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Acidified seawater

Hydrogen from seawater: a highly efficient Ni-Mo-Fe electrocatalyst deposited on non-
expensive carbon felts is reported stable in seawater as electrolyte. CI™ pitting is suppressed in
alkalinized electrolyte and CaCOs precipitation on the electrodes is reverted by a simple
regeneration technique. Stability over 24 h, 300 mA.cm productivities and water splitting
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voltage down to 1.59 V are shown. This approach makes seawater splitting promising and
economically feasible.

KEYWORDS
NiMoFe, seawater, water splitting, regeneration, degradation, hydrogen
ABSTRACT

Hydrogen, produced by water splitting, has been proposed as one of the main green energy
vectors of the future if produced from renewable energy sources. However, to substitute fossil
fuels, large amounts of pure water are necessary, scarce in many world regions. In this work,
we fabricate efficient and earth-abundant electrodes, study the challenges of using real seawater

and propose an electrode regeneration method to face undesired salts deposition.

Ni-Mo-Fe trimetallic electrocatalyst is deposited on non-expensive graphitic carbon felts both
for HER and OER in seawater and alkaline seawater. CI™ pitting and the chlorine oxidation
reaction are suppressed on these substrates and alkalinized electrolyte. Precipitations on the
electrodes, mainly CaCQOg, originated from seawater dissolved components have been studied
and a simple regeneration technique is proposed to rapidly dissolve undesired deposited CaCOs3
in acidified seawater. Under alkaline conditions, Ni-Mo-Fe based catalyst is found to
reconfigure, under cathodic bias, into Ni-Mo-Fe alloy with a cubic crystalline structure and
Ni:Fe(OH)2 redeposits whereas, under anodic bias, it is transformed into a follicular Ni:FeOOH
structure. High productivities over 300 mA-cm and voltages down to 1.59 V @10 mA-cm
for the overall water splitting reaction have been shown, and electrodes are found stable for
over 24 h without decay in alkaline seawater conditions and with energy efficiency higher than

61.5% which makes seawater splitting promising and economically feasible.
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INTRODUCTION

Hydrogen generated from water splitting is a promising candidate to substitute fossil fuels as
green energy vector. For global scale hydrogen production, a large water source is needed, and
simultaneously the world is expected to face significant clean water scarcity in several
territories[1]. Most works have studied acidic or alkaline deionized water, but such purification
process introduces costs to large scale usage[2] together with requiring large scale
desalinization plants with huge investment and considerable operation costs. Seawater, instead,
represents 96.5% of Earth’s water, but contains several dissolved salts (about 0.5 M Na* and
CI', in lower but significant quantities SO4>, Mg* and Ca*, and several other elements traces[3])
and organic components, with a pH close to neutral, ranging between 7.5 and 8.4[4]. Seawater
splitting would offer the possibility of distributed implementation of electrolyzers close to any

water source with reduced water treatment costs.

The main challenges seawater electrolysis faces are the highly corrosive CI pitting of several
metals, competing chlorine oxidation and dissolved anions and cations deposition at the
surface, deactivating the catalysts[3,5] and also blocking light, what would diminish

productivity if photoelectrodes are used[6-9].

Chlorine corrosion of metals[10] like steel or nickel[11-13], named ‘pitting’, is widely known
in industry, mainly due to the need to protect metallic boats, marine platforms and bridges from
corrosion in seawater. It is based on an autocatalytic process where defects (pits) on the metal
are present. This process forms a local acidic pH in these pits that enhances metallic cation
migration and sustains the dissolution. Many parameters affect the thermodynamics and
kinetics of this dissolution process: pH and the presence of other ions such as sulfates and

bromine have significant effects on the reaction[14]; applied potentials and specific alloying
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such as steel with molybdenum[15], for example, and alkaline (oxidative) electrolytes forming

passive superficial films can inactivate this electrochemical corrosion reaction[16,17].

For electrolysis in neutral pH, even at low applied currents, ion migration is difficult to
compensate and local pH significantly varies up to 4 pH points, especially for insufficiently
buffered solutions in the 4-10 pH range[18,19]. This has a significant role also when a
secondary competing reaction is possible, like chlorine oxidation - evolution reaction (CIER),
happening between 130 and 480 mV more anodic than oxygen evolution reaction (OER) for
pH 0 and 14, respectively[20]. This is known as the ‘alkaline design criterion’ in saline water
electrolysis. More specifically, local pH in front of anodes can reach significantly acidic pH
values, reducing the thermodynamic overpotential for CIER and enhancing hypochlorous acid
formation, a corrosive agent[20]. In front of cathodes, local pH variation can cause the

deposition or precipitation of Ca(OH). and Mg(OH)..[21]

This behavior is different under alkaline conditions. At high pH, in a CI" containing electrolyte,
local pH modifications are expected to be significantly faster compensated by the high OH"
concentration[19], what also enhances the HER and OER reactions[22,23]. Moreover, in these
conditions, CIER presents the highest overpotential with respect to OER (~480 mV)[20].
Increasing the pH also causes part of the ions dissolved in seawater (Ca*, Mg") to precipitate

as hydroxides[21], reducing their detrimental effects.

Hypochlorite (which partially reacts and evaporates as Clz gas) and chlorine gas formation
itself, apart from corrosion problems, are sub products of a side reaction to hydrogen
production in saline water. However, there is not enough industrial demand for chlorine to be
considered as an alternative to OER in systems aiming at substitution of fossil fuels by
hydrogen, and it cannot be massively released to the atmosphere as it is a toxic gas[24]. Thus,

its production must be avoided. For it, reactor designs, electrode substrates and electrocatalysts
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must be fabricated with corrosion-resistant materials and are required to perform with
overpotentials lower than CIER[25]. Also, earth abundant and cost-effective materials are

required for worldwide electrolysis deployment[26,27].

Until now, only few works have studied seawater splitting. Among them, some have studied
the challenges of neutral pH electrolysis with fabricated bifunctional HER/OER electrodes
performing <1.9 V @10 mA-cm? in pH 7 neutral buffered electrolytes[28] which means energy
efficiency conversion of higher than 60% but at low production rate. Moreover, the nickel
foam-based electrodes used, fail after few hours when exposed to (chlorine-containing)

seawater[28,29].

Some works have been capable to protect nickel-based electrodes with overlayers for
alkalinized and ClI-containing water or seawater splitting, obtaining significant productivities.
Kuang et al.[30] were capable to protect a nickel foam anode from CI" corrosion with a nickel—
iron hydroxide (NiFe) electrocatalyst layer uniformly coated on a nickel sulfide (NiSx) layer,
which was capable of sustaining up to 1 A-cm? in 1 M KOH + 0.5 M NacCl with an overall
water splitting voltage of 2.45 V. It achieves high hydrogen productivity although the
conversion energy efficiency decreases to 50%. Alternatively, Yu et al.[31] covered nickel
foam with NiMoN nanorods with a NiFeN shell and stabilized it for 1 M KOH + 0.5 M NaCl
and 1 M KOH + seawater electrolytes. They point in the detection of some deactivation in the
anode due to the deposition of some insoluble precipitates from alkalinized seawater. Although
electrodes have also been fabricated on Ti substrates[32,33], resistive TiO, formation in the

interlayer could not be entirely prevented for long term experiments in 0.5 M NaCl[34].

Very few works have used carbon substrates with CI” or seawater based electrolytes, although
it is a highly stable and non-expensive material used in harsh environments and highly

developed for flow cell batteries[35,36]. For example, Gupta et al.[37] studied OER
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electrolysis with bimetallic oxy-boride (Co—Fe—O— B) on glassy carbon in 1 M KOH + 0.5 M

NaCl, although a 45% current loss is observed after 20h.

In the present work, Ni-Mo-Fe based electrocatalysts have been deposited on graphitic carbon
felts. Both carbon and selected catalytic metals (Ni, Mo and Fe) are cheap and relatively earth
abundant materials[38], which together with the felt-like porous and high surface area substrate
configuration, are ideal for large scale implementation in static or flow cell configurations. In
alkaline electrolytes, Ni-Fe[39,40] and Ni-Mo[41,42] based catalysts are known to be among
the best-performing earth abundant ones for OER and HER, respectively[43]. A trimetallic
alloy of Ni-Mo-Fe has been previously studied as efficient bifunctional electrocatalyst in
alkaline media[44] and, hence, it could open the possibility of significantly cheaper hydrogen
production by seawater splitting if the difficulties for working with sea water can be overcome.
To analyze these challenges, electrodes were tested in different electrochemical conditions: i)
filtered real seawater, ii) alkalinized real seawater (adding 0.5 M KOH), iii) simulated alkaline
seawater (0.5 M NaCl + 0.5 M KOH) and iv) alkaline pure water (0.5 M KOH) as basic
reference. These electrolytes have been selected to compare the effects of seawater dissolved
salts and the advantages of alkalinizing it. Moreover, herein used graphitic carbon felt
substrates fulfill the requirements concerning conductivity, stability and electrochemical and

geometrical areas ratio, widely used for flow cell configurations[45-47].

We have put special attention to the behavior of the Ni-Mo-Fe proposed electrocatalysts used
as anodes and cathodes in the previously described different electrolyte conditions. A structural
reorganization of the trimetallic catalyst and dissolved ion related precipitation/deposition is
studied. Neutral filtered seawater is shown to produce significant ClI- etching of Ni, Fe and Mo,
in anodic conditions and abundant CaCOz3 precipitate in cathodic polarization. Meanwhile
seawater alkalinization enables higher productivities and long lasting stability. Furthermore,

stability has also been enhanced applying a regeneration technique that facilitate the
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elimination of calcium carbonate deposition on the electrodes based on an acid treatment step
that allows cleaning the electrodes. These results will for sure help in increasing the knowledge
of seawater impurities effect on electrocatalysis and developing electrocatalytic devices to
work in real seawater for long term water splitting with minimal water purification costs (under
0.0072€ per kg of Hz) enabling a cheap hydrogen production route without concerns on

consuming the scarce fresh water for human use.

