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ARTICLE INFO ABSTRACT

Under alkaline conditions mixed NiFe oxides/oxyhydroxides are among the most active catalysts for the oxygen
evolution reaction (OER). Here we investigate NigsFeqs clusters as a well-defined model highly active elec-
trocatalyst system for the OER. The electrodes were prepared using gas-phase deposition of mixed NigsFep s
metallic clusters produced by cluster beam deposition (CBD), a technique offering precise control of composition
and loading. Highly dispersed Nij sFeg 5 clusters were deposited at 1 equivalent monolayer and used as OER
catalyst in 1 M KOH. The low loading allows assessment of the intrinsic catalytic activity and their extensive
structural characterization by XAFS and XPS spectroscopies. NigsFeqs clusters demonstrate high stability as
there is no apparent potential increase after a 12h constant current density anodization test. After electro-
chemical aging, the lowest overpotential was achieved and amounts to 372mV at 10 mA cm 2. The Tafel slope
reaches 37 mV dec™'. The measured electrochemical activity is also compared with other systems. After OER
reaction in KOH the cluster surface is enriched in NiOOH, while concomitant Fe depletion from the catalyst
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surface is observed. These findings help to shed light on the formed active phase at the nanoscale.

1. Introduction

A transition to a sustainable and environmentally friendly energy
economy is the need of the hour as the problems we face today, air
pollution and climate change, are associated with the combustion of
fossil fuels. In this regard, there is growing interest in hydrogen pro-
duction by water electrolysis for storing solar and wind energy in a
chemical form [1-4]. The efficiency of hydrogen production is limited
in large part by the slow kinetics of the oxygen evolution reaction
(OER) at the anode. The most promising OER catalysts based on earth-
abundant elements are oxides/hydroxides containing both Ni and Fe
[1,5-11]. They are operated in alkaline electrolytes in order to avoid
corrosion. Mixed NiFe (oxy)hydroxides with Ni in majority and con-
taining 10 — 50% Fe have been reported to have the highest OER ac-
tivities [6,10,12,13]. These high activities have been reproduced, but
the material itself remains poorly defined and its redox behavior and
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optimal structure and composition are not well understood [14,15].
Other first-row transition metal oxides that are promising due to its
high OER activity are cobalt-based electrocatalysts [9,16-18]. Also
ternary combinations with a metal such as Cr have been shown to in-
crease the activity of NiFe oxides/oxyhydroxides [19,20].

Mixed metals, oxides and (oxy)hydroxides containing Ni and Fe
have been synthesized via a variety of chemical and physical routes. A
widely employed method is electrodeposition, predominantly produ-
cing amorphous or poorly crystallized (oxy)hydroxide films [14,17].
Co-precipitation and solvo- and hydrothermal methods are common
methods to obtain NiFe layered double hydroxide (LDH) powders
[1,11]. Also oxide powders have been reported with the hydrothermal
method [21]. Solution casting generates uniform oxide films, while
reactive sputter deposition and thermal evaporation result in metallic
films that are subsequently oxidized [2,6,22,23]. Mixed NiFe catalyst
powders have also been produced by mechanical alloying, consisting in
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mixing of elemental powders [24]. Solid-state reactions produce oxide
nanoparticles [1,14,25,26]. Mixed metal hydroxide catalysts for OER
have been obtained by pulsed-laser ablation in liquid, which generally
results in crystalline nanomaterials [27]. Furthermore, exfoliation of
layered metal hydroxides leads to single-layer nanosheets with en-
hanced OER activity [3]. Other alternative methods including an
aerosol-spray-assisted approach and photochemical metal-organic de-
position produce amorphous metal oxide materials [28,29]. These
methods produce catalysts that differ in crystal size, phase, crystallinity,
morphology,... all of which are parameters affecting the electro-
catalytic activity.

Moreover, OER catalysts are dynamic under operating conditions.
Fe incorporation due to impurities in the electrolyte and changing
phases under operating potentials make it difficult to relate the struc-
tural and compositional features to its activity trends [10,11,30,31].
Under OER conditions in alkaline environment, the active phase that
usually forms is the oxyhydroxide phase, which has been reported
previously and is consistent with the Pourbaix diagram [2,7,14,30,32].
Therefore some authors refer to these materials as (oxy)hydroxides,
denoted by NiFeO,H, as general formula without explicit description of
the oxidation or protonation state that changes with both pH and po-
tential [7,30,33].

