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Abstract

Today, hydrogen mainly originates from fossil sources (gas, oil and coal). Room
temperature water electrolysis is an interesting alternative for renewable electricity storage,
even if it is well-known that high-temperature systems are more efficient. To address this issue,
we studied different non-platinum group metals (non-PGM) catalysts for alkaline Oxygen
Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER) by recording cyclic
voltamperograms with a rotating disk electrode set up. Physicochemical characterizations of
Ni-based and FeNis-based catalysts were performed using transmission electron microscopy,
X-ray Diffraction (XRD) and inductively coupled plasma mass spectroscopy (ICP-MS). Ni
synthesized by the hot injection method is a good catalyst for HER, yet still less active than
Pt/C. FeNis with and without a Ni surface doping are very good OER catalysts, slightly better
than commercial unsupported IrO,. Electrochemical tests under alternating magnetic field
(AMF) using these nanoparticles are ongoing, as these materials are compatible with AMF-

activation.
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1 Introduction

Decarbonization of our society is an emergency. The use of hydrogen (H2) as an energy
vector could limit our dependence to fossil fuels, enabling governments and populations to face
global warming issues and scarcity of critical materials (e.g. of batteries). Being the most
abundant element (by number of atoms) on Earth (mostly in the form of water), hydrogen could
be used as large-scale (ideally renewable) energy storage [1], and converted into electricity
thanks to fuel cells (or in combustion engines, even if this latter solution is not as green) [2]. At
present, the main hurdle in this scenario is that 96% of the global hydrogen production
originates from steam reforming of natural gas or coal, which generates 2.5 and 5 tons of CO>
per ton of hydrogen, respectively [3]. A better way to produce hydrogen is water electrolysis.
In this framework, a cyclic economy where the spare electricity generated by renewable
energies would serve to produce dihydrogen (Hz, hereafter simply denoted as hydrogen) would
be ideal [4,5]. Two main methods exist to generate hydrogen from electricity at near-room
temperature (a strategy which is compatible with the unavoidable intermittent operation
associated with renewable electricity storage): proton exchange membrane (PEM) electrolyzers
and alkaline water electrolyzers (AWE). The first one presents several advantages, among
which a higher efficiency (67-82% vs. ~60% in industrial AWE [6], a higher power density
(max. 4.4 W cm? vs. max. 1 W cm?, in industrial AWE). Most importantly, the PEM
technology is already compatible with fast startup/shutdown, hence with intermittent operation,
an important prerequisite if storage of renewable electricity is targeted [4]. However, PEM
electrolyzers suffer from the expensive noble materials (e.g. Pt and Ir-based catalysts) required
to catalyze both the OER and the HER that occur at the two electrodes of a water electrolyzer,
while still resisting a highly acidic media and presenting sufficient durability in operation [7].
As a matter of fact, the durability of these materials in operation is still not granted, and many

groups try to understand the phenomena at stake and to propose more stable materials



[8][9][10][11][12][13]. Conversely, non-platinum-group-metal (PGM) catalysts can be used in
alkaline water electrolyzers, leading to cheaper systems and reduced pressures on the
availability of their core materials. These clear advantages, that promoted their industrial
deployment since more than 5 decades, are however counterbalanced by their poorer electrical
performances and their inability to operate in intermittent operations. In brief, one would like
to adopt both the electrical advantages of PEMWE and the material ones of AWE [14].
Niether et al. recently demonstrated that nanoparticles (NPs) which combine magnetic
and catalytic properties can be on-demand magnetically-activated by the application of a high-
frequency alternating magnetic field (AMF), and showed that this combination of advantages
could be a reality for an AWE) [15]. This new technique of magnetically-enhanced water
electrolysis enabled the significant reduction of the water electrolysis voltage by enhancing the
kinetics of the HER and the OER thanks to a pronounced localized heating of the magnetic NPs
under AMF [15,16] and, as the local heating effect is nearly instantaneous while the overall cell
remains at room temperature, intermittent operation of AWE should be reached. More
specifically, Niether et al. used iron carbide (FeC) nanoparticles, covered by a Ni shell [17].
Under magnetic excitation, the magnetization of the NPs oscillates at high-frequency between
two positions, leading to a release of heat in their environment [17]. In order to achieve water
electrolysis under AMF, two flow-cells were designed on purpose (a three electrode cell and a
two electrode cell). They needed to fulfill several (sometimes antagonistic) properties: (i) be
compatible with an insertion in the coil generating the AMF, (ii) enable current collection and
electrochemical measurements, (iii) be compatible with diphasic flow management and
separation of the gases (for the two-electrode cell), owing to the intense bubbles generation in
the alkaline solution. Of course, the use of the AMF triggered many problems, such as intense
electrical noise (in the current collectors and the electrodes); besides, the current collector

materials had to be chosen so as to minimize eddy currents, not to overheat (burn) under AMF



excitation. In the end, the design of the two cells was adapted to the morphology of the coils,
the bubble coverage issue, the choice of current collector and of the catalyst materials (which
should be magnetic and catalytic). Although in Niether et al. study, the demonstration of AMF-
enhanced AWE was obvious, one must admit that neither the cell design nor the electrode
materials were fully optimized. For example, their catalysts showed low HER performance and
a poor durability. Therefore, there is still room for improvements.

This paper attempts to proceed further and address one of the issues listed above; it
particularly focuses on the choice of the catalyst materials, to enhance their catalytic properties
(for the OER and for the HER); the other issues raised (including the catalysts’ heating
properties) will be addressed in complementary studies that have been initiated by our team.
Optimizing the catalyst can be made by adjusting both the magnetic core and catalytic shell. It
was hoped to reach better activities and durability by changing the FeC core into FeNis.
Therefore, in the present contribution, the catalysts tested are nanoparticles of FeNis, FeNizs@Ni
(further enriched with Ni), and different Ni particles, supported or not. It is important to precise
that Fe-Ni alloys and Ni-based catalysts in general [18] have previously proven their good
performance and stability for OER, especially for catalysts containing 10 to 50 % of Fe
[19][20][21]. The same properties have even been reached with stainless steel electrodes, upon
proper electrochemical activation [22,23]. The choice of FeNis comes from its good heating
properties and activity for the Sabatier reaction [24]. In this study, the electrochemical activity
of the materials has been measured with a RDE. The physicochemical properties were assessed

using XRD, TEM and elemental analyses, made by ICP-MS.



2 EXPERIMENTAL SECTION

2.1 Nanoparticles Syntheses
Synthesis of Ni Nanoparticles with the ‘Hot Injection’ Method (NiHi)

Pure unsupported Ni NPs were prepared using a slightly modified version of a synthesis
protocol for PtNi NPs, referred to as the “hot injection” method, previously reported in [25].
Briefly, 575 mg of Ni(ll) 2, 4-pentanedionate (95%, Alfa Aesar) and 736 mg of 1, 2-
tetradecanediol reducing agent (90%, Sigma-Aldrich) were dissolved in a mixture of 120 mL
dibenzylether (> 98%, Sigma-Aldrich), 1.2 mL oleylamine (> 98%, Sigma-Aldrich) and 1.2 mL
oleic acid (tech. 90%, Sigma-Aldrich). The mixture was first heated at a temperature of T =
80°C under Ar flow for 30 min, then heated to T = 240°C. As soon as the targeted temperature
was reached, 12 mL of a 1, 2 dichlorobenzene (99%, Alfa Aesar) solution containing 7 mg of
Pt(ll) 2, 4-pentanedionate (48%, Alfa Aesar) were quickly injected in the reactor. Since Ni
alone is not reducing under this reacting conditions, a low Pt atomic fraction (0.8 at.%) was
maintained in order to initiate the nucleation and growth of the Ni NPs (consequently these Pt
atoms are buried in the Ni NPs core). The solution was then heated at T = 270°C, and maintained
under continuous stirring for 1 h. After cooling down, 120 mL of ethanol were added to the
mixture, then the product was collected by centrifugation, washed one time with toluene (Roth,

>99.8%) and 3 times with ethanol, and then freeze-dried. These NPs are noted Nin hereafter.

Synthesis of Ni Nanoparticles with the polyol method (Nipolyot)

A much easier and scalable approach to produce Ni NPs is offered by the polyol method.
Here, 410 mg of Ni(ll) chloride hexahydrate (Puratronic 99.995%, Alfa Aesar) were dissolved
in 200 mL ethylene glycol (Rotipuran® > 99.9%, Roth). To induce the nucleation of Ni NPs,
2.5 mL of a 5.8 mM aqueous solution of Pt(1VV) dihydrogen hexachloroplatinate hexahydrate

were also added (resulting in an overall 0.8 at.% Pt content). The pH of the solution was set to



10 by dropwise addition of an aqueous 0.5 M NaOH (Suprapur, Merck) solution. The solution
was heated to T = 160°C under Ar flow for 1 h. After cooling down, the product was collected
by centrifugation, washed 3 times with ethanol and then freeze dried. It is noted Nipolyol

hereafter.

Deposition of Ni Nanoparticles on antimony-doped tin oxide (ATO) aerogel support
(NI/ATO)

8 mg of Ni NPs prepared with the polyol method and 32 mg of SnO> aerogel doped with
Sb (10 at.%) [26]were mixed in 40 mL toluene (thus targeting a total Ni mass fraction of 20
wt.% on ATO). The product (noted Ni/ATO hereafter) was first sonicated (Elma, S10,
ultrasonic frequency: 34 kHz) for 20 min in an ice bath, collected by centrifugation, washed 3

times with ethanol and then freeze-dried.

Synthesis of FeNis and FeNis@Ni catalysts

These NPs will be fully described in a forthcoming article [24]. Shortly, unsupported
FeNiz NPs were synthesized by the co-decomposition of two organometallic precursors:
Fe(N(Si(CHz3)3)2)2) (1 equivalent) and Ni(iPr-Me-AMD):> (5 eq) under 3 bar of H at T = 150°C
for 24 h in the presence of stabilizers, palmitic acid.

The surface of these particles can be enriched with Ni (noted hereafter FeNiz@Ni)
through decomposition of 0.5 eq of Ni(AMD). under 3 bar of H> at 50°C during 24 h in the

presence of pre-formed FeNiz NPs in mesitylene.

2.2 Physicochemical characterizations
The catalyst materials were thoroughly characterized using complementary techniques,

as detailed below. Their morphology was investigated using transmission electron microscopy



(TEM). Bright-field images in high resolution were acquired with a Jeol TEM 2010 apparatus
baring a LaB6 filament operating at 200 kV (point-to-point resolution = 0.19 A). X-Ray energy
dispersive maps (X-EDS) and scanning TEM high angular annular dark field micrographs
(STEM-HAADF) were in occasion monitored using a Jeol 2100F- 200 kV microscope,
equipped with a field-emission gun, which was operated at 200 kV (point-to-point resolution =
0.23 nm).

The crystalline phases in presence were analyzed using X-Ray Diffraction; the diffractometer
was a X’Pert Pro MPD (PANalytical) baring a copper anode, and the Ka Cu wavelength (1.5419
A) was chosen for the measurements. The reflection-acquisition mode was used in the Bragg
Brentano geometry.

The metal content was determined by ICP-MS. The apparatus was a Perkin Elmer, model
NexION 2000c. The measurements were made in the standard and the collision mode (Kinetic
Energy Discrimination, KED). The calibration curve was drawn by using metal standard
solutions (Sn, Sb, Ir, Pt, Fe) of 2, 5, 10, 20 and 50 ppb with an intern standard (2 ppb of Rh), in
nitric media (2% HNO3). Analysed masses of the studied elements are calculated regarding the
dilution and the calibration curve with a minimum R2 of 0.9999 and an overlapping percentage
of the intern standard ranging from 98% to 102%. The software used was Syngistix for ICP-

MS Software v2.3.