MATERIALS AND METHODS

Ni-Mo-Fe electrodes were prepared by simultaneous electrodeposition on deionized (D.I.)
water rinsed 3 x 1 cm? graphitic carbon felt electrodes (SIGRACELL® GFD 2,5 EA from SGL
Carbon industries) with only 1 x 1 cm? immersed in the precursor solution. The
electrodeposition process was adapted from Ni-Mo electrodeposition[42], where the precursor
solution was prepared by adding 0.15 M Fe(SOg) - 7 H20 to 0.3 M NiSOs - 6 H20 + 0.2 M
Na:MoOgs - 2 HO + 0.3 M NasCesHsO7 - 2 H20, pH adjusted to 10.5 with NHsOH. The
electrodeposition was performed at -100 mA-cm2 for 20 min. Samples are later rinsed in D.1.
water and dried in N2 flow. Ni foam electrodes used as comparative reference for the graphitic
carbon felt substrates were cut to 1x3 cm? pieces from Ni-4753 produced by Recemat and
simply rinsed in D.l. water prior to use.

Special graphite counter electrodes and holders (1940 Electrographite, Mersen) are used to
avoid any metallic part being in contact with the electrolytes or generated vapors. Sample and
holder device are depicted in Fig. S.1.

SEM images were obtained with a Zeiss Series Auriga Field Effect Scanning Electron
Microscope (FESEM) and XHRSEM Magallan 400L equipped with EDX. Structural

characterization was carried out by X-ray diffraction (XRD) in a D8 Advance Bruker
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equipment with a Cu Ka radiation source working at 40 kV and 40 mA. ATR spectra was
obtained with a Bruker Alpha-P FT-IR spectrometer. Surface chemical characterization was
done by X-ray Photoelectron Spectroscopy (XPS) on a SPECS system equipped with a XR50
source operating at 300 W and a Phoibos 150 MCD-9 detector. Al Ko X-ray source has been
employed for XPS measurements. The pass energy of the hemispherical analyzer was set at 20
eV and the energy step of high-resolution spectra was set at 0.1 eV. Binding energy (BE)
values were referred to the C 1s peak at 284.8 eV. Data processing was performed with the
CasaXPS software. Atomic fractions were calculated using peak areas normalized on the basis
of acquisition parameters after background subtraction, experimental sensitivity factors and
transmission factors provided by the manufacturer.

Three-electrode electrochemical measurements were obtained with a Biologic VMP-300
potentiostat using Ag/AgCI/KCI(3M) (E° = 0.205 Vrue) as reference electrode and graphite
electrode as counter electrode. i) Filtered seawater (SW), ii) alkalinized seawater (A-SW,
adding 0.5 M KOH to filtered seawater), iii) alkaline saline pure water (AS-PW, 0.5 M NaCl
+ 0.5 M KOH) and iv) alkaline pure water (A-PW, 0.5 M KOH) were used as electrolytes. The
seawater was obtained from the seaside of Barcelona the 11" of June, 2020, and was filtered
with 200 nm nylon filters to remove any particles, microbial organisms, etc. Acidified seawater
was prepared by adding 0.5 M H2SOs to filtered seawater (SW). Alkalinized seawater (A-SW)
was prepared by adding 0.5 M of KOH to the filtered seawater, where significant precipitate is
generated, and was centrifuged at 11.000 rpm for 5 min to separate the solid precipitate, and
further filtered with 200 nm nylon filters. The seawater (SW), alkalinized seawater (A-SW)
and solid precipitate are analyzed in the supporting information. lon chromatography was
performed using a Dionex lonPack AS22 diluting 100x in D.l. water the analyzed electrolyte
samples. Electrochemical impedance spectroscopy was obtained with 10 mV amplitude and

scanning from 1 MHz to 1 Hz.
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Seawater alkalinization: purification and its precipitates

Precipitate obtained after introducing KOH pellets (0.5 M) to real seawater (Fig. S.2) was dried
and measured by XRD (Fig. S.3) and FTIR-ATR (Fig. S.4), where it is quantified by XRD to
be about a 31% of Ca(OH), and a 69% of Mg(OH)., being Ca?* and Mg?* two of the main ions
in seawater[3]. FTIR-ATR also confirmed the hydroxides presence by the OH" stretching at
3700 cm™ peak, and characteristic peaks at ~1439 and ~827 cm™ for Ca(OH)2[48] and ~1381
and ~1650 cm™ for Mg(OH)2[49]. Thus, the alkalization process causes a reduction in the Ca
and Mg ion content in seawater, what should be expected to reduce precipitate deposition at
electrode’s surface. pH measurements show a pH variation from roughly measured pHas-pw =
~13.7 to pHa-sw = ~13.6, thus the hydroxide concentration reduction is calculated to be A[OH"
1~=-0,1 M lower than AS-PW. Thus, for continuous operation, if 1 L of seawater is replenished
after 1 L of H2O is converted into Hz and O, extra 0.1 mol of OH™ must be added to sustain
the herein presented method. We roughly calculated a cost introduced by alkalinizing seawater,
corresponding to the precipitated portion, of 0.0072€ per kg of H. produced, using NaOH

(equivalent and cheaper than KOH) bought at an industrial price of 0.31€/kg[50].