The measured activity is however also highly dependent on a
number of other factors such as the chemical composition, metal
loading and electrochemically active surface area [1,2,7,14]. Only re-
cently, the influence of the electron conductivity and mass transport
limitations on the activity were addressed. In some cases, the substrate
has been reported to have a positive effect on the activity, however the
degree of enhancement is poorly understood [1,5,14,34]. These factors
complicate identification of optimal structural and compositional
characteristics needed for high activity.

To improve the understanding of the influence of the structural and
compositional properties on the activity, we here study the intrinsic
activity of well-defined catalytic nanoparticles deposited on a flat
conductive support. Nanoparticles are attractive model systems for
studying catalytic processes, because ohmic resistances, which are dif-
ficult to correct for, are minimized. Electrons only need to move short
distances to reach the underlying electrode, which means that limited
electric conductivity of the nanoparticles will not have major influences
on the activity. In addition, mass transport of gases and ions will not
significantly affect the activity as no porous structure is involved and
the material loading is low [14,35]. For practical water splitting devices
however, where higher loadings are desired, it is beneficial to deposit
the catalyst on a conductive 3D high-surface area support. A 3D support
maximizes the exposed active sites and facilitates mass and bubble
transport [35,36]. For example, carbon cloth is a cheap 3D support with
high conductivity and excellent flexibility [37,38].

Here we report a new way of preparing mixed bimetallic NiFe;
OER electrocatalyst layers composed of individual nanoclusters, pro-
duced in gas-phase via laser ablation in a cluster beam deposition (CBD)
setup [39,40]. A laser was used to ablate a mixed bulk NiFe target with
1:1 ratio to generate atom vaporization and to form Nig sFeg 5 clusters.
Two laser beams can also be used to ablate two bulk targets of Ni and Fe
and in this way different compositions can be achieved by tuning the
power of the lasers [41]. This technique results in a high uniformity and
superior control over composition and loading of the electrocatalyst,
which makes it convenient for preparing model catalysts for in-
vestigating OER activity. In comparison with clusters deposited from
chemical precursors in solution; particle size, coverage and composition
can be more precisely controlled in a very flexible way [42,43]. All
samples were deposited at 1 equivalent atomic monolayer (ML) of NiFe
clusters, corresponding to around 1.98 x 10'® atoms cm ~ 2 Thereafter
the OER catalytic activity in 1 M KOH was investigated. Steady state
measurements and electrochemical impedance spectroscopy (EIS) were
used to measure kinetically significant parameters such as the Tafel
slope. The ultra-low loading allows calculation of intrinsic catalytic
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activity parameters. Extensive characterization of the structural and
electronic properties of the deposited clusters before and after the
catalytic reaction was conducted using microscopic and x-ray spectro-
scopic techniques.

2. Material and methods
2.1. Substrates

Nig sFeg 5 cluster electrodes were fabricated on flat substrates: SiO-/
Si, Au/C TEM grid, Au/Si and fluorine-doped tin oxide (FTO) coated
glass slides (Aldrich) with 10 Q/sq surface resistivity. The Au/Si sub-
strate was obtained via sputtering on a wafer. n-type silicon wafers
(Cemat Silicon, 4” unpolished, 3 — 10Qcm) with a thickness of
525 — 575 pm were used. RCA cleaning was followed by wet oxidation
at 1100 °C for 2h to obtain an insulating layer of SiO, on both sides of
the wafer. Thin films were sputtered using Balzers BAE 370 sputtering
tool. First, a Ti/W(Tig1Woo target, 99.95%) adhesion layer was sput-
tered at 2 x 10 ® mbar Ar and 150 W for 1 min. Then Au (Au target,
99.99%) was sputtered at 50 W for 5 min, other parameters unchanged.
The FTO samples were cut in pieces of 2.5 by 1.5cm.

2.2. Cluster deposition

Prior to cluster deposition, the surfaces were cleaned with acetone,
isopropyl aleohol and deionized water, sequentially. A series of mono-
dispersed NiFe clusters were produced under UHV conditions (base
pressure as low as 1 x 10 ° mbar) through a laser ablation cluster
beam deposition (CBD) setup [39,40]. A Nd:YAG-laser beam (wave-
length 532 nm, power 200-300 mW) was used to ablate a mixed target
of Ni and Fe (1:1 ratio, 99.95% pure, ACI alloy) and to create atom
vaporization. Simultaneous with the ablation laser pulses, a high
pressure pulsed beam of He cooled with liquid N, was introduced in the
source. This increase in partial pressure triggers cluster formation.
Different compositions can be achieved by using two lasers and two
separate pure targets. By tuning the power of the lasers ablating Ni and
Fe targets, the composition can be varied [41]. The beam of clusters
was then guided via an extraction chamber to the deposition stage in
soft-landing conditions with low kinetic energy ("0.5 eV/atom) on the
substrates. Clusters extracted without any mass selection result in a
homogeneous circular beam of clusters ("90% being neutral, "5% po-
sitively charged, "5% negatively charged) with a diameter of 1 cm.

