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Abstract
A number of mixed metal hydroxide oxygen evolution reaction (OER) catalysts i.e. Ni-Fe, Ni-
Co, Ni-Cr, Ni-Mo, Ni-Fe-Co, Ni-Fe-Mo and Ni-Fe-Cr were prepared by cathodic
electrodeposition and characterised by SEM, TEM, EDS, XPS and micro X-CT. The
compositions of selected catalysts were optimised to give lower OER overpotentials in alkaline
media. Further optimisation of Ni-Fe based ternary metal hydroxide catalysts such as Ni-Fe-
Co and Ni-Fe-Mo was carried out, showing improved performance at high current densities up
to 1 Acm?in 1 M NaOH, 333 K. The influence of electrodeposition parameters such as current
density, pH, electrodeposition time and temperature on the electrocatalytic performance of
ternary Ni-Fe-Co metal hydroxide was further investigated and optimised. The durability of
the optimised catalyst was tested at a current density of 0.5 A cm™ in an anion exchange
membrane (AEM) water electrolyser cell at 4 M NaOH, 333 K, demonstrating stable

performance over 3.5 h.
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1. Introduction

Water electrolysis coupled with renewable energy sources is considered a zero-carbon
pathway to the production of hydrogen, without the consumption of fossil fuels or CO>
emissions. Traditional alkaline electrolysis is a mature technology, producing hydrogen at low
capital cost due to the use of non-precious metal catalysts but suffers with problems such as
low current density, low gas purity and low system efficiency [1]. These shortcomings have
led to the development of acidic proton exchange membrane (PEM) water electrolysers.
However, although PEM cells demonstrate fast response, high gas purity and system efficiency
[2], they offer expensive hydrogen due to heavy dependence on precious metal catalysts and
costly proton exchange membranes and which limit the large-scale commercialisation of these
systems [3]. Having emerged in the last decade, anion exchange membrane (AEM)
electrolysers possess the merits of the zero-gap configuration of PEM electrolysers whilst
allowing the use of non-precious metal catalysts and less costly cell components resulting in
the promise of cheaper hydrogen production [4].

Previous research work has indicated that the anodic oxygen evolution reaction is a key
reaction in water electrolysis because the anode overpotential is always significantly larger
than the cathode overpotential [5, 6]. The mechanism of oxygen evolution comprises of several
intermediate single electron states, due to its kinetically unfavourable transfer of four electrons
for the production of one molecule of oxygen. This leads to a build-up of energy barriers and
thus slow reaction Kkinetics, which is seen as the major source of energy loss. As such, the
development of inexpensive and efficient OER catalysts is crucial to achieving higher cell
efficiencies.

Numerous materials have been studied for their OER activity and great interest in metal-
based electrocatalysts have been shown [7]. In the alkaline environment, first-row transition

metal compounds demonstrate high catalyst activity for OER whilst remaining low in cost and



corrosion resistant in highly alkaline environments [8, 9]. For instance, Ni, Fe and Co based
electrocatalysts have each displayed the ability of reducing OER overpotential [10-12]. Such
transition metal oxides, hydroxides and oxyhydroxides have been thoroughly investigated and
activities for these catalysts have been benchmarked [13, 14] with the general trend in reactivity
found to be Ni > Co > Fe [14-17]. These comparative studies propose nickel to be the most
efficient catalyst for OER based on adsorption energies or bond strengths of the reaction
intermediates [16, 18]. As a result, studies have been carried out to further enhance the activity
of these hydroxides or oxyhydroxides through the incorporation of other transition metals,
which have been shown to have a significant effect on the electronic properties of Ni(OH)2[19,
20]. The fabrication and optimisation of mixed metal oxide and hydroxide catalysts are based
on Brewer’s theory that a stronger d-d-intermetallic bonding between the intermetallic phases
results in a weaker intermediate adsorptive bond (e.g. M-OH, M-H) in the rate determining
step [21]. This allows for more rapid dissociation, faster reaction rate and better intrinsic
catalyst activity overall. Synergism in mixed hypo-hyper-d electronic oxide catalysts depend
on the composition ratio and the effect of the interaction between the mixed metals produces
an optimal composition for maximum activity [22].

The introduction of ‘“impurities’ into a Ni metal oxide can thereby encourage increases
in conductivity, alter the intermediate bonding energy for better catalysis and potentially
provide more favourable active sites for intermediates to bind to [23-25]. Further, the
combination of multiple first-row transition metals provides the advantage of multiple
oxidation states in the operating potential range. As investigated by Stahl et al. [26, 27],
catalysts containing Ni, Fe and a third metal show higher OER activity with good
reproducibility compared to binary Ni-based oxides and studies on ternary Ni-Fe based

electrocatalysts report stable OER performance required for alkaline electrolysis [28-30].



Based on these sources, Ni-Fe based ternary metal catalysts are proposed to be potential
catalyst candidates with enhanced OER activity.

There are several methods through which transition metal oxides and hydroxides can be
prepared such as chemical [31] or electrochemical precipitation [32], hydrothermal [33, 34],
and solvothermal.[35] The method of electrodeposition is particularly versatile as it can
produce diverse metal oxide and hydroxide deposit morphologies and properties, which are a
function of the electrodeposition conditions such as electrodeposition potential or current,
electrolyte pH, composition and additives.

Herein, we report a comprehensive study on electrodeposited Ni-based binary metal
hydroxide catalysts Ni-Fe, Ni-Co, Ni-Cr and Ni-Mo, as well as Ni-Fe based ternary metal
hydroxide catalysts Ni-Fe-Co, Ni-Fe-Mo and Ni-Fe-Cr for OER activity. Electrochemical
measurements were carried out with a microelectrode in order to minimise ohmic drop and
ensure a more reliable comparison of the catalysts at high current densities of interest for water
electrolysers (e.g. > 1 A cm™). Characterisation techniques such as SEM, TEM, XPS and X-
ray CT were employed to study the electrodeposited catalysts and the effect of
electrodeposition parameters on the properties of these metal hydroxide deposits. The catalytic
performance of ternary Ni-Fe based hydroxide, Ni-Fe-Co, for oxygen evolution reaction, in

particular, is further investigated and discussed.