RESULTS AND DISCUSSION

Graphitic carbon felts were selected as substrates after proving stable in 0.5 M NaCl, 0.5 M
KOH and 0.5 M NaCl + 0.5 M KOH, while Ni foam suffered from chlorine pitting (Fig. S.5,
S.6 and S.7). Ni-Mo-Fe catalysts were deposited on graphitic carbon felts by an
electrodeposition method. The trimetallic alloy electrochemical behavior is compared to Ni-

Mo[41,42] and Ni-Fe[39,40] in 0.5 M KOH electrolyte (Fig. S.8), some of the best-reported
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HER and OER catalysts, respectively, in alkaline electrolysis[51]. Ni-Mo-Fe presents an

excellent compromise as it performs as good as Ni-Fe in OER and almost as Ni-Mo in HER.

The trimetallic Ni-Mo-Fe alloy was measured in A-PW, AS-PW, A-SW and SW electrolytes

by cyclic voltammetries and for 20 h at a fixed 50 mA-cm2 current (Fig. 1a and b) and at a

fixed voltage (Fig. S.9). All samples present significant stability over 24 h except the anodes

measured in SW.
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Fig. 1: a) cyclic voltammograms from -0.7 to 0.6 V vs RHE (cathodes) and from 0.3 to 2 V vs RHE

(anodes) and b) chronopotentiometries at 50 mA.cm fixed current for Ni-Mo-Fe decorated graphitic

carbon felt electrodes. pH of the SW electrolyte varied from 7.9 to about 11.5 and the RHE potential

was corrected based on the latter.
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In seawater (SW, pH 7.9), significant decay of the oxidative reaction (anode) is observed in the
0.5-1.2 V vs RHE range (lower than OER potential), which corresponds to CI" pitting of the
trimetallic alloy[13], dissolving the catalysts (Fig. 1a). Electrodes are polarized up to 2 V vs
RHE, but performance stays significantly low due to the catalyst pitting suffered. Moreover, at
these higher potentials CIER is expected to be favorable evolving ClI into Cl> gas and
hypochlorite, modifying the pH and further enhancing the corrosion of the trimetallic alloy[10].
When set at a fixed current, the anodic overpotential increases drastically (Fig 1b, inset), with
observable significant carbon dissolution due to such high potentials applied in the anode to
maintain the 50 mA-cm. Moreover, when set at a fixed voltage (Fig. S.9) for 24 h in SW, the
anodic current decreases to zero within the first hours, due to etching of the metal catalyst, and
the OER overpotential increases significantly in the remaining “bare” substrate (up to 4 V vs
RHE, Fig. 1b). On the other hand, the HER reaction has a higher overpotential (expected for a
near-neutral pH HER reaction) but is stable in this measurement range. Significant change in
the pH of the electrolyte is measured after 24 h stability measurements (from pHi~7.9 to

pH~11.5), caused by hypochlorite formation, and precipitate is observed.

Meanwhile, when tested in alkaline electrolytes (A-PW, AS-PW and A-SW), there is no fast
deactivation observed, and cyclic voltammograms present characteristic Ni?*/** redox peaks,
partially overlapping with OER as side-effect of Fe impurities presence[39]. For 100 mA.-cm”
2 currents, about 400-500 mV overpotentials are obtained. Alkaline electrolytes are known to
form passivation layers against chlorine corrosion by forming oxidized surfaces in the form of
hydroxides or oxy-hydroxides[16,17]. In these conditions, voltages down to 1.59 V @10
mA-cm for all alkaline electrolytes and 2 V @100 mA-cm for A-PW and AS-PW and 2.19
V @100 mA-cm for A-SW for the overall water splitting reaction are obtained (Fig. 1a), with
electrochemical efficiencies of 77, 61 and 55 %, respectively. Tafel slopes have been measured,

being 229.4, 256.1, 234.2 and 201.6 mV/dec for A-PW, AS-PW, A-SW and SW electrolytes

This article is protected by copyright. All rights reserved.



ChemSusChem 10.1002/cssc.202100194

respectively at cathodic potentials, and 41.8, 36.0 and 95.4 mV/dec for A-PW, AS-PW and A-
SW electrolytes respectively at anodic potentials. Series resistance has been quantified by EIS,
accounting for ionic transport resistance and electrode’s electrical resistance, and results have
been iR corrected to prove that overpotentials, in the electrochemical surface, do not reach the
CIER starting overpotential of +480 mV in alkaline electrolytes and thus, no chlorine gas or
hypochlorite production are expected (Fig. S.10). This was also measured by ion
chromatography, and no CIER products were detected after 24 h of Ni-Mo-Fe vs Ni-Mo-Fe at
100 mA-cm? in AS-PW (Fig. S.11). In this case, only a slight increase of the CI- peak,
attributed to a decrease of total water content caused by the sustained water splitting during 24

h, resulting in an increase of the CI" concentration, proving again CI" is not consumed.

As can be observed, the behavior is similar but slightly variates depending on the used
electrolytes. The slight higher currents obtained in AS-PW with respect to A-PW can be
attributed to higher conductivity of the electrolyte due to the higher ionic concentration.