2.3 Electrochemical Characterization

The catalytic activity of the nanoparticles was measured using a classical three-electrode
setup, where the counter electrode (CE) was a Pt-mesh, the reference electrode a hydrogen
electrode (RHE — Gaskatel), and the working electrode (WE) a thin-film deposit of the desired
electrocatalyst on a glassy carbon rotating disk electrode (RDE, 0.196 cm?) embedded in a

KEL-F cylinder (polychlorotrifluoroethylene, PCTFE). Note that in the short-term experiments



performed here, no consequent issue regarding contamination of the working electrode (WE)
by potential dissolution of the Pt counter electrode (CE) shall be expected. Prior to use the
glassy carbon substrate was polished using mechanical grinding disks of P600, P1200 and
P2400, and then with 3 and 1 pm diamond polishing paste (Presi Mecaprex). Cleaning was
performed through sequential baths of acetone — deionized (DI) water (18 MQ.cm) + ethanol —
DI water in a sonication bath during 10 min each, prior to ink deposition. The inks were
composed by a mixture of 30:12:1 DI water, 2-propanol and 5 wt.% Nafion (Aldrich). After
dispersion/mixing in ultrasonic bath (Elma, S10, ultrasonic frequency: 34 kHz) for 10 to 15
min, they were drop-casted and spin-coated onto the glassy-carbon electrode and dried with a
hairdryer for ~5 min, according to the methodology developed by Garsany et al. [27][28][29].
In order to compare the results described here with the literature, one should pay attention to
the sonication method and the dispersion time, as it notably induces changes in electrochemical
surface area [30,31]. In this study, dispersion/mixing procedure does not involve catalyst
modifications, because different loadings of active material, ranging from 100 pg/cm? to 3000
pg/cmz, were obtained without changing the ratio between the components.

All measurements were recorded with a potentiostat (Biologic VMP3 Multi
Potentiostat). The Ohmic drop (iR-drop) was determined by electrochemical impedance
spectroscopy (EIS) at 100 kHz and compensated at 80% for all experiments. A typical value of
the high-frequency resistance was 3 Q in 1 M KOH. A rotation rate of 1500 rpm was chosen so
as to ensure efficient removal of the gas bubbles formed at the WE and avoid mass-transfer
limitation; the electrolyte was dilute aqueous potassium hydroxide (1 M KOH, prepared from
99.98% KOH pellet, Sigma); it was purged with Ar during ~10 min prior each experiments and
kept under an Ar blanket at any time. One should note that such an electrolyte might contains
traces of metals, but contamination should not be an issue, as neither long-term operation nor

durability assessment had been performed in the present study.



The catalysts activities for OER was measured by monitoring cyclic linear sweep
voltammetry (LSV) ranging from 1.2 V vs. RHE to 1.8 V vs. RHE; similar measurement from
-0.7 V vs. RHE to 0.2 V vs. RHE were made to quantify their activity for the HER; in any case,
these measurements were performed at a scan rate of 5 mV/s. According to El-sayed et al. a
lower scan rate could lead to a non-negligible risk of poisoning by bubbles and the detachment
of the active layer [32], while higher potential scan rates would obviously make it difficult to
reach quasi-steady-state. The cyclic voltammetry (CV) were repeated multiple times for a given
electrode, and repeated at least three times for reproducibility assessment. A surface pre-
treatment of five cycles at 100 mV/s, 2 cycles at 20 mV/s before and after the OER CV ranging

from 0.05 to 1.2 V vs. RHE were done on each working electrode.

3 RESULTS AND DISCUSSION

3.1 Physicochemical characterizations of the pristine catalyst materials

Pt/C (10 wt.%) and commercial unsupported IrO> catalysts were used as benchmark
catalysts to compare with Ni and FeNiz-based materials. Their properties have already been
described in [12][33].

Figure 1, 2 and 3 show representatives TEM images of the Ni and the FeNiz-based
catalysts, respectively. Figure 1 (a) corresponds to the Nini nanoparticles; they are well-
crystallized spherical-shaped individual particles of ca. 69 nm mean size, based on the
measurement of ca. 30 isolated NPs, and they are organized in large agglomerated structures,
which is somewhat classical for unsupported NPs. Most of the particles are polycrystalline
contrast from the TEM and high-resolution TEM images of Figure 1 (a) and Figure 1 (b), with
evidences of twins and internal grain boundaries. Although the diameter value is based on few
measurements of NPs, the TEM pictures show at low magnification a similar NP size, for all

type of Ni NPs.

10



Figure 1 b) shows representative micrographs of the Ni/ATO 20 wt.% material at similar
magnification than for Niw. It is obvious that the material morphology is very different, the Ni
NPs being here much smaller (ca. 5 nm in average diameter, based on the measurement of ca.
50 distinguishable particles), which is of course associated to the presence of the ATO support.
In addition, it is difficult to distinguish the Ni NPs from the ATO substrate, owing to the near-
similar Z and crystalline contrasts of the two materials (the same had already been noted by
Cognard et al., for Pt/ATO NPs [26]). Figure 1 (c) corresponds to unsupported Ni NPs
synthetized with the polyol method. The size of the isolated Nipoyor particles is in that case
intermediate (ca. 12 nm in average diameter, based on the measurement of ca. 50
distinguishable particles) between the two previous samples. Obviously, these unsupported NPs
are organized in very large 3-dimentional agglomerates. We were not able to reach high
magnification for Nipayol because the oxidized particles were changing rapidly, reduced by the
electron beam. Indeed, one can see a brighter disk around all the Ni NPs, which indicates their
surface oxidation.

One common feature of these materials is the organization of the Ni NPs in
agglomerated structures, even for the ATO-supported ones (Ni/ATO). This point is important
for the targeted application as, it has been shown, in many case that agglomerates of NPs heat

significantly more than isolated NPs under AMF, although this is not a general rule [15,34].
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Figure 1: Representative TEM micrographs of the various unsupported Ni

nanoparticles; (&) Nini, (b) Ni/ATO 20 wt.% and (c) Nipolyol.

Figure 2 shows representative micrographs of the unsupported FeNiz NPs, and Figure 3
similar data for the unsupported FeNiz@Ni NPs. The corresponding X-EDS elemental maps
show that Fe and Ni are evenly-distributed in the FeNis core for the materials, while the STEM
X-EDS indicate a Fe shell at the surface. FeNiz@Ni NPs have thus been synthesized to enrich

the surface with Ni, in order to have a better electrochemical activity.
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Figure 2: a) and b) TEM Images of the unsupported FeNiz NPs. c) STEM-HAADF

and X-EDS mapping of d) Fe et e) Ni.
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Figure 3a) and b) TEM image of FeNi3@Ni NPs and ¢) HAADF-STEM of FeNi3@Ni

and X-EDS mapping of d) Fe et e) Ni and f) Fe and Ni

In addition, the FeNiz and FeNiz@Ni display much smaller particle sizes than the pure
unsupported Ni materials (Nin and Nipolyol), the average particle diameter being ca.17.3 nm and
18.6 nm for FeNis and FeNiz@Ni, respectively (values based on the measurement of ca. 200
isolated particles). However, the high-resolution TEM image of Figure 2(b) indicates that the
crystallite size of the FeNis core might be even smaller, as individual crystallites and grain

boundaries are obvious on this HRTEM micrograph.

The X-EDS analyses of the multi-metallic materials also revealed that the effective
stoichiometry of the catalysts was close to the targeted ones for the Ni/ATO 20 wt.%.
Unsupported FeNiz and FeNis@Ni SEM-XEDS analyses give Fe: 31%, Ni: 69% for FeNiz and

Fe: 22%, Ni: 78% for FeNis@Ni.
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The TEM analyses were complemented by powder XRD, both for the pure Ni materials
(Figure 4) and for the iron-nickel based ones (Figure 5). In terms of crystalline phases, the Ni
NPs synthesized by the hot injection method (Niwi) are composed by a cubic and a hexagonal
phase. Ni NPs synthesized with the polyol method (Nipoiyor) Only display a cubic phase which
is observed in the Ni/ATO too. ATO is composed by a SnO, tetragonal phase. The broad
diffusion peaks of the Ni/ATO suggest the presence of small or amorphous NPs in this sample,
which agrees with the TEM pictures (this material was the one for which the Ni NPs are the
smallest, and their contrast over the ATO support is poor).

The crystallite sizes have been derived from the area of the diffraction peaks using
Scherrer’s equation (more specifically, the values of the crystallites size have been obtained
from the area and the half height of two well defined peaks — see Table 1).

The crystallite sizes for Nin are ca. 11.9 = 1.5 nm for the cubic phase and 12.9 + 2.9 nm for
the hexagonal phase, much smaller than the apparent particle size for this material, which
confirms the observations derived from the TEM analyses. Ni synthesized with polyol presents
crystallites of 7.2 £ 1.9 nm in its cubic phase (as unsupported Ni NPs, results obtained with the
same peaks), while after being supported by ATO the crystallites grew up to 10.2 £ 1.7 nm; this
size corresponds to the NP size derived from the TEM observation. The supported Nipotyor NPS
are bigger because Ni NPs act as a reducing agent compared to the ATO so that the Nipoiyor NPS
get oxidized and grow in size. In any case, both NPs size values are within the error bars.
Tetragonal SnO> phase shows smaller crystallites of 4.8 + 0.3 nm. Thus, the two Ni syntheses
lead to similar cubic crystallites and only the Ni NPs synthesized by the hot injection method

present a hexagonal Ni phase, at least in part.
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Figure 4 : X-ray diffractograms of (i) Nipolyor Synthesised by with polyol, (ii) Nix NPs
synthesised by the hot injection method, (iii) Ni/ATO 20 wt.%. The star, the hash and the
circles symbols correspond to cubic Ni (PDF card 00-004-0850), hexagonal Ni (PDF card 01-

089-7129), and tetragonal SnO> (PDF card 04-003-0649), respectively.

The X-ray diffractograms of the FeNiz nanoparticles, with and without Ni shell, are
presented on Figure 5. In FeNis, crystallites in the Ni cubic structure are observed, the sizes of
which are ca. 4.6 + 0.3 nm. The small broad peaks correspond to surface oxidation. The same
observation is made for the FeNiz@Ni material, the cubic Ni crystallites being of ca. 4.1 £ 0.9
nm. The background has, on purpose, not been removed. FeNisz peaks are in fact very close to
Ni peaks. A Mdssbauer study was also undertaken to confirm the FeNis material, and will be

further reported [24].
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Figure 5: X-ray diffractograms of (i) FeNiz and (ii) FeNis@Ni NPs. The stars

correspond to cubic Ni (PDF card 00-004-0850).

Table 1: XRD peaks used to determine the crystallites size of nanoparticles

Materials Niw and Nig Ni/ATO SnO; FeNis(@Ni) | FeNis(@Ni)
Nipolyol CUbic hexagonal cubic phase tetragonal cubic Ni cubic Ni
phase phase phase phase phase Fe
rhomboedric
phase
Peaks (111), (200) | (100), (102) | (111), (220) | (110), (101) | (111), (220) | (110), (214)

The elemental analyses performed by ICP-MS confirm the composition of the catalysts

(Table 2). Traces of Pt were found too for the pure Ni NPs (unsupported or not), in agreement
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with the synthesis routes employed (2.8 at.% of Pt, which corresponds to ~ 0.01 wt.% of Pt,

was used to start the nucleation for Ni NPs syntheses).

Table 2: ICP-MS elemental analyses of some of the tested catalyst materials

Materials Nini Ni/ATO Nipotyol
Ni Pt Ni Sb Sn Ni Pt
Atomic % 972 28 238 677 85 986 14

Chemical analyses were performed on FeNiz NPs by ICP-MS too, revealing a global

composition of 29 at.% Fe and 71 at.% Ni, in agreement with the targeted values (FeNis).

3.2 Electrochemical characterizations

Figure 6 (a) displays one-cycle LSVs of the different catalysts in the HER side. Classical
benchmark Pt/C was also characterized for comparison. Nipoyor VOltamperograms are not
presented as the activity of this sample was weak, due to extensive surface oxidation, which
was confirmed by its reduction under the electron beam while performing TEM observations.
Besides, the particles were small and hence unstable in electrochemistry. These NPs were
deposited onto ATO at a loading of 20 wt.% to form Nipolyol SUpported by ATO.

The voltamperograms show that the materials are not equivalent in terms of activity.
The HER performances decrease in the following order: Pt/C > Ni/ATO > Nin > FeC@Ni >
FeNis@Ni. All non-PGM electrodes were loaded at 200 pg/cm? for the catalyst, while Pt/C was
loaded at 20 pg/cmz2. The loading for non-PGM materials was chosen ten times higher as the
activity was weak at 20 pg/cm?. Besides, as these materials do not belong to PGM, a larger
amount of them can be used without compromising the applicability of the materials in practice.

The onset potentials determined at j = 10 mA/cm? are presented in Table 3. Itis found at E = -
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0.29 V vs. RHE for the best HER catalysts, far away from Pt/C (E = -0.08 V vs. RHE). The
FeNis HER performances are not shown because their activity was too low.

Figure 6 (b) presents the average overpotentials vs. five values of the geometric current
density: jgeom =5, 10, 25, 50 and 100 mA/cm?. The error bars account for the standard deviation;
they might indicate, if they are large, a possible dissolution of the catalysts, leading to activity
decrease with the number of cycles. This degradation of the performances is not much observed
in the HER side, which is classical in alkaline (and acidic) water electrolysis: materials
durability issues are more significant at the oxygen electrode, owing to the very intense
oxidizing conditions experienced at this electrode [9][11][35]. Ni/ATO is an exception, a larger
error bar is observed. The decreasing size of these bars with higher current density value is only
due to the few points we were able to record before dissolution of the catalyst. The average
overpotentials increase exponentially with the current, in agreement with the Butler-Volmer
law, which means that the reactions are Kinetically-limited by charge-transfer in these
conditions.

It was decided to focus on Nini as the non-noble HER catalyst as it exhibited almost the
best performances of the non-PGM catalysts. Ni/ATO was not selected because we observed
dissolution of this catalyst in the alkaline media, as shown on Figure 6(b). Electrodes with
different loadings of catalyst were studied, while keeping the same DI water/Nafion and DI
water/IPA volume ratio. Figure 6(c) indicates that the Niw activity is the best at 200 pg/cmz,
and then it decreases to 1000 pg/cmz. This trend can possibly be due to the detrimental active
layer thickness effects; too thick layers could prevent hydroxide ions access to all active sites
and more intense masking by bubbles build-up inside the active layer [32]; too thin layers are
obviously limited by the number of active sites at the electrode. The performances of the best
non-PGM electrode remain far below the Pt Kinetics, which is a classical bias of alkaline

HER/HOR [36]. Ni/ATO 20% displays similar activity than Ni for an equivalent Ni catalyst
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loading, before dissolution. Ni synthesized by the polyol method shows lower activity, similar

as Nip 1000 pg/cm2.
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Figure 6: Electrochemical characterization of different catalysts compared to current
benchmark (Pt/C in the HER side), measured in RDE setup in 1 M KOH. (a) One-cycle
Linear sweep voltammetry (LSV) of different catalysts recorded at a scan rate of 5 mV/s,

arrows indicate the scan direction (b) Mean overpotentials recorded at different lgeom values

(5, 10, 25, 50, 100 mA/cm?). The error bars correspond to standard deviation, (c) One-cycle

LSV of different Nin loadings recorded at a scan rate of 5 mV/s.

Figure 7 (a) presents one cycle of LSV of different catalysts in the OER side.
Unsupported commercial IrO2 was also characterized for comparison, as it is a (commercial)
benchmark for the reaction. The OER performances decrease in the following order: FeNiz@Ni
> FeNiz ~ Nini> 1rO2 > FeC@Ni > Ni/ATO. The lowest onset potential observed here isat E =
1.56 V vs. RHE for the best non-PGM OER catalyst, slightly better than for IrO, (E = 1.60 V
vs. RHE, this value being consistent with other studies [12]). Comparing FeNisz and FeNiz@Ni

indicates that the Ni surface doping does enhance OER activity.
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Figure 7 (b) presents the average overpotentials vs. five values of the geometric current
density. In OER, dissolution is observed (this is, unfortunately, very classical for OER catalysts,
especially in alkaline environments). The dissolution is more obvious at a loading of 20 pg/cm?
for FeNis and FeC@NIi, owing to the least presence of catalyst material in the thin-film RDE.
The same trend is observed for Ni/ATO. Again, the reactions are kinetically-limited by charge-
transfer in these conditions, in agreement with the Butler-Volmer law.

A loading survey was made, this time on FeNis. More specifically, FeNis was preferred
to FeNiz@Ni because its synthesis is twice shorter and its heating properties are slightly better
[24]. Figure 7(c) indicates that the activity of FeNiz increases from 20 to 100 pg/cm? and then
decreases from 100 to 5000 pg/cm? for FeNis [37][38]. In OER, the activity of the non-PGM
electrode surpasses the IrO. one, for a loading ca. ten times higher. Increasing the loading
creates more active sites. However, at too high loading, detrimental effect are presents such as
a heavier resistive layer, triggering a potential gradient preventing all active sites to be at the
same oxidizing potential; oxygen bubbles entrapment [32], and the detaching of layers because
of bubbles.

Better performances have been obtained in both the OER and HER with the new
catalysts versus those obtained by Niether et al. with FeC@Ni [15]. Activities similar and better
than benchmark catalyst IrO, have been recorded for OER, but HER catalysts stay far below

the Pt/C activity.
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Figure 7: Electrochemical characterization of different catalysts compared to current
benchmark (unsupported IrO.), measured in RDE setup in 1 M KOH. (a) One-cycle Linear
sweep voltammetry (LSV) of different catalysts recorded at a scan rate of 5 mV/s, arrows
indicate the scan direction (b) Mean overpotentials recorded at different lqeom Values (5, 10,

25, 50, 100 mA/cm?). The error bars correspond to standard deviation, (c) One-cycle LSV of

different FeNis loadings recorded at a scan rate of 5 mV/s.

Table gathers the HER and OER performances obtained with the different catalysts
tested herein. The authors point out that only the HER and OER potential measured for a current
density were measured; at this rather small current density, it is believed that the mass-transfer
limitation is still small, making of these values a marker of the intrinsic “charge-transfer
kinetics” of the catalysts studied. In addition, the Tafel slopes were deliberately not reported in

this table, because of (i) the hysteresis of the LSV curves in fig 6a and 7a and (ii) non-negligible
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mass-transfer hindrances at higher current densities, which would render awkward any precise
calculation of Tafel slopes. In line with the previous sections of the paper, Table 3 summarizes
that Ni/ATO and Niw are the best home-made catalysts on the HER side (but far less active
than the Pt/C benchmark). On the OER side, the FeNiz and FeNiz@Ni are the best catalysts, not
only outperforming the FeC@Ni sample tested in Ref. [15], but also the present OER
benchmark (unsupported IrO2). This results holds clear promises for AMF-enhanced AWE

using these materials.

Table 3: Nanoparticles size and HER / OER performances of the catalysts studied.

Catalysts NPs size HER potential at 10 mA/cm? OER potential at 10 mA/cm?
(nm) (V vs. RHE) (V vs. RHE)
Pt/C (20 pg/cm?) 2to3 -0.08 /
IrO; comm (20 / 1.6
pg/cm?)

Nin 69 -0.32 1.58
Ni/ATO 5 -0.29 1.74
FeNis; 17 (too low) 1.59
FeNizs@Ni 18.6 -0.55 1.56
FeC@Ni 15 -0.53 1.64
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4 Conclusion

Several catalytic particles have been characterized by various structural analyses as well
as electrochemical RDE experiments. Nanoparticles of Ni synthesized by two ways, the hot
injection method and the polyol method, and Ni/ATO have been mainly characterized in HER.
A study of the loading of Nini NPs and FeNiz has been carried. Good performances were
demonstrated with an onset potential E =-0.29 V vs. RHE, yet far below the Pt/C activity (E =
-0.08 V vs. RHE). FeNis, FeNis@Ni and Nix NPs have been characterized in OER. The
performances of these NPs are better than the benchmark catalyst consisting of unsupported
IrO., and better than previous the magnetic catalyst used FeC@Ni [6]. A loading study indicates
than the activity of FeNis is better at 100 pg/cm? with an onset potential at 1.5 V vs. RHE. These
Fe-based nanoparticles display interesting properties for OER and will be tested for magnetic

induction-assisted electrocatalysis.
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