH-90—600-RNi (Figure 1a, d) highlight the successful
synthetic deposition of NiFe layers on RNi substrates. Figures
la, d and S2 show cross sections measured with SEM and
TEM of RNi before and after hydrothermal growth of NiFe
overlayer. The NiFe-LDH surface appears as a tight,
homogeneously bonded overlayer with a uniform interfacial
contact to the RNi substrate. Inspection of the RNi substrate
thickness uncovers a thinning down to 1.085 =+ 0.131 ym from
initially 1.260 + 0.170 pm after NiFe-LDH deposition. The
thickness of the NiFe-LDH layer is 1.446 + 0.307 um. This
may suggest that the NiFe-LDH layer growth penetrated
roughly 200 nm into the RNi substrate, favoring a uniform
RNi/NiFe-LDH interphase with good adhesion and excellent
electrical conductivity.

The FIB-SEM cross sections supported by X-ray photo-
electron spectroscopy (XPS) studies reveal significant changes
in the elemental compositions and chemical states of near-
surface species during the synthesis. Figure 1b, ¢, e, and f
highlight photoemission core level spectra in the Ni 2p, Fe 2p,
O 1s, and C 1s range of NiFe-LDH-90—600-RNi and the
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pristine RNi substrate. Ni 2p core level shifts (Figure 1b)
clearly show changes in the chemical states of Ni near the
surface. RNi substrates (black line) showed metallic Ni® as well
as oxidized Ni species. By contrast, NiFe-LDH-90—600-RNi
(blue line) showed oxidic Ni species only, while the metallic Ni
contribution disappeared. Comparison of Fe 2p core level
peaks of NiFe-LDH-90—600-RNi and pristine RNi substrates
(Figure 1 c) reveals distinct FeOx signals expected for the
LDH overlayer. The RNi substrate shows only weak signals
originating from the Ni LMM Auger process. Overall, the
electronic structure and chemical states of NiFe-LDH-90—600-
RNi reflected in its Ni 2p and Fe 2p spectra evidence the
hydroxide character of the NiFe top layer. This is further
supported by changes in the core levels of O 1s and C 1s
(Figures le and S3). As expected, the photoemission O 1s and
C 1s spectra (Figures le, f and S3) evidenced atmospheric
carbon residues, with NiFe-LDH-90—600-RNi also displaying
distinct O—C—0 and O—C=0 signals arising from interlayer
CO;* anions, present in the LDH interlayer. This is further
strong evidence for the successful direct hydrothermal growth
of NiFe-LDH onto RNi substrates.'*'> Our surface sensitive
analysis confirms the characteristic elemental composition and
electronic structure of a NiFe-LDH overlayer grown on the
RNi substrate, forming a uniform interphase offering good
adhesion between substrate and overlayer.

STEM-EDS mappings of NiFe-LDH-90—600-RNi revealing
the elemental composition and the interaction between RNi
and the NiFe top layer are depicted in Figures S4 and SS and
are discussed in the Supporting Information (SI). While
combined SEM/XPS analyses of NiFe oxide layers have been
reported before,' direct structural evidence of the character-
istic crystallography of overgrown NiFe-LDH top layers have
remained elusive. Using selected area electron diffraction
(SAED) on FIB-lamella, we succeeded in recording character-
istic electron diffraction directly of the hydrothermally
deposited NiFe-LDH overlayers (Figure 2). X-ray diffraction
patterns of powder NiFe-LDH (Figure 2a) are in agreement
with SAED measurements of NiFe-LDH-90—600-RNi (Figure
2b and c). Figure 2b plots the SAED-derived scattered electron
intensity versus lattice parameter d(y) for the NiFe-LDH-90—
600-RNi sample. The presence of the characteristic (003) and
(006) reflection evidence the formation of the layered ion-
incorporated NiFe-LDH phase on the RNi substrate.
Comparisons with SAED measurements of the NiFe-LDH
powder are depicted and discussed in the SI (Figure S6).
TEM-Micrographs of the FIB-lamella which are used for the
SAED study (Figure 2d—f) highlight the interaction between
NiFe-LDH lamellas and the RNi substrate.

Furthermore, the interphase between the RNi substrate and
deposited NiFe-LDH thin film is displayed in detail in Figures
2e and S4 confirming that NiFe-LDH directly grew into and
onto the RNi substrate.