Seawater + 0.5 M KOH (A-SW) presents lower currents.

The lower performance with A-SW as electrolyte can be attributed to the presence of
significant impurities in seawater, a high ionic strength of the ions present in seawater and the
precipitation of material during alkalinization, resulting in less OH- present. As described by
Bigiani et al.[52], impurities present in seawater can block the electrocatalyst surface and also
higher ionic strength of seawater compared with the artificial one can decrease the availability
of H2O or OH" required for OER in the electrode/electrolyte interface[53]. Moreover, the
precipitation of dissolved ions in the form of hydroxides when KOH is added to sea water (Fig.
S.2) results in lower alkalinity of the electrolyte. The amount of precipitated hydroxides is

calculated in Materials section Seawater alkalinization: purification and its precipitates.
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Ni-Mo-Fe electrocatalyst deposition and reconfiguration under different electrolyte and

polarization conditions.

SEM (Fig. 2a and Fig. S.12) image of the after-electrodeposited samples reveal two different
structures electrodeposited, a porous thin film (Fig. S.12c and gray in Fig. 2a) covering the
major part of the carbon fibers (dark gray in Fig. 2a) and some agglomerates on top of it (clear
gray in Fig. 2a). EDX mapping (Fig. 2b to f) shows both the porous thin film and the
agglomerated structures apparently homogeneously composed of Ni-Mo-Fe-O, with Ni being
the most abundant metal after deposition, Fe has a lower concentration and Mo is the lowest,

according to EDX signal intensity.

Fig. 2: @) SEM image of an as-deposited Ni-Mo-Fe catalyst on a graphitic carbon felt. a-fi) EDX maps

of the region in a).

After set in working conditions for 24 h in the various electrolytes, significant changes are
observed (Fig. 3 and S.13 to S.20). In A-PW and AS-PW (Fig 3a-d), samples polarized at
anodic potentials (1.7 V vs RHE) electrolytes present follicular structures, resembling known

oxy-hydroxide structures for Ni-Fe-OOH[54]. This significant dissolution/re-electrodeposition
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and redistribution observed has been previously also reported for nickel iron

hydroxides[40,55,56].

Instead, the electrodes polarized at cathodic potentials (-0.4 V vs RHE) in these two electrolytes
present reconfiguration into a nanoparticles-covered surface. Two kinds of nanoparticles are
observed, with different apparent density (brighter by SEM Fig. 3a and c, a sign of being
denser). The EDX colored composed map of Fig. 4 and Fig. S.17 clearly shows the two kinds
of particles present. The cubic particles are identified as consisting of Mo and Fe, with low
amount of Ni and O, and the non-cubic ones, less dense, to contain Ni with higher amount of
O, traces of Fe and no Mo. This points in the direction of having segregation into Ni-Mo-Fe
alloy in a cubic crystalline structure[41] and Ni(OH)2 redeposition, known to form these kind

of bumps[54] (with traces of Fe).

Cathode Anode

A-PW

AS-PW

A-SW

Fig. 3: SEM images with 200kX magpnification of Ni-Mo-Fe decorated electrodes cycled in different

electrolytes and cathodic and anodic polarizations.
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Fig. 4: SEM-EDX map of the Fig. 3c, cycled in AS-PW and polarized as a cathode for 20 h,
presenting two different-composition particles according to EDX spectra: ones consisting of Mo and
Fe, with low amount of Ni and O, and the others containing Ni with higher amount of O, traces of Fe

and no Mo. The non-overlapped elemental map can be observed in Fig. S.17.

Ni-Mo-Fe was also deposited on transparent substrates (fluorine doped tin oxide, FTO), where
a significant change in the transparency of the samples was observed (Fig. S.21 and S.22).
Electrodes measured as cathodes present lower transparency than the ones measured as anodes.
This also points in the direction of the trimetallic alloy being present in an oxidized state when
working as anode and a more reduced one, less transparent (more metallic), when working as

cathode.

XPS measurements of the binding energy range corresponding to the catalyst elements,
together with oxygen and carbon, from as-deposited samples and after 20 h in operation in A-
PW, AS-PW and A-SW electrolytes conditions are presented in Table S.1 and S.2. Initially,
the catalyst metallic fraction is measured to be composed at its surface by a 57% of Ni, 31%
Mo and 12% Fe (Table S.2). The elemental composition of samples after working conditions

is similar for all of the studied alkaline electrolytes, in average 77% Ni, 3% Mo and 20% Fe,
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and thus, we can observe a significant Mo loss. There is a slight tendency of Mo being more
present in samples which have been measured in cathodic conditions for all 3 electrolytes,
which is in accordance with the data from EDX maps (Fig S.15 to S.20). Regarding the Ni/Fe
ratio, we observe a slight decrease of Ni (from 4.75 to 3.85) after 20 h of operation, which
could be attributed both to imprecision of measurement or slight dissolution[57] into the

electrolyte up to equilibrium.

From XPS analysis, an increase of the carbon (C 1s) signal together with an increased sp?
carbon (C-C characteristic of graphitic carbon) signal[58,59] detected can be observed for
samples used for 20 h in electrolytes compared with as-deposited samples (Table S.1 and
representative electrodes are shown in Fig. S.23 and S.24). This is attributed to the loss or
restructuration of the metallic films, leaving an increased graphitic (sp?> C-C) carbon felts
surface exposed for A-PW and AS-PW electrolytes, but not for A-SW, where a film of
deposited salt is observed as previously mentioned. O 1s peak (Table S.3) shows higher amount
of hydroxides after using the electrodes, an effect of the alkaline electrolyte on metals, and
lower metal-oxide bonds in the case of samples used as anodes, an additional sign of
restructuration and metal-hydroxide formation. Ni 2p3/2 lineshapes and binding energy
positions (Table S.4) suggest a predominance of Ni(OH). phase contributions over NiFe2O4
and NiO for samples #3 and #5, whereas the contribution of the NiFe>O4 phase could increase
in the other samples and thus balance the contributions of the different Ni phases, according to
the literature[60,61]. In all cases, the spin-energy separation between Ni2p3/2 and Ni2pl/2
peaks is = 17.4 eV, which indicates the presence of Ni?* oxidation state."Mo 3d5/2 and 3d3/2
signal, show Mo®" to be a 38% in as-deposited samples and reduced significantly in used
samples, leaving a major percentage of Mo®" in used samples although an overall Mo loss
(Table S.5). Mo has been reported to slowly dissolve in anodic alkaline conditions[62], it is

believed that the high electrode potential during OER can oxidize low-valence Mo species to

This article is protected by copyright. All rights reserved.



ChemSusChem 10.1002/cssc.202100194

soluble Mo®* compounds[44]. The Fe 2p signal is too close to the baseline noise signal, and a
proper fit cannot be obtained. Beyond this, all used samples appear highly oxidized in the
outmost superficial layers analyzed by XPS, due to being immersed in highly alkaline
electrolytes and the observed differences between the different polarizations are not showing
any major trends. There is no clear trend caused by CI™ presence in the electrolyte affecting the
trimetallic alloys composition, only small Mo fraction reduction confirmed both by XPS and

EDX. Although, there is a lower Fe composition for both polarizations in A-SW conditions.

XRD diffractograms of the as-deposited samples are shown in Fig. S.25, where substrate’s
graphitic peaks are observed (26.2, 43.9 and 54.6°, JCPDS #00-003-0401) together with a peak
at 35,7° which can be indexed to a nickel-iron oxide with significantly low crystallinity (JCPDS
#00-010-0325). One must note as-deposited materials by room-temperature electrodeposition
are usually highly amorphous and is difficult to observe clear XRD peaks. After measuring for
hours in different electrolytes, Ni-Mo-Fe trimetallic electrodes (Fig. 5) present the graphitic
substrate’s wide peaks, traces of both NiOOH structure (11.43°) and a peak at ~43.5° which is
an overlapping of the second peak of graphite and signal from a cubic crystalline structure of
metallic Ni[41]. Even if there was no overlapping with graphite, there would be small
difference between alloys of Fe or Mo with Ni (JCPDS #03-065-5480 for MoNis and # 38-
0419 for FeNi3)[63,64] as the dominating peaks correspond to cubic structure of metallic Ni.
The peak at 11.43° corresponding to Ni(OH)2/NiOOH (JCPDS #01-089-7111) is not present in
as-deposited samples (Fig. S.26) and clearly appearing in all samples immersed in alkaline
electrolytes (Fig. 5), but not on neutral-pH seawater, which is in accordance of this phase

forming in high-pH electrolytes.

As mentioned, Mo content is detected by EDX and XPS analysis to significantly decrease,
more accentuated after alkaline OER conditions. Part of Mo is also reported by other works to

dissolve in the electrolyte, meanwhile remaining Ni, Fe and Mo reconfigure into NiFeMo
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(oxy)hydroxide after oxygen evolution process[44]. Detected Mo loss in anodic alkaline
conditions is not expected to significantly affect electrode performance in OER, as Ni-Fe is
already known to be excellent OER catalyst in alkaline conditions[43] given by Fe introducing
a partial-charge-transfer activation effect on Ni, even when only Fe traces are present[39].
Meanwhile, for alkaline HER conditions, the remaining Mo present in the Ni-Mo-Fe alloy
(clearly visible by EDX), forms the previously mentioned cubic crystalline nanoparticles,
simultaneous to Ni(OH)2 redeposited bumps. Efficient HER catalysis in alkaline conditions
given by Ni-Mo-based catalysts[43] is reported to be caused by an increased hydrogen
adsorption[65], a synergistic effect[41] of Mo oxo species acting as active sites on a Ni
conductive and anchoring structure, also preventing Mo dissolution and modifying the

electronic structure of the Mo surface species[66].

This article is protected by copyright. All rights reserved.



ChemSusChem

counts normalized / arb. units

10.1002/cssc.202100194

SW - anode

5

%}%! -

A i "\ A SW - cathode

A-SW - anode

A-SW - cathode

?

AS-PW - anode

AS-PW - cathode

%

A-PW - anode

A-PW - cathode

Ni(OH), / NiOOH - 01-089-7111

This article is protected by copyright. All rights reserved.