2. Experimental procedures
2.1. Synthesis of binary and ternary metal hydroxide catalysts

Metal salts: nickel (11) sulphate hexahydrate, NiSO4.6H20 (Sigma-Aldrich, >98%), iron
(1) sulphate heptahydrate, FeSO4.7H>0 (Sigma Aldrich, >99.0%), chromium (l111) sulphate
hydrate, Cr(S04)3.xH20 (Sigma Aldrich) , cobalt (II) sulphate heptahydrate, CoSO4.7H>0

(Alfa Aesar, 98%), ammonium molybdate tetrahydrate, (NH4)sM07024.4H20 (Alfa Aesar,



99%) and ammonium sulphate, (NH4)2SO4 (Sigma Aldrich, >99.%), were used as received.
Electrodeposition of the catalyst samples was carried out in a small undivided glass cell
(approx. 20 cm?®) equipped with a water jacket and polymer lid connected to a Grant TC120
series heated circulating water bath. A stainless steel (SS) microelectrode, Pt mesh and Hg/
HgO in 1 M NaOH were used as working, counter and reference electrodes respectively. The
microelectrode was made of an SS wire (Goodfellow, purity 99.0 %, 25 um diameter) sealed
in glass, giving a cross-sectional area roughly 5 x 10 cm?.  The microelectrode tip was
polished with alumina slurry (MicroPolish, Buehlar) of 1.0 um and 0.05 um consecutively on
Microcloth (Buehlar) and sonicated in DI H>O for 15 mins prior to each run.
Electrodeposition solutions to prepare the metal hydroxide catalysts consisted of aqueous
solutions of 18 mM binary (i.e. Ni-Fe, Ni-Co, Ni-Cr, Ni-Mo) and ternary (i.e. Ni-Fe-Co, Ni-
Fe-Cr and Ni-Fe-Mo) transition metal sulphate salt + 25 mM ammonium sulphate. The
cathodic deposition of the various single and mixed metal hydroxides was conducted under
galvanostatic control using current densities between 0.1 - 0.5 A cm and deposition times of
60 to 300 s at pH values of 2 to 6 and temperatures of 295-343 K. Standard parameters for
electrodeposition was a cathodic current of 0.2 A cm for 120 s at ambient temperature unless

otherwise stated.

2.2. Structural and morphological characterization

The surface morphology and composition of the various samples was characterised with
an SEM-EDS (FEI Quanta 650 FEG) operated at 5 KV accelerating voltage. The percentage
composition of transition metals at the catalyst surface was determined with EDX, from
samples deposited on carbon polymer plate (BMADS, Eisenhuth) with a working area of =0.126
cm? masked out with polypropylene (Avon) tape. Carbon polymer plate was used as an

electrode substrate to allow the composition of the deposit to be determined without influence



from the substrate. Samples were prepared on carbon polymer plate in the same manner for X-
ray photoelectron spectroscopy (XPS, Thermo Fisher, ESCALAB 250Xi) measurements
carried out with a monochromatic Al Ka source over energy range of 0 to 1350 eV with pass
energy of 30.0 eV, step size of 0.05 eV and X-ray spot size of 500 um. All spectra were
analysed with XPSPEAK 4.1 software using NIST XPS database [36]. TEM analysis was
conducted with a JEM-2100 LaB6 200 kV and samples were directly deposited onto 3.05 mm
diameter Cu grid of 100 square mesh (AGG2100C, Agar Scientific) for characterisation.

The microstructure of the catalyst films was studied with 3D tomography carried out with
a lab-based GE Phoenix Nanotom S X-ray tomography machine (GE, Boston, USA). The
samples were deposited onto a polished glassy carbon disc, 2 mm diameter (Alfa Aesar) for a
suitable field of view. Samples were aligned perpendicular to the beam prior to imaging. Each
deposition was scanned to acquire a total of 2401 projections at 100 kV and 260 pA and the
acquired images were reconstructed with final resolution between 0.9 and 1.5 pm. Subsequent
analysis was carried out with ImageJ and visualised using Avizo 9 (Fisher-Scientific,

Bordeaux, France).

2.3. Electrochemical measurements

Electrochemical measurements were performed with a Bio-logic potentiostat and EC-
lab software. Cyclic voltammograms were obtained in potential range of 0.1 to 0.7 V at a scan
rate of 100 mV s and slow scan linear sweep voltammograms were obtained for anodic
potentials of 0.45 to 0.8 V at a scan rate of 1 mV s*. All current densities in this work are
reported as a function of the electrode geometric area. The samples were tested in a standard
three-electrode glass cell with an inbuilt water jacket and polymer lid. The temperature of the
electrolyte was calibrated before each run with a water bath to 333 K. In both set-ups of catalyst

deposition and OER performance testing, Pt mesh and Hg/ HgO in 1 M NaOH were used as a



counter electrode and reference electrode, respectively. The working electrode was orientated
upwards into the cell to facilitate the release of O, bubbles and prevent the build-up of bubbles
on the microelectrode surface. All experiments were carried out in static electrolyte and
reported results were obtained after several scans when a stable response was reached.
Commercial OER electrodes were used as received and tested under the same
conditions as the metal hydroxide catalyst-coated electrodes for comparison. The commercial
OER electrode (Type 1.7, Magneto special anodes, B.V.) was an expanded Ti mesh 1.3 to 1.6

mm thick, coated with Ru-Ir mixed metal oxides.

2.4. Stability tests in an AEM water electrolyer cell

The optimised catalyst samples were tested in a zero-gap alkaline water electrolyser to
demonstrate stability. This electrolyser cell was assembled with two mesh electrodes (working
area = 9 cm?) on either side of an anion exchange membrane (A201, Tokuyama Corp. Japan).
The cathode was expanded Ni mesh (DeXmet Corp, 4Ni 6-040) and the anode was expanded
SS mesh (DeXmet Corp, 4SS 5-050) coated with cathodically deposited catalyst samples.

Binary Ni-Fe hydroxide and ternary Ni-Fe-Co hydroxide catalysts were prepared by
cathodic electrodeposition onto SS expanded mesh using the optimised deposition parameters.
To account for the variation in current density distribution across a solid planar versus mesh
working electrode, two pieces of Pt mesh counter electrodes were placed on either side of the
SS mesh to facilitate a well-distributed electric field for electrodeposition and the deposition
time was extended to ensure that the mesh was sufficiently coated with catalyst. In addition,
since Hz gas can be evolved as a side reaction during electrodeposition, the rate of mass transfer
becomes more significant over a larger electrode area [37]. Hence, to ensure a more uniformly
coated SS mesh; the deposition solution was also stirred at 100 rpm to prevent H» bubbles from

obstructing the surface to be coated.



During testing, 4 M NaOH electrolyte was continuously pumped through the cell at a
flow rate of 250 mL min by a peristaltic pump (Watson Marlow, UK) to prevent a build-up
of Hz or O2 bubbles at the electrodes. The electrolyser was operated at a current density of 0.5
A cm? for 3.5 h for the stability tests. The selection of electrolyte concentration for AEM
testing was influenced by conductivity, viscosity and O diffusivity. As indicated in Fig. S1, 4
M NaOH supports high electrolyte conductivity for better cell performance and has a
reasonable viscosity and O diffusivity for rapid removal of the O, bubbles produced. The

Tokuyama A201 membrane is also stable at the chosen electrolyte concentration.

3. Results and discussion

3.1. Unary metal hydroxide catalysts
Fig. 1 presents the cyclic voltammogram of Ni(OH). on SS microelectrode in 1 M NaOH
at 333 K at a potential scan rate of 100 mV s between 0.1 and 0.7 V. The Ni(OH). layer was
cathodically deposited onto the polished SS microelectrode from 18 mM nickel sulphate
solution at 0.2 A cm for a period of 120 s. When polarised to positive potentials, the Ni(OH)2
oxidises and oxygen evolution occurs on the oxidised nickel surface. The voltammogram has
a well-formed anodic peak at 0.49 V and corresponding cathodic peak at 0.42 V which relates
to the surface conversion between Ni(OH). and NiOOH [38]. This is described by reaction (1).
Ni(OH)2 + OH" 5 NiOOH + H,0 + ¢ (1)
The rapidly increasing anodic peak at potentials more positive than 0.6 V represents the
evolution of oxygen. This is described by reaction (2).
40H = 2H,0 + O, + 4¢” ()
These two anodic reactions theoretically occur around the same potentials, however due
to the sluggish kinetics of the oxygen evolution reaction, the experimental onset potential of

reaction (2) usually takes place at more positive potentials. From Fig. 1, it is observed that the



presence of Ni(OH)2 on the surface of the microelectrode enables OER to occur at high current
densities up to 2 A cm™.

The cyclic voltammograms of five unary hydroxide catalysts are displayed in Fig. 2a. It
is seen that the OER performance of these unary hydroxide catalysts can be ranked in order of
Co > Ni > Cr > Fe > Mo. Fig. 2b illustrates slow scan linear voltammograms of these unary
hydroxide catalysts at 1 mV s, giving details of OER performance, where Ni and Co unary
hydroxides clearly demonstrate the best overall performance with lowest overpotentials. The
OER overpotential values for the unary hydroxides are recorded in Table 1. At low current
densities, unary Cr hydroxide reports better catalytic performance than Fe and Mo unary
hydroxides. However, at current densities greater than 1 A cm, the catalytic performance of
Fe unary hydroxide surpasses that of Cr unary hydroxide. It is worth noting that the Ni(OH):
oxidation peaks observed in Fig. 2a are absent in Fig. 2b because current is proportional to
scan rate. At low scan rates of 1 mV s in Fig. 2a vs 100 mV s? in Fig. 2a, the flux of reactants
to the electrode surface through the diffusion layer is much slower therefore less current is
detected.

Due to the difficulty in identifying the reaction intermediates present on the metal oxide
surface, the Tafel slope value is recognised as a kinetic parameter which, to a certain extent,
can be used to suggest the rate determining step of the proposed pathway. Assuming a single-
site mechanism under alkaline conditions where S is a single site on the surface, a proposed

reaction mechanism is written as [39, 40]

Associated Tafel slope value,

aV/ dIn 1 [41]
S+0H < S-OH +¢ 2RT/F (3)
S-OH + OH «> S-0 + H20 + & 2RT/3F (4)
25-0 < 2S + 02 RT/4F (5)
S-O + OH <> S-OOH + ¢ 2RT/5F (6)
85-00H + OH- <> S + H20 + O, RT/4F 0

8S-O0H + OH" « S-00" +H20
S-00 > S+02+¢



The Tafel slope, b value is given by equation (8),

_ 2.303RT
Tafel slope, b = T—aF (8)

where o is the transfer coefficient, R is 8.3145 J mol™ K%, F is 96485 C mol™ and T is absolute
temperature (298 K). From Fig. 2c the Tafel slope values of unary hydroxides of Ni, Co, Fe
and Cr (reported in Table 1) are found to be between 38 and 43 mV dec™ indicating that these
hydroxides have a similar OER mechanism. Generally, a Tafel slope value of ~40 mV dec™*
(2RT/3F) corresponds to an OER mechanism where the second electron step (equation 4) is
rate determining [10, 16]. Whilst a Tafel slope value of 50 mV dec™ (4RT/5), as reported for
Mo unary hydroxide, which is not found in this mechanism indicates that the rate determining
step is likely to be a chemical step [42].

The morphology, microstructure, and surface oxidation state of the unary metal
hydroxide catalyst films were characterised with SEM, TEM, micro X-CT, and XPS. SEM
images in Fig. 3a (i), 3b (i) and 3c (i) reveal that the deposit films possess rough and porous
morphology. Based on equation (9), thick insoluble hydroxide layers are deposited on the
surface by cathodic generation in a nickel-based electrolyte [43].

Ni* + 2H,0 + 2e” = Ni(OH) + H2 9)

At high deposition current densities, the potential response is much more negative than
the standard reduction potential of water, which occurs as a side reaction of the cathodic
electrodeposition, resulting in a small loss of current efficiency to the evolution of hydrogen.
The production of hydrogen during electrodeposition leads to the uneven morphology of the
obtained deposits.

Under high resolution TEM, the deposit from Ni sulphate solution is composed of
interconnected platelets forming dendritic structures (Fig. 3a (ii)) while the deposit from Fe
sulphate solution consists of densely packed crumpled layers of nanosheets (Fig. 3b (ii)), and

the deposit from Co sulphate solution displays aggregated nanoflower-like structures (Fig. 3c
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(ii)). The electron diffraction patterns of these samples are composed of diffused rings, which
indicate that the deposits are amorphous or of low crystallinity. This agrees well with initial
XRD results, which exhibited broad and unresolved peaks. The ring diameters of diffraction
pattern in Fig. 3a (iii) are indexed to the lattice planes of hexagonal Ni(OH). (JCPDS 00-002-
1112, space group: P-3m1 (164) with lattice constants a = 3.11 and ¢ = 4.66). The rings in Fig.
3b (iii) and Fig. 3c (iii) are found to correspond to standard dn« patterns for orthorhombic
FeOOH (COD 9003076, space group: Pbnm (62) with lattice constants a = 4.63, b =9.99, ¢ =
3.04, a/b =0.463 and c/b =0.304) and hexagonal Co(OH), (JCPDS 00-030-0443, space group:
P-3m1 (164) with lattice constants a = 3.18 and ¢ = 4.65) respectively [44, 45]. The detection
of FeOOH is proposed to be due to the spontaneous oxidation of the electrodeposited Fe(OH)2
to FeOOH in the presence of oxygen [46, 47].