B ELECTRODE DESIGN AND PERFORMANCE OF
“ALL PGM-FREE” AEM WATER ELECTROLYZER

Optimized NiFe-LDH catalyst layer deposition conditions for
highly active anode designs, reaction times at 160 °C, and rpm
during the hydrothermal LDH layer growth on NF were
systematically varied. Table 1 summarizes the NiFe-LDH@
NF-X-Y (X: reactions time at 160 °C; Y: rpm during synthesis)
results. Since the oxygen evolution reaction (OER) perform-
ance of Ni-based anodes is strongly influenced by the Ni/Fe
ratio,'”” anodes were prepared varying the Ni/Fe ratio
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Figure 2. Powder X-ray diffraction pattern (XRD) and TEM
investigations of the hydrothermally prepared NiFe-LDH-90—600-
RNi electrode. (a) XRD pattern of NiFe-LDH powder (orange line)
including XRD reference for powder samples (JCPS 00—014—0191,
black columns). (b) Line profile of electron diffraction pattern of
NiFe-LDH-90—600-RNi (blue line) derived by radial integration
along central line as depicted in (c) SAED of NiFe-LDH-90—600-
RNi. (d—f) TEM images of the sample area applied to SAED
measurements.

influencing the resulting electrochemical activity toward
OER. Measured performances are depicted in the SI (Figure
S7). Since RNi places an additional Ni source in the synthesis,
adjusting the Ni/Fe ratio by varying the Ni/Fe ratio of the
synthesis mixture turns out to be more complicated with only a
minor impact on the electrocatalysis of the anodes. The
resulting anodes were implemented into AEM single cell water
electrolyzers, and their performance was screened and
compared. The individual CCS anodes were assembled into
AEMWE cells using Mo incorporated RNi cathodes, treated
with Fumasep FAA-3-PK-130 (membrane) sandwiched
between the two CCSs. Fumasep FAA-3-PK-130 was utilized
because a comparison with AEMION membranes revealed
advantageous behavior of the electrodes used with Fumasep
FAA-3-PK-130 (Figure S8). The cells were operated with 1 M
KOH feed at 60 °C (Table 1 and Figure 3a and b).

Figure 3a presents the experimental polarization curves of
“all PGM-free” AEMWE cells with four different kinds of
NiFe-LDH@NF anodes from Table 1, operated at 60 °C in 1
M KOH. The cell incorporating the NiFe-LDH@NF-90—600
anode featured the lowest AEMWE cell voltage of 1.82 V at 0.5
A cm™?, outperforming NiFe-LDH@NF-60—600 (1.89 V),
NiFe-LDH@NF-90—300 (1.95 V), and NiFe-LDH@NE-60—
300 (1.96 V) and revealing the 90—600 synthesis conditions as
favorable. Thus, these specific synthesis conditions were
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Table 1. AEMWE cell performance screenings at 1.8 V cell
voltage and 60°C of “all PGM-free” AEMWE employing
directly hydrothermally grown NiFe LDH overlayers on NF
or RNi substrate. Sample names include synthesis
conditions. See SI for synthesis details

Anode Current Density A cm™2 in 1 M KOH
RNi substrate 0.16
NiFe-LDH@NF-60—300 0.27
NiFe-LDH@NF-90—-300 0.28
NiFe-LDH@NF-60—600 0.34
NiFe-LDH@NF-90—600 0.45
NiFe-LDH-90—600-RNi 0.7

applied to the hydrothermal catalyst coating of the RNi
substrates. Figure 3b compared the uncorrected polarization
curves of AEMWE cells incorporating pristine, uncoated RNi
anodes (black), the best performing coated NF anode from
Figure 3a (NiFe-LDH@NF-90—600, violet), and the compo-
site anode comprising both material systems under optimized
synthesis conditions (NiFe-LDH-90—600-RNj, blue). The “all
PGM-free” system with NiFe-LDH-90—600-RNi displayed a

cell voltage of 1.73 V at 0.5 A cm™?, outperforming the NF-
based references. Here, the performance difference between
NiFe-LDH@NF-90—600 and NiFe-LDH-90—600-RNi is
highly interesting, since NiFe-LDH@NF-90—600 is the most
active anode in three-electrode measurements (Figure S7).
The AEMWE cell performance is made possible by the
synergistic effect between catalytically active NiFe-LDH
overlayers and RNi anode providing excellent catalyst
utilization, improved especially compared to well-known
NiFe-LDH-NF combinations.

All tested AEMWE cells operated at current densities up to
2 A cm™? (Figure 3b) where the NiFe-LDH-90—600-RNi
anode continued to display superior energy efficiency at a low
cell voltage of 2.2 V over NiFe-LDH@NF-90—600 (2.34 V)
and pristine RNi (2.71 V). To put the kinetic performance of
the present “all PGM-free” AEMWE cell in perspective to
state-of-art reports on PGM-free AEMWE, Figure 3¢ compares
and contrasts the experimental current densities of today’s
state-of-art “all PGM-free” (blue) and PGM-containing
(orange and red) AEMWE designs under comparable
conditions applying Fumion-based membranes. The present
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Figure 3. Electrochemical characterization of the AEMWE electrolyzer cells in 1 M KOH at 60 °C. (a) Polarization curves of AEMWE cells with
different synthesis conditions applied to NF based anodes (NiFe-LDH@NF-60—300 (red), NiFe-LDH@NF-90—300 (olive), NiFe-LDH@NE-
60—600 (orange), and NiFe-LDH@NF-90—600 (violet)). (b) Comparison between NiFe-LDH@NF-90—600 rpm (violet), bare RNi (black), and
NiFe-LDH-90—600-RNi (blue) as anode. (c) Comparison of different catalyst materials applying Fumion based membranes and (d) literature-
known values of commercially available membranes (Tokuyama, Aemion and Sustainion) applgfirzlgznon-noble catalyst materials as anode and