90



ChemSusChem 10.1002/cssc.202100194

Fig. 5: XRD diffractogram of Ni-Mo-Fe decorated graphitic carbon felt electrodes after 20 h in

different electrolytes and polarizations, together with the JCPDS peaks of Ni(OH)2/NiOOH.

The effects of seawater dissolved ions: CaCOs deposition

In A-SW, characterized by the presence of other ions, mainly Ca?*, significant differences are
observed compared with A-PW and AS-PW. As can be seen in Fig. 3e, some follicular
structures are observed in cathodic conditions, together with some dense nanoparticles. A thin
overlayer has been deposited, originating from dissolved ions in seawater, over the
electrocatalyst nanoparticles. In Fig. S.27 this overlayer is partially detached, exposing the
graphitic carbon felt and the electrocatalyst nanoparticles below. Ni and Fe are detected, in all
of these structures, with traces of Mo (Fig. S.19). Differently, in anodic conditions, a thin film
covering all surface is observed with A-SW (Fig. 3f). Correlating these results with XRD (Fig

5 and Fig. 7), we are detecting CaCOs deposited during operation conditions.

In the case where SW is used as electrolyte, the changes observed are very clear. In the cathodic
side a large amount of precipitate accumulates (Fig. 6a and b), covering the fibers and
presenting granular grown structures and a thin film covering all the fibers surface. Looking at
spots where the film was detached, some bright particles could be seen beneath resembling
original Ni-Mo-Fe catalyst. Cathodes are capable to work for 24 h with only about a 20%
decrease in performance (Fig. 1b and Fig. S.9), meaning this large amount of precipitate does
not completely block catalyst activity. In the anodic side (Fig. 6¢, d), no precipitate is observed,
neither any trace of the catalyst Ni-Mo-Fe films; by the color of the electrolyte, strong metallic

dissolution (CI pitting) is happening, as will be further discussed.
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Cathode Anode

500 nm

Fig. 6: SEM images of a and b) a cathode and ¢ and d) an anode after 20 h in working conditions

using SW as electrolyte.

The material deposited is analyzed by XRD, significantly more intense in SW cathodes (Fig. 5
and 7). Similar deposition is observed on NiMoFe using FTO as substrates (Fig. S.26). A
specific analysis depicted in Fig. 7 shows the contamination when using the electrode in SW
is composed of calcium carbonate (CaCOs3) both in the calcite rhombohedral and orthorhombic
aragonite crystalline orientations, and magnesium hydroxide (Mg(OH)2) brucite. Meanwhile,
when working with A-SW, only the rhombohedral calcite CaCO3 is detected with a smaller
signal. This can be explained due to a lower ions concentration after alkalinization and a major
precipitation of Mg(OH). when adding the 0.5 M KOH (Fig. S.2 and S.3), having this Mg ion
and the pH a key role in the crystalline orthorhombic aragonite structure formation for

CaCOs[67].

The precipitation either at the anode or cathode can be explained, in the case of SW, due to the
local pH increase in front of the cathode, promoting hydroxide formation and precipitation of
the dissolved ions, while in front of the anode a more acidic pH is created, which would

promote the CaCOs dissolution into Ca?* and CO,. Also, a more acidic local pH for anodes in
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neutral-pH seawater also shifts the CIER reaction to lower overpotentials[20], and thus, form
hypochlorites which, simultaneously to the presence of CI-, can dissolve metallic catalysts such
as Ni-Mo-Fe. This explains the “cleaned” graphitic carbon felt surface observed in Fig. 6¢ and
d. In the case of A-SW precipitate is observed in both anode and cathode (Fig. 3e and f)
although forming different structures. Regarding XRD (Fig. 5), in the anode CaCO3 appears to

form a more crystalline structure meanwhile less crystallinity is detected in the cathode.

F A l L. A SW - cathode A1
r /\Lu./\—n A-SW - anode ]

Calcite CaCO, |
00-005-0586

‘ Aragonite CaCO,
= I -I ||||.| IIJI: = 0O0dL1 R

r Brucite Mg(OH), 1
l |, . 01-086-0441_

counts normalized / arb. units

16 20 30 40 50 60 70 80 90

Fig. 7: XRD diffractogram of Ni-Mo-Fe decorated graphitic carbon felt electrodes after 20 h in SW
polarizing as cathode and in A-SW polarizing as an anode, compared to the JCPDS of calcite and

aragonite CaCO;z and brucite Mg(OH)s..

Ni-Mo-Fe electrodes were measured in different temperature conditions in A-SW, and as

expected, the total water splitting voltage for both HER and OER half-reactions necessary to
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work at 100 mA-cm decreased from 2.16 V at 30 °C to 1.86 V at 70 °C, a 32% overvoltage
reduction (Fig. S.28) increasing the energy efficiency from 56% to 66%. The role of
temperature should be further studied in future work, as it is key in reducing electrochemical
overvoltage[68] and also in the solubility of CaCO3[68], thus can play also a role in electrodes

deactivation or reactivation.
Electrode regeneration: CaCOs dissolution in acid

A regeneration method based on dissolution of CaCOg in acid (acidified seawater by adding
0.5 M H2SO0xs to filtered seawater) was studied, based in immersing the electrodes (after 20 h in
operation conditions) for 20 min in the acid. By submerging the electrode with the precipitate
on the surface in the acidified seawater, CaCOs is observed to instantaneously dissolve by the
reaction CaCOs + H2SOs - CaSO4 + CO2 + H20, clearly visible by the CO2 bubbling.
Electrodes were tested after the cleaning procedure (Fig. 8) and were found not to be affected
when acting as cathodes (both for SW and A-SW) but they are when used as anodes (in A-
SW). While for cathodes the CaCOs is removed by the acid without harming the HER
performance, in the anodic case, the difference is substantial: we observe a shift of the OER
reaction to higher overpotentials. Also, the Ni?*** redox peaks, which previously were
significantly larger and overlapped with the OER reaction, after immersing in acid appear
smaller and more separated from the OER. This change clearly points in the direction of Fe,
which was previously coordinated with Ni, being etched during the process[39]. Fe is known
to increase and shift the Ni?*/3* peaks up to overlapping with the OER curve, and also to be a
key ion enabling efficient OER catalysis even down to impurity-level concentrations[40,56].
The etch of Fe due to the acidic regeneration technique, thus, causes higher OER overpotentials

and reduces Ni?*** peaks and separates them from OER current.
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Thus, the regeneration was possible for cathodes after working in SW and A-SW, probably
because Fe (etched by the acid) does not play a role in cathodic HER conditions, while, in the
anodes case, an overvoltage of 100 mV is introduced. HoSO4 regeneration is expected to
introduce minimal costs to overall seawater splitting due to the cheap price of this acid (~59
$/MT[69]) and the low amount used (no pH change was observed after electrode regeneration
in 0.5 M H2SOg4), and cheaper acids could be used. Further work should be performed
regarding regeneration methods to find a chemical dissolution of CaCQOz not dissolving the Fe
or alternative OER electrocatalysts not based on Fe, like C0304/MnQO2[25]. Performing
seawater splitting in hotter water, as commented in previous section and shown in Fig. S.28,
would increase hydrogen productivity and also help in reducing the detrimental CaCOs3
deposition, as its solubility increases significantly[68]. Short-period hot water flows could also
be used to regenerate the electrodes. The costs associated to increase seawater temperature are
difficult to speculate and highly dependent to reactor design, thus out of the scope of this work.
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Fig. 8: cyclic voltammetries of Ni-Mo-Fe decorated electrodes before and after applying the seawater
+ 0.5 M H,S0. CaCOs removal procedure to a) an anode and b) a cathode in A-SW and c) a cathode

in SW.

CONCLUSIONS
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Ni-Mo-Fe trimetallic alloys deposited on graphitic carbon felt substrates, cheap and earth
abundant materials, have been demonstrated as efficient bifunctional catalysts for seawater
splitting, presenting catalytic performances as good as Ni-Fe in OER and almost as Ni-Mo in
HER. A simple one step electrodeposition process was used. Voltages down to 1.59 V @10
mA-cm? and 2.16 V @100 mA-cm at room temperature and 1.86 V @100 mA-cm at 70 °C
for the overall water splitting reaction are obtained with alkalinized seawater, achieving an
energy efficiency of 77, 55 and 66% respectively, stable for over 24 h without significant

degradation.

Under alkalinized conditions, EDX and XPS analyses show reorganization of the deposited
material into two different morphologies under HER conditions: Ni-Mo-Fe cubic crystalline
structure and Ni(OH)2 bump-like structures (with traces of Fe), known to form from Ni
redeposition. In OER conditions, a more follicular structure is found, characteristic of
Ni:FeOOH, the more active catalyst specie in alkaline anodic conditions. Electrodes are stable

and highly productive both for HER and OER in high pH (~13.5) seawater.

Using neutral seawater as electrolyte (pH ~7) presents significant challenges both by the large
amount of carbonate deposition on cathodes and harsh corrosion conditions for anodes caused
by CI- and low competing CIER overpotential. Thus, alkalinization of the seawater was found
mandatory to avoid corrosion of the deposited metallic catalysts by the formation of a
passivation hydroxide superficial layer. Also, the alkalinization process enhances the OER over
CIER, thus inhibiting Cl. gas or hypochlorite formation. Moreover, the alkalinization process
was found to be a facile and low cost technique to significantly reduce the salinity of the

electrolyte, precipitating significant portions of Mg?* and Ca?*.
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Even so, CaCO3 was found to deposit on electrodes surface. Although it appears porous and
electrodes are not deactivated in the tens of hours’ scale, large amounts accumulated during

long term operation can reduce performance and block the porosity of graphitic carbon felts.

A regeneration technique to dissolve the CaCOz was applied, consisting in immersion of the
electrodes in acidified seawater. Immediate dissolution of CaCOz was proven, and electrodes
performance was not affected when acting as cathodes but an overvoltage of 100 mV is
introduced in the anodes case. Analyzing the cyclic voltammetries, a clear sign of Fe loss is
observed due to the acidic treatment. Therefore, the acidic technique should be adapted to

regenerate anodes or alternative materials to Fe should be studied.
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