The microstructures of the catalyst films of unary Ni, Fe and Co hydroxides are observed
to be distinct from one another as seen in Fig. S2a, b and c respectively. The unary Ni
hydroxide deposit (Fig. S2a) has an uneven granular structure and from the corresponding
histogram, the thickness of the Ni-based catalyst film ranges from 1.7 to 49 um, with the largest
proportion of the film at a thickness of 11.6 - 12 um and approximately half of the film is 8.2 -
21.3 um thick. The unary Fe hydroxide deposit in Fig. S2b, is a thin film of relatively consistent
thickness throughout, with several cracks in its microstructure. From the corresponding
histogram, the range of thicknesses is only between 2.3 um and 16.2 um and a large percentage
of the catalyst film is 7.4 um thick. The unary Co hydroxide deposit is composed of separated
disc-like structures which are not well adhered to the substrate in some areas. The
corresponding histogram for the deposit shows that the thickness ranges between 2.5 and 30.5
um, although a large proportion of the film is less than 10.5 um thick. The histogram also
reveals that the majority of the unary Co hydroxide deposit is 8.4 um thick.

The surface areas and volumes of the three dimensional structures were quantified and
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surface area to volume ratios of each catalyst film are displayed in Table S1. Comparing these
values against the catalytic performance of the unary, binary and ternary hydroxides reveals
that the catalyst film composition is more important than surface area for obtaining higher OER
activity. Although the surface area per volume ratio value of unary Fe hydroxide is almost
twice that of unary Ni hydroxide, the OER overpotential of the unary Fe hydroxide catalyst is
50 mV greater than unary Ni hydroxide at 0.1 A cm™, and 52 mV greater at 0.5 A cm™. Equally,
the surface area per volume ratio of unary Co hydroxide is almost twice that of unary Ni
hydroxide, but its overpotential for OER is only 6 mV less than unary Ni hydroxide at 0.1 A
cm?and 13 mV less at 0.5 A cm™.

XPS measurements give further insight into the components present in these samples as
well as the oxidation state of each transition metal element. The spectra for Ni2p is shown in
Fig. 4a, with peaks for p orbitals 2ps/2 and 2py/2 centred at 856.7 eV and 874.5eV respectively.
The spin orbit separation of these two peaks is 17.8 eV, which is characteristic of Ni(OH)2 [48].
The O1s spectrum of this sample (Fig. 4d) was fitted with peaks for lattice H.O, M-O and M-
OH bonds. The peak at binding energy 532 eV is characteristic of the OH™ bound hydroxide
group for Ni(OH)2, and the peak at approx. 530 eV is characteristic of 0% of M-O bond for
NiO. Overall, the shapes and positions of the Ni2p and O1s peaks match those of standard XPS
spectra for Ni?* [49-52]. The signal areas of M-O and M-OH peaks in the O1s spectra also
correspond well with that of NiO and Ni(OH)2 in the Ni2p spectrum confirming that the sample
is largely composed of Ni(OH)a.

The Fe2p spectrum (Fig. 4b) shows peaks for Fe2ps, and Fe2p1» at 711.5 eV and 724.9
eV, which gives a spin separation of 13.4 eV, characteristic of both FeOOH and Fe;Os [53].
The broad satellite peak at approx. 720 €V in this spectra is characteristic of Fe of oxidation
state 3 [54], and BEo1s — BErezpai2 = 181.1 eV gives further evidence of the presence of Fe®*

[55]. The accompanying O1s spectra (Fig. 4d) has a peak at 531.6 eV from M-OH of FeOOH

12



and a shoulder peak at 530.2 eV for M-O of Fe2Os, consistent for metal oxyhydroxide of Fe3*.
Overall, the Fe2p and O1s spectra matches that of FeOOH in the literature [56-58].

The Co2p spectrum in Fig. 4c displays peaks for Co2ps;2 and Co2p12 at binding energies
of 781.0 eV and 797.0 eV, resulting in a spin separation of 16.0 eV, which is characteristic of
Co(OH)2 [59]. Furthermore, the prominent satellite peaks which accompany the Co2p peaks
indicate that high-spin Co?" species is dominant in the deposit as these satellite peaks are
usually weak or absent for low-spin Co®* species [60, 61]. The accompanying O1s spectrum
(Fig. 4d) has a peak at 531.2 eV which is characteristic of the M-OH bond in Co(OH). [62,
63]. The signal areas of M-O and M-OH in O1s spectrum correspond well to that of the Co2p
spectrum confirming that Co?* species is present and the sample is largely composed of

Co(OH)s.

3.2. Binary metal hydroxide catalysts

Binary hydroxides Ni-Fe, Ni-Co, Ni-Mo and Ni-Cr were investigated in the same manner
and their OER overpotentials and Tafel slope values are summarised in Table 1. The
electrodeposition bath compositions of selected samples and the corresponding atomic
percentages of the metal elements present as determined by EDX are displayed in Table S2.

Cyclic voltammograms of catalyst hydroxide films synthesised from deposition solutions
with varying molar percentages of Ni and Fe are given in Fig. 5a. EDX analysis of an
electrodeposited Ni-Fe catalyst in Fig. S3 gives evidence that the elements are well distributed
throughout the layer. There is a clear trend whereby the anodic peak potentials for reaction (1)
of the mixed catalyst films shift to more positive potentials in response to increases in molar
percentage of Fe in the deposition solution. This demonstrates that the Fe3* in the deposit
oxidises at more positive potentials than Ni?*. The sample from deposition solution containing

25% Fe gives the lowest OER overpotential of 292 mV at 0.1 Acm (Fig. 5b), which has also
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been reported by several other studies [17, 64, 65]. Aside from the shift in the Ni?*/** anodic
peak, the presence of 25% and 50% Fe in the deposition solution also appears to enable OER
(reaction (2)) to occur at less positive potentials, thereby reducing the overpotential. Tafel
slopes, b, of these samples are plotted in Fig. 5c. The Tafel slope values of Ni and Fe unary
metal hydroxides are 40 mV dec™ and 42 mV dec? respectively which agree with reported
values [16], whilst the Tafel slope value of catalyst from the deposit solution containing 25%
Fe is 48 mV dec™. This slight increase in Tafel slope value indicates that the addition of Fe has
brought about a change in the OER mechanism [16], either in the rate determining step of the
same reaction pathway or in the adsorption conditions of the reaction intermediates [42].

Of the binary Ni-Co hydroxides tested, the lowest OER overpotential recorded is 295
mV at 0.1 A cm™ for the catalyst from a 75% Co deposit solution. The OER overpotential of
Ni-Co hydroxides is seen to increase gradually with increasing Ni content in the deposit
solution. Binary Ni-Mo hydroxides are also observed to be more active OER catalysts
compared to unary Mo hydroxide. The electrodeposition solutions of 50% and 75% Mo
produce catalysts that have lower OER overpotentials compared to unary Ni hydroxide, and
the catalyst produced from deposition solution of 50% Mo reported the lowest OER
overpotential of the Ni-Mo binary hydroxides tested. EDX measurements of the sample’s
surface (Table S2), however, shows that it is actually composed of 75% Ni and 25% Mo,
indicating that Ni is deposited preferentially to Mo. Of the binary Ni-Cr hydroxides tested, the
lowest OER overpotential was reported for the catalyst synthesised from a deposition solution
of 25% Cr. Catalysts synthesised from deposition solutions of 50 — 100% Cr however, reported
much higher OER overpotentials. This is supported by Diaz-Morales et al.’s computational
study [19] of doped Ni oxyhydroxides, which proposed that Ni is the active site on Cr-doped
Ni oxyhydroxide. Therefore, a Ni-Cr hydroxide from a deposit solution with a larger

percentage of Ni is likely to have more OER sites.
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From the experimental results, the Ni-based binary metal hydroxides ranked according
to their OER overpotential values at 0.1 A cm™ are Ni-Fe < Ni-Cr < Ni-Co < Ni-Mo; and at
0.5 A cm™ this is Ni-Fe = Ni-Co < Ni-Cr < Ni-Mo, these are similar to the trends observed in
benchmarking studies of Ni-based metal oxides [66], hydroxides [17], and oxyhydroxides [19].
Table S2 reports the loading of the samples as determined by Faraday’s law of electrolysis and
loading per unit area for all metal hydroxide catalysts is approx. 0.007 g cm™. The OER
performances of the binary hydroxides according to their overpotentials at > 50 A g are ranked
Ni-Co < Ni-Fe < Ni-Cr < Ni-Mo (Fig. S4), which also follows the same trend reported at 0.5
Acm?,

TEM and X-ray micro CT were used to study the effect of depositing more than one
transition metal hydroxide on the morphology of binary and ternary hydroxides of Ni-Fe, Ni-
Co and Ni-Fe-Co. The TEM micrograph of Ni-Fe binary hydroxide in Fig. 6a displays the
dendritic structure of unary Ni hydroxide covered by nanosheets of unary Fe hydroxide. From
Fig. S2d, this binary hydroxide is composed of large angular deposit fragments of fairly
consistent thickness. The accompanying histogram indicates that although the film has a range
of thicknesses between 2.4 and 30 um, the bulk of the film is 8.4 um which is slightly greater
than the average thickness of unary Fe hydroxide, but much less than that of unary Ni
hydroxide. The range of thicknesses displayed in the histogram of the binary Ni-Fe hydroxide
is also smaller than that for Ni unary hydroxide. These observations suggest that in Ni-Fe
binary hydroxide, the unary Fe hydroxide coats the dendritic structure of unary Ni hydroxide,
thereby obstructing the growth of the catalyst layer and helping the deposit to maintain an even
thickness.

In Fig. 6b, the morphology of Ni-Co binary hydroxide reveals a dendritic structure of
unary Ni hydroxide encased by the nanoflower-like structures of unary Co hydroxide. In Fig.

S2e, the curved disc-like structures, which are characteristic of unary Co hydroxide, are
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observed in the microstructure of the catalyst film. The substrate surface is however more
sparsely covered by the binary hydroxide deposit compared to its unary hydroxide counterparts.
The corresponding histogram for the Ni-Co binary hydroxide catalyst deposit indicates that the
majority of the film is 17.7 um thick, which is much thicker than that of either unary Ni, or Co
hydroxide catalyst deposits. It is therefore likely that the Ni hydroxide provides a platform for
the smaller discs of Co hydroxide to attach to, resulting in thicker deposits of binary Ni-Co
hydroxide which do not adhere well to the substrate surface. It is noted that Co hydroxide does
not have the same ability as Fe hydroxide to maintain homogeneity of the deposit structure.
XPS measurements of the binary metal hydroxide samples were carried out and results
are displayed in Fig. S5. No significant peak shifts in the Ni, Fe and Co 2p spectra were
detected which confirm the presence of Ni(OH)2, Co(OH)2 and FeOOH in the samples. There
were, however, noticeable changes in the intensity of the peaks due to changes in quantities of

the atoms present at these oxidation states.

3.3. Ternary metal hydroxide catalysts

The optimisation of the composition of ternary metal hydroxides is complicated by the
preferential order of deposition [67] as observed in the EDX results. In order to account for the
interactions between the binary metal hydroxides, the experimentally obtained optimal
compositions of binary metal hydroxides of Ni-Fe, Ni-Co, Ni-Cr and Ni-Mo were initially used
to determine the electrodeposition solution compositions of Ni-Fe based ternary metal
hydroxides of Ni-Fe-Co, Ni-Fe-Mo and Ni-Fe-Cr, although other deposition compositions
were also tested. All samples were cathodically deposited under the same conditions of 0.2 A
cm for 120 s onto the SS microelectrode tip and tested for OER performance under the same
conditions.

Voltammograms of the optimal ternary metal hydroxides of Ni-Fe-Co, Ni-Fe-Mo and
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Ni-Fe-Cr in comparison to unary Ni and binary Ni-Fe hydroxides are provided in Fig. 6. The
overpotentials at current densities 0.1 and 0.5 A cm and Tafel slope values for these hydroxide
catalysts are tabulated in Table 2. The lowest overpotential at 0.1 A cm™ is 265 mV, which is
reported for Ni-Fe-Co ternary metal hydroxide. This is followed in ascending order by metal
hydroxides of Ni-Fe-Mo > Ni-Fe-Cr > Ni-Fe > Ni. In Fig. S4, Ni-Fe-Co ternary hydroxide also
displays consistently better OER performance compared to Ni-Fe-Mo ternary hydroxide at
current densities up to 150 A g*. This implies that the combination of ternary metals, compared
to binary or unary metals, has a greater effect on OER catalytic activity.