cathode, both (c) and (d) at 1.8 V applying comparable operating conditions (T, KOH feed).

772 (&) 0.5 A cm™? current hold of NiFe-

LDH-90—600-RNi as anode over 110 h. Mo incorporated RNi and Fumasep FAA-3-PK-130 are used as cathodes and anion exchange membranes

in all the operated cells.
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NiFe-LDH-90—600-RNi anode design in the all PGM-free
AEMWE sharply outperforms previous PGM-free and even
PGM-containing system designs (Figure 3c).18_23

To demonstrate the performance characteristics of the
presented cell design and draw attention to the difficulties in
comparison, Figure 3d presents AEMWE cell current densities
at 1.8 V cell voltage of state-of-art PGM-free electrodes
combined with different types of commercial alkaline exchange
membranes under identical ogerating conditions.”*™** To-
kuyama®®*’ and Aemion**’***" based membranes trail our
present cell design, which is matched by only one of several
previously reported Sustainion-based and one self-made
AEMWE cell architectures.'”””** Still, the reported Sustain-
ion-based electrolyzer cell uses high amounts of catalyst
material at the electrodes.”” The literature reports an intriguing
system as the cathode is composed of comparable materials,
and RNi serving as the substrate for NiFe-LDH here is
employed as the anode. Through optimized MEA assemblies
and self-made and much thinner (only S0 m compared to 130
um of the FAA-3-PK-130) membranes, they achieve higher
current densities at 1.8 V.'” Besides the self-made membrane,
the electrode preparation process is challenging, requiring
consistent conditions and users and limiting the preparation
technique.'® Nevertheless, Figure 3b illustrates the superior
performance NiFe-LDH-90—600-RNi over the RNi anode
which is in a very simple system, leaving the membrane as the
only performance dictating difference between the literature-
known system and the herein presented system. Thus, we once
more show that the membrane chemistry, membrane thick-
ness, and MEA assembly majorly influence overall perform-
ance. We may expect further improvements upon incorpo-
ration of further catalyst material in addition to the CCS based
approach or by changing the applied membrane.'**®

The short-term durability of the AEMWE cell with the
NiFe-LDH-90—600-RNi anode was evaluated under a constant
current density of 0.5 A cm™ at 60 °C. AEMWE cell voltage
was monitored over about 110 h (Figure 3e). The cell voltage
shows a 170 mV increment over the 110 h of operation,
equivalent to 1.5 mV h™". While this is a §00d degradation rate
for PGM- and PFAS-free AEMWE cells,”” it is a factor of 10x
larger than low Ir loaded anodes but PFAS-containing
membranes and PFAS-containing porous transport layers
applied in PEM water electrolysis.” We note that the durability
of AEMWE cells continues to be largely determined by the
degradation rate of the alkaline exchange membrane, which is
not in the scope of this contribution.

B CONCLUSIONS

We have presented an “all PGM-free” AEMWE cell and
electrode design with high performance and efficiency
characteristics. At 1.8 V cell voltage, a current density of 0.7
A cm™ was obtained. We provided evidence that this
performance was made possible by an anode electrocatalyst
deposition strategy, involving the direct hydrothermal
deposition of catalytically OER active NiFe-LDH overlayers
onto high surface area RNi substrates. The direct hydrothermal
preparation of catalyst coated anode substrates eliminated
time-consuming and challenging process steps of powder
catalyst preparation and handling and the preparation and
stabilization of ionomer inks and pastes, followed by their
uniform coating. We showed that the direct hydrothermal
coating yields uniform, well-adhering, electrically conductive
interphases linking the NiFe-LDH overlayer with the RNi
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substrate bulk. Physicochemical characterization further
revealed that the directly deposited NiFe-LDH layer exhibits
the characteristic structural and crystallographic features of
nanostructured NiFe-LDH. Synergy between NiFe-LDH with
high surface area RNi substrate gives rise to the AEMWE cell
performance and cell stability. We further note that the
presented electrode designs can be applied to powder-based
membrane electrode assemblies to further enhance electro-
chemical performance.
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