2.3. Cluster characterization

The size distribution of clusters was evaluated by in-situ Reflectron
Time-of-Flight mass spectrometry, by considering mass distribution (m/
z) signal of cationic (single positive charged) clusters. Conversion of the
spectra from m/z distribution to cluster size distribution is based on the
assumption of a spherical shape for the clusters with size:

1
m/z \3
Qetuster = 2(_] Tar

Mg,

where m,, is the atomic mass in u and r, is the atomic Wigneir-Seitz
radius of the element (0.138 nm for Ni and 0.141 nm for Fe atom).
The amount of deposited clusters was measured during deposition
through a calibrated quartz crystal microbalance (QCM). All samples
were deposited with 1 equivalent atomic monolayer (ML) of NiFe
clusters, corresponding to around 1.98 x 10'® atoms/cm? The atomic
ratio of NiFe alloy was determined by Rutherford backscattering spec-
trometry (RBS, 2.0 MeV He* beam, 166° backscattering angle) on
samples deposited on SiO,/Si substrate. Moreover, ex-situ scanning
transmission electron microscopy (STEM) analysis in high angle an-
nular dark field (HAADF) was performed on NijsFegs clusters de-
posited on Au/C TEM grid. STEM analysis was performed with a probe-
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corrected JEOL JEM ARM-200F microscope operating at 200kV.
Scanning electron microscopy (SEM) was performed with Raith GmbH
EBL system with Zeiss GEMINI optical column on samples deposited on
FTO substrates.

X-ray absorption fine structure (XAFS) data of clusters deposited on
Si0,/Si were collected at the Dutch-Belgian Beamline DUBBLE
(BM26 A) of The European Synchrotron, operating in 7/8 + 1 mode,
with a current of 160-200 mA [44]. Data were collected up to
k =10.5A"" wave number with typical acquisition times of 25 min
(i.e. 1-6s per data point). Three spectra were averaged to improve the
signal to noise ratio for the samples collected in fluorescence mode
using a 9-channel Ge detector. Data reduction of the experimental X-ray
absorption spectra was performed with the program EXBROOK [45].
Background subtraction and normalization was carried out by fitting (i)
a linear polynomial to the pre-edge region in order to remove any in-
strumental background and (ii) cubic splines simulating the absorption
coefficient from an isolated atom to the post-edge region. EXAFS re-
finements were performed with the EXCURVE package. Phase shifts and
backscattering factors were calculated ab initio using Hedin-Lundqvist
potentials.

Clusters deposited on Au thin film substrates (Au/Si) were char-
acterized by XPS before and after the OER reaction to reveal and follow
the oxidation state evolution and the atomic rearrangement of Ni and
Fe in the NigsFegs bimetallic clusters. After cluster deposition, the
samples were directly transferred to the XPS setup with base pressure 2
% 10 ° mbar, and the binding energy of Ni 2p, Fe 2p, O 1s and Au 4f
was studied with a Mg Ka X-ray source (1253.6 eV with linewidth
680 meV). The kinetic energy of the photoelectrons emitted from the
sample surface were collected with 25eV pass energy by an electron
energy analyzer in CAE mode. The Au 4f;,, was selected as calibration
peak and aligned to 84.0 eV. The deconvolution and fitting of the peaks
were carried out with Unifit software.