Several studies have been carried out to understand the effect of including Fe or Fe-Co
to Ni on the intermetallic bonding in binary and ternary metal hydroxides, which report the
promotion of electrocatalytic OER performance. For example, Louie and Bell [68] initially
proposed that the addition of Fe to electrodeposited Ni films decreases the order of the crystal
structure and reduces the average oxidation state of Ni. The same group observed with in
operando high energy resolution fluorescence detection (HFRFD) mode X-ray absorption
spectroscopy (XAS) measurements that the addition of up to 25% Fe in Ni-Fe based
oxyhydroxides resulted in the substitution of Ni** for Fe** in the y-NiOOH lattice, which
enhanced the activities of the Fe®" and Ni®* sites [64]. Similarly, DFT calculations on phases
of Co oxides showed that Co®* in B-CoOOH was substituted by Ni** which was proposed to
assist in lowering the overpotential considerably for OER [69]. A separate XAS study on Ni-
Fe and Ni-Fe-Co oxide films proposed that the charge-transfer effects of Co present in the
catalyst caused NiOOH to form at lower overpotentials thereby activating Fe sites, and the
presence of Co also has an effect on the bond strength of the Fe-OH/ OOH reaction intermediate
thereby optimising it for OER [70]. It is expected that more work using in operando
characterisation will be especially helpful to understanding the effects of these metal dopants

in binary and ternary hydroxide catalysts.
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The TEM micrograph of ternary Ni-Fe-Co hydroxide in Fig. 6¢ presents the morphology
of this catalyst as an interconnected network of Co unary hydroxide nanoflowers with platelets
of Ni unary hydroxide dispersed throughout. The unary Fe hydroxide nanosheets present are
difficult to discern from the Co hydroxide nanoflowers as they closely resemble each other.
From the 3D surface render n Fig. S2f, the deposit’s microstructure is composed of particles
of varying sizes spread out across the substrate surface with good adhesion. The deposit appears
to be mainly 8.4 um thick, which is the same as that of unary Co hydroxide, possibly due to

the high percentage of Co hydroxide present.

3.3.1.Optimisation of ternary metal hydroxide catalyst

Since the Ni-Fe-Co ternary metal hydroxide catalyst demonstrated the lowest
overpotentials at both 0.1 and 0.5 A cm?, it is selected for further study of the effects of
electrodeposition conditions on catalytic performance for OER. The parameters investigated
include current density for cathodic deposition, deposition time, pH and temperature of
electrolyte solution.

Electrodeposition current density: The effect of cathodic current density on deposit
morphology was observed with SEM. The micrograph of the sample deposited at 0.1 A cm™
(Fig. S6a) displays particles which are relatively uniform in size and approximately 20-40 um
in characteristic length. Increasing the deposition current density to 0.2 or 0.3 A cm™ results in
a faster nucleation rate due to the higher overpotential of the deposition reaction. At a higher
current density of 0.5 A cm (Fig. S6b), the rate of growth of the deposit becomes mass-
transfer controlled [71] resulting in larger clusters mixed with small particles of deposit, and
the influence of other electrochemical reactions such as hydrogen evolution becomes more
prominent. At higher current densities, the deposit particles are larger because of increasing

nucleation rate and there are voids in the particles, which are created by the competing
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hydrogen evolution reaction. Based on the slow scan voltammogram results, a deposition
current density of 0.3 A cm™ gives the best OER catalytic activity for Ni-Fe-Co hydroxide
catalyst (Fig. 8a). This reduction in OER overpotential at 0.3 A cm™ is due to increased
electrocatalytically active surface area from the mixture of large and small deposit particles
and voids from hydrogen evolution.

Electrolyte pH: The effect of the deposition solution pH on deposits was investigated by
adjusting the solution pH with diluted H.SO4 or NaOH. The pH of the unadjusted solution for
Ni-Fe-Co hydroxide was approx. 5.5. Since the Fe?* present in the solutions oxidises and
precipitates out as insoluble Fe* at pH > 7.0, the pH of the deposition solution was only
adjusted to values in the range of pH 2.5 to 6.6 to avoid precipitation. From the slow scan
voltammograms (Fig. 8b), it can be seen that OER catalysis increases in the order pH 2.5 < 6.6
< 5.5 < 3.9. This is because at a lower pH, the competing hydrogen evolution reaction is
enhanced [72, 73] resulting in weak and unstable deposits which negatively affect catalytic
activity for OER. At higher pH values of 3.9 and 5.5, the deposit is more active for OER.
Comparing the surface morphology of the deposits at pH 2.5 and 3.9 from SEM micrographs
(Fig. S6¢c & d), the surface of the deposit from pH 3.9 exhibits porous structures which likely
creates more active sites for OER and thus results in higher catalytic activity.

Electrodeposition time: The effect of electrodeposition times between 60 s and 300 s
was investigated. At a deposition time of 60 s, the surface of the electrode substrate is more
evenly covered by deposit. As the length of electrodeposition time increases, the clusters
remain similar in size although some appeared more distorted due to the higher number of
voids created by the consistent production of hydrogen bubbles over a prolonged period of time
[74-76], which also contributed to the surface of the electrode being less well covered. A
deposition time of 240 s was found to give the lowest overpotential value of 235 mV at 0.1

Acm? for the Ni-Fe-Co hydroxide catalyst (Fig. 8c).
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Electrodeposition temperature: Distinct morphological changes are observed in the
deposits as the electrodeposition temperature is increased. Initially increasing the temperature
from 295 K to 308 K, causes the rate of deposition to speed up because of the quicker diffusion
of ions and lower nucleation activation energy, resulting in larger deposits forming on the
surface of the electrode. At > 323 K, however, the effect of increasing electrodeposition
temperature changes abruptly and the structures deposited are thinner, weaker and less
compact. Finally, at 343 K, the deposits curl up to expose more uncovered electrode surface as
seen in Fig. S6f. This can be partially attributed to the enhancement of the rate of hydrogen
evolution at the electrode surface as well. Increasing the temperature also leads to observable
chemical changes in the electrodeposition sulphate solution which could have had an effect on
the electrodeposition reactions. For instance, at > 308 K, insoluble reddish-brown Fe(OH)s was
observed to precipitate out of the Ni-Fe-Co sulphate solution after electrodeposition. Therefore,
from Fig. 8d the OER overpotential is observed to increase with deposition temperature, with
the catalyst prepared at 295 K displaying the lowest overpotential for OER.

Prepared with optimal deposition conditions, the ternary Ni-Fe-Co hydroxide catalyst
coated SS mesh and binary 75%Ni 25% Fe hydroxide catalyst coated SS mesh were tested
under similar conditions in a three electrode half-cell set-up in comparison with a commercial
Ir-Ru mixed oxide coated expanded Ti mesh (Fig. 8e). Both binary Ni-Fe and ternary Ni-Fe-
Co non-precious metal catalyst coated electrodes show considerable reductions in OER
overpotential, illustrating better performance compared to the precious metal oxide catalyst

coated electrode.

3.3.2 Further characterisation of optimised ternary metal hydroxide catalyst
The optimised Ni-Fe-Co ternary hydroxide catalyst was deposited onto a carbon polymer

plate and examined with SEM, EDX and XPS before and after undergoing OER at a current
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density of 0.1 A cm for 15 mins. From the SEM images of the catalyst surface before (Fig.
S6g) and after OER (Fig. S6h), it is clear that the surface becomes rougher and more porous
after OER. EDX analysis of the surface revealed that the atomic composition of the deposit
remained fairly constant across the electrode before and after oxygen evolution, confirming
sample homogeneity.

XPS spectra of the ternary Ni-Fe-Co hydroxide before and after OER display changes
that occur during the surface chemical reactions. In the Co2p spectra of the sample before OER
(Fig. 9a), the peak at 781.3 eV with accompanying satellite peak at 786.2 eV confirms the
presence of Co(OH).. After the sample was subjected to oxidising conditions, the Co2p spectra
displays a Co2pss2 peak at binding energy 780.4 eV which is characteristic of Co®*** in both
CoOOH and Co304 due to their slightly overlapping binding energies. Given the absence of
the accompanying satellite peak of the Co2ps/. peak at 786.2 eV as well, it is apparent that the
Co>* species is present predominantly as CoOOH [60, 63]. In addition to this, the difference in
binding energy of multiplet peaks 2ps/2 and 2p1/2 peaks before evolving oxygen is =16 eV which
is characteristic of Co(OH). and after evolving oxygen it is reduced to =15 eV which is
characteristic of CoOOH [77] (Fig. 9b). It is therefore evident that during the evolution of
oxygen, reaction (10) takes place.

Co(OH)z + OH = CoOOH + H20 + ¢’ (10)

The Ni2ps/2 spectra (Fig. 9c) for the sample before OER displays a peak at 856.4 eV and
corresponding satellite peak at 861.2 eV characteristic of Ni(OH)2 as described earlier.
However, after evolving oxygen the binding energies of the 2ps;> and 2p12 peaks are shifted to
slightly lower values which are characteristic of Ni®*in NiOOH and the corresponding satellite
peaks also appear broader and flattened [50, 78]. This suggests that under OER conditions the
Ni(OH). also undergoes oxidation to form NiOOH, reaction (1).

Due to the extremely low quantity of Fe species present in the surface of the deposit, the
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Fe 2ps2 and 2p12 peaks are not well defined as shown in Fig. 9d. Comparing the electron
binding energies before and after OER, the Fe2ps/» peak at 712.7 eV, which is characteristic of
Fe3*, did not change significantly. The observation that Fe remains in the 3* oxidation state
after OER was also seen in other detailed studies on Fe-incorporated oxide and oxyhydroxide
catalysts [35, 64, 70]. For a similar ternary Ni-Fe-Co metal oxide catalyst, it was proposed that
the presence of Ni and Co activated the Fe active sites for binding to OER intermediates —OH
and —OOH, leading to enhanced OER activity compared to the binary Ni-Fe oxide [70].

The O1s spectra of the Ni-Fe-Co ternary metal hydroxide before OER in Fig. 9e shows
a peak at 532.0 eV which is characteristic of the M-OH bond in Ni(OH)2 and Co(OH)2, and a
peak at 531.2 eV which can be assigned to the O and OH" oxygen atoms in FeOOH [53]. After
evolving oxygen, the O1s spectra reveals a decrease in signal area for the peak at 532.0 eV due
to the oxidation of Ni(OH), and Co(OH). to NIOOH and CoOOH respectively.
Correspondingly, the peak at 531.2 eV increases in signal area after OER which is attributed
to the presence of the M-OH bond for CoOOH [63] and M-O bond for NiOOH [79], and a
small peak at 529.8 eV in the O1s spectra after OER is assigned to the M-O bond in CoOOH
[63]. Lastly, a minor peak at 535.9 eV was observed in the O1s spectra after OER and assigned

to gaseous phase H2O [80]. These observations are in good agreement with the other spectra.

3.4. Stability tests in an AEM water electrolyser cell

Preliminary stability tests of binary 75%Ni 25%Fe metal hydroxide and the optimised
Ni-Fe-Co ternary metal hydroxide were carried out in an alkaline zero-gap water electrolyser
with a working area of 9 cm?. The current density was held at 0.5 A cm for a period of 3.5
hours and the cell voltage was recorded during this time.

The cell voltage, Ecen, of an AEM electrolyser is given by the equation

—Ecen = AE, — |r1u| - |r1:| — IR (11)
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Where AEe is the difference in equilibrium potentials for the two electrode reactions, i.e. -1.23
V (at 298 K, 1 atm), n are the overpotentials at anode and cathode respectively, I is the cell
current and R is resistance. In order to achieve a higher cell efficiency, Ecen needs to be
minimised. The minimisation of the overpotentials is dependent on the availability of efficient
electrocatalysts whilst the minimisation of the IR term is dependent on good engineering
design. Plots of cell voltage, Ecen, against time for the AEM electrolyser assembled with
uncoated and catalyst-coated SS anodes are shown in Fig. 10. The Ecen of the electrolyser
assembled with uncoated SS mesh anode was found to be 2.33 V. In comparison, the Ecen of
the electrolyser assembled with anodes of Ni-Fe binary hydroxide coated SS mesh is 2.26 V
(or 70 mV reduction in Ecen ) and with Ni-Fe-Co ternary hydroxide catalyst is 2.22 V (or 110
mV reduction). As the cells were assembled with the same cathode material, and operated
under the same conditions, the reductions in overall cell voltage are brought about by the Ni-
Fe binary hydroxide and Ni-Fe-Co ternary hydroxide catalyst coatings. Also the voltages of
these cells were demonstrated to be very stable during the testing period. Therefore, in this
study, the test results have shown that the Ni-Fe-Co hydroxide catalyst is more effective at

reducing the OER overpotential which contributes significantly to a higher cell efficiency.

4. Conclusion

Ni-based binary and ternary metal hydroxide catalysts were prepared using a cathodic
electrodeposition method from metal sulphate solutions. The compositions of Ni-based binary
metal hydroxide catalysts Ni-Fe, Ni-Co, Ni-Mo and NiCr were initially optimised and the
composition of Ni-Fe based ternary metal hydroxide catalysts were later derived from the
optimal binary Ni-Fe and Ni-Co, Ni-Mo and Ni-Cr metal hydroxide catalyst compositions.
Ternary metal hydroxide catalysts Ni-Fe-Co and Ni-Fe-Mo, which were also synthesised by

cathodic electrodeposition, showed significantly lower overpotentials for oxygen evolution
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compared to their binary and unary metal hydroxide counterparts.

The influence of electrodeposition parameters on the synthesis of ternary Ni-Fe-Co
hydroxide catalyst films and their effect on the catalytic performance were investigated. It was
found that the catalyst cathodically deposited at 0.3 A cm™ for 240 s at 295 K in a pH 3.9
electrodeposition solution produced the most active catalyst with an overpotential value of 235
mV at 0.1 A cm™ when tested in 1 M NaOH, 333 K. The catalytic activity of the optimised Ni-
Fe-Co ternary hydroxide catalyst was proven to be better than Ni-Fe binary hydroxide and
uncoated SS mesh when tested in an alkaline zero-gap electrolyser at 0.5 A cm™ for 3.5 h giving

a potential of 2.22 V.
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Table 1 Overpotentials of OER and Tafel slope values for unary Ni, Fe, Co, Mo and Cr and
binary Ni-Fe, Ni-Co, Ni-Mo and Ni-Cr hydroxides tested in 1 M NaOH, 333 K.

Electrodeposition

Overpotential of

Overpotential of

Bmar_y bath composition/ | OER, g5 aem-2/ | OER, Mg 1 4 em-2 1/ Tatfel SIOpe_’lb /
hydroxide molar % oy ey mV dec

1000 348 307 40
75:25 323 292 48
Ni-Fe 50:50 341 304 39
2575 354 320 42
0:100 400 357 42
75:25 332 299 36
. 50:50 326 298 34
Ni-Co 25:75 322 295 36
0:100 335 301 38
75:25 357 312 41
Ni-Mo 50:50 335 298 42
25:75 339 300 42
0:100 420 361 50
75:25 329 293 38
NiCr 50:50 354 309 43
25:75 379 333 44
0:100 387 337 43
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Table 2 Overpotentials of OER and Tafel slope values for Ni-Fe based ternary metal hydroxide
catalysts tested in 1 M NaOH, 333 K.

Electrodepositi Electrodenosition Overpotential | Overpotential | Tafel
Ternary on bath conditlijons of OER, of OER, slope, b
hydroxide | composition/ Nosacm=2! | Mo1aem—2! | MV
molar % mV mvV dec?
75:12.5:12.5 322 287 48
Ni-Fe-Cr 70:20:10 339 301 53
66:17:17 335 299 46
44.5:11:44.5 300 270 40
0.2 A cmfor 120
Ni-Fe-Mo | 62.5:12.5:25 sat22°C 319 282 44
40:10:50 309 279 37
62.5:12.5:25 326 296 40
44.5:11:44.5 316 290 31
Ni-Fe-Co | 23:8:60 296 265 37
0.3 A cmfor 240
23:8:69 sat22°C, pH 262 235 36
adjusted to 3.9
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Figure Captions

Fig. 1 Cyclic voltammograms of cathodically electrodeposited Ni(OH)2 on the surface of the
SS microelectrode at 0.2 A cm™ for 120 s from 18 mM NiSO4.6H20 + 25 mM (NH4)2SO4
solution. The sample was cycled between 0.1 and 0.7 V vs. Hg/ HgO in 1 M NaOH, 333 K at
100 mV st

Fig. 2 a) Cyclic voltammograms swept at 100 mV s between 0.1 and 0.7 V, b) linear sweep
voltammograms swept at 1 mV s from 0.45 to 0.75 V, and c) Tafel slope plots of unary Ni,
Fe, Co, Mo and Cr hydroxide catalysts tested in 1 M NaOH, 333 K. All catalysts were
cathodically electrodeposited at 0.2 A cm™ for 120 s onto the surface of the SS microelectrode

from their respective 18 mM metal sulphate + 25 mM (NH4)2SO4 solutions.

Fig. 3 i) SEM micrographs ii) TEM micrographs and iii) corresponding diffraction patterns of
cathodic depositions from 18 mM a) Ni b) Fe and ¢) Co sulphate, + 25 mM (NH4)2SO04

solutions.

Fig. 4 XPS M-2p spectra for samples cathodically deposited at 0.2 A cm™ for 120 s from their
respective 18 mM sulphate solutions of a) Ni b) Fe and ¢) Co and the combined d) O1s spectra

of these samples. All sulphate solutions contained 25 mM (NH4)2SOa.

Fig. 5 a) Cyclic voltammograms cycled at 100 mV s between 0.1 and 0.7 V, b) linear sweep
voltammograms swept at 1 mV s from 0.45 to 0.75 V and c) Tafel slope plots of Ni-Fe binary
hydroxide catalysts tested in 1 M NaOH, 333 K. All catalysts were cathodically
electrodeposited at 0.2 A cm for 120 s onto the surface of the SS microelectrode from their
respective metal sulphate solutions.

Fig. 6 TEM images of cathodic depositions at 200 mA cm for 120 s from 18 mM metal
sulphate solutions of a) 75% Ni 25% Fe b) 25% Ni 75% Co and c) 23% Ni 8% Fe 69% Co.
All sulphate solutions contained 25 mM (NH4)2SOa.

Fig. 7 Steady state polarisation curves swept at 1 mV s from 0.45t0 0.75 V in 1 M NaOH,
333 K for various unary, binary and ternary catalysts cathodically deposited at 0.2 A cm™ for

120 s at 295 K on the SS microelectrode from their respective 18 mM metal sulphate solutions.

Fig. 8 Steady state polarisation curves of Ni-Fe-Co ternary hydroxide catalysts prepared from
18 mM metal sulphate solution of 23%Ni-8%Fe-69%Co + 25 mM (NH4).SO; at different a)
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cathodic current densities b) pH c) electrodeposition times and d) electrodeposition
temperatures. All catalyst samples were swept at 1 mV s from 0.45t0 0.75 V in 1 M NaOH,
333 K. e) Comparison of OER performance of the optimised Ni-Fe-Co hydroxide catalyst
coated electrode to benchmark commercial electrode at 20 mA cm™? in 4 M NaOH, 333 K.

Fig. 9 XPS a) Co2pz2 b) Co2p c) Ni2p d) Fe2p e) O1ls spectra of the optimised Ni-Fe-Co
ternary hydroxide catalyst before and after being held at 0.1 A cm™ for 15 mins.

Fig. 10 Cell voltages, Ecen, of zero-gap alkaline water electrolyser assembled with uncoated
and catalyst coated SS anodes and expanded Ni mesh cathode pressed up against Tokuyama
A201 hydroxide ion exchange membrane held at 0.5 A cm™ for a period of 3.5 h in 4 M NaOH
at 333 K and 250 mL min* electrolyte pump rate.
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