2.4. Electrochemical methods

After cluster deposition, a conducting Cu wire (Conrad, 0.14 mm?)
was glued on the surface of the substrate with silver paint (RS
Components) and the contact was entirely covered with epoxy resin
(Loctite M-121MP Hysol, Henkel). Current-voltage curves were re-
corded at ambient temperature using a VersaSTAT 4 potentiostat
(Princeton Applied Research) in a one-compartment electrochemical
cell with electrolyte content of approximately 600 ml. A platinum coil
(Bio-Logic) and an Ag/AgCl (3 M KClI saturated with AgCl, Radiometer
Analytical) served as counter and reference electrode, respectively. 1 M
KOH electrolyte was prepared using Milli-Q water (18 MQ cm). O, was
purged through the solution during the electrochemical measurements
and the solution was stirred. The catalyst was electrochemically char-
acterized using the following sequence of experiments: 1)
Electrochemical Impedance Spectroscopy (EIS), 2) cyclic voltammetry
(CV), 3) EIS, 4) Tafel analysis (chronopotentiometry), 4) EIS, 5)
chronoamperometry (10min) 5) CV and (6) chronopotentiometry
(12h). For each CV experiment, the scan rate was set at 10 mV/s. The
Tafel analysis consisted of chronopotentiometry steps from 0.01 mA
cm ™% to 10 mA cm %, each held for 3 min. The first two steps were held
for 10 min. The measured potentials during the last minute of each
Tafel step were averaged for plotting of the Tafel data. The impedance
measurements were made at 0.85V vs Ag/AgCl. Reported data were
corrected for the uncompensated resistance (R,) and current densities
were normalized to the cluster-covered area. R, was determined by
performing potentiostatic EIS in a frequency region between 1 Hz and
1 MHz. R, was extracted from the data in the high frequency region by
determining the real part of the impedance where the phase angle was
zero. R, varied between 5.5 and 5.9 Q. Geometric areas correspond to
the spot size of the beam with a diameter of 1 cm. The measured po-
tentials were converted to the potentials against the reversible hy-
drogen electrode (RHE) according to:

Catalysis Today xxx (Xxxx) XXX-XXX

o o
~ o))

.
(N

Intensity .103(a.u.)

o

f | I 1 ! |
1 2 3 4
Cluster size (nm)

100 Fe

b) Ni

u ~
o (9]
| |

RBS Counts (a.u.)
N
(92}
1

| | |
2000 2050 2100

Energy (kEV)

Fig. 1. a) Size distribution spectra of NigsFey 5 clusters produced by the laser
ablation cluster beam deposition setup. Conversion from Reflectron Time-of-
Flight mass spectra to cluster size distribution is based on the assumption of a
spherical shape of the clusters. The clusters have a diameter of 2.7 * 0.7 nm.
b) Rutherford Backscattering Spectroscopy spectrum of 1 ML Ni, sFe;, 5 clusters
on Si0,/Si substrate. The area of the peak is proportional to the concentration
of Ni and Fe atoms.

RT
Erne = Bagago + E%gmg{.‘l + lnlo? pH

where Egpp and Eag/agcr are the potential of the working electrode with
respect to the RHE and the reference electrode, respectively. E(,'\gmgu is
the standard reduction potential of the reference electrode with respect
to the standard hydrogen electrode. R, T, and F stand for the gas con-
stant, temperature, and Faraday constant.

3. Results and discussion
3.1. Cluster deposition

In the CBD technique charged clusters produced in the source, to-
gether with post-ionized neutral clusters, are accelerated electro-
statically and mass analyzed before their subsequent deposition on
different supports [40]. Their size distribution was probed in situ
during deposition with Reflectron Time-of-Flight mass spectrometry
(RToF-MS). Fig. 1a shows the size distribution of the clusters. The
abundance maximum corresponds to clusters with a diameter of 2.7 nm.
Rutherford Backscattering Spectrometry (RBS) was used for composi-
tional analysis of the clusters deposited on SiO,/Si. The profile is given
in Fig. 1b. The integrated area under the peak(s) determined using
SIMNRA software shows that Fe and Ni RBS peaks have the same in-
tensity [46]. As RBS intensity is proportional to the number of atoms
and the atomic number square (NZ2) and both elements have similar
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Fig. 2. SEM and HAADF-STEM images of the as-deposited Nig sFeg 5 clusters: a)
SEM image on FTO and b) HAADF-STEM image on Au/C TEM grid.

atomic numbers (Fe (26) and Ni (28)), this indicates that the Ni:Fe
atomic ratio was 1:1.

Fig. 2a and b respectively are a scanning electron microscopy (SEM)
image, using an in-lens detector, of the NigsFeq s clusters on the FTO
substrate and a High-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image of the clusters on the Au/C
TEM grid. As shown in Fig. 2a, the clusters cover uniformly the nano-
textured surface of the FTO support, but are still spatially isolated from
each other. Fig. 2b provides evidence that small isolated clusters with a
size in the range of 2-3 nm were produced, because single clusters can
be identified. Some clusters assemble to form larger agglomerates with
a remarkable ring shape. Also, the clusters show some level of crys-
tallinity.

Given the mean size of the clusters evaluated by reflectron time-of-
flight mass spectrometry and STEM and the atomic amount measured
by QCM and RBS, we estimate that the average density of clusters de-
posited on FTO is around 3 x 10'2 clusters/cm? for all the investigated
samples, corresponding to an overall mass of NigsFegs clusters of
around 0.17 pg/cm>.
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Fig. 3. a) Cyclic voltammograms of Nig sFeg s clusters on FTO support, taken in
1 M KOH showing aging effects. Scan rate was set at 10 mV/s and the curves are
corrected for the uncompensated resistance. The grey curves show the activity
of the initial as-deposited clusters and the green scans are taken after steady-
state Tafel analysis and after the chronopotentiometry experiment of 12 h aging
at 10 mA/cm?. The sequence of experiments was repeated with the same sample
after 3 months. The blue curve shows the CV after the 12h chron-
opotentiometry experiment. b) Zoomed-in region around the onset potential
show the Ni®"/Ni** redox peaks. The aged Ni films have a higher redox po-
tential for the Ni(OH),/NiOOH transformation and a higher OER activity. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

3.2. OER activity and electrochemical aging

The OER electrocatalytic performance of the NigsFegs cluster
electrode in alkaline media is studied by cyclic voltammetry as shown
in Fig. 3. Obtained potentials were converted to the reversible hydrogen
electrode (RHE) reference. The results show clearly the OFR activity of
the Nig sFeq 5 clusters as OFR catalyst, as the FTO substrate is not active
in the scanned potential region. In the first scan the catalyst reached a
current density of 10 mA/cm? at 1.66 V vs RHE. In the high potential
region, the OER activity increased with every subsequent cycle during
initial eyclic voltammetry measurements. This has been previously at-
tributed to two effects: 1) addition of Fe impurities from the electrolyte
into NiOOH and 2) transformation of a-Ni(OH),/y-NiOOH to {3-Ni
(OH),/B-NiOOH via aging [10,34]. Trotochaud et al. disputed the latter
and stated that increase in OER activity can only be attributed to in-
corporation of Fe impurities from the electrolyte [5]. In this work,
deposited metallic NipsFeqs clusters are used and show an aging
transformation. We expect the metallic clusters to convert to the oxy-
hydroxide phase, consistent with the transformation reported in lit-
erature and Pourbaix diagrams [2,5,7]. This can also be appreciated by
the redox peaks in the lower potential region, which have been pre-
viously attributed to the in situ transformation from Ni(OH), to NiOOH
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Fig. 4. Chronopotentiometry (CP) at a current density of 10mA cm™2 of
Nig.sFep s on FTO. The blue curve shows the overpotential of the same sample
after 3 months of storage (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

phase [2,9,10,23,34]. Fig. 3b shows the redox peaks in more detail. The
peak area was not constant and increased every cycle, which can be
related to the increase in the amount of hydroxide phase, with respect
to the initial metallic phase in the as-deposited clusters [23]. Also, the
aged sample shows an anodic shift in the positions of the redox waves, a
phenomenon previously observed for aged Ni and mixed NiFe catalysts
[10,47-50]. After 3 months of dry storage, the same sequence of elec-
trochemical tests was repeated on the same sample (Fig. S1 in supple-
mentary). After 3 months, the same aging behavior was observed.

The long term stability of a catalyst is one of the most important
requirements for a practical water splitting devices. A useful screening
procedure for stability consists in running the electrodes at a current
density of 10mA cm™? for several hours while potential changes are
monitored [1,51]. Fig. 4 shows such a chronopotentiometry experi-
ment. Because the overpotential after 12h was only 3mV larger than
the initial value, the catalyst is considered stable during this period. The
samples could also be stored for long time periods. After 3 months of
dry storage the initial overpotential slightly increased by 30mV.
However, during the experiment the overpotential steadily decreased
and reached 372 mV after 12 h, an improvement over the freshly pre-
pared sample.

3.3. Intrinsic activity

The overpotential at the current density of 10mA cm™? is often
used to compare various catalysts, corresponding to a solar-to-hydrogen
conversion efficiency (STH) above 10% under 1 sun illumination
[9,23,51]. However, as it is not normalized by the amount of material,
it is difficult to compare the intrinsic activity of an active site. To ad-
dress this important question, the turnover frequency (TOF) is often
used [1]. The TOF is defined as the number of oxygen molecules

Table 1
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produced per second and per active site:

TOF=L
4Fn

where I is the measured current at a certain overpotential (A), F is the
Faraday constant with a value of 96,485 C mol ! and n is the number
of moles of active sites. We use the total metal mass and composition
calculated from QCM and RBS for calculation of TOF and mass activity
(A/g). The TOF is calculated assuming that all metal atoms in the
clusters are active. To calculate the number of active sites, the con-
version of cluster loading to the number of active sites n is done by
using the molecular weight of Ni and Fe with the 50% Ni and 50% Fe
ratio. The current at 300mV overpotential (corrected for un-
compensated resistance) is calculated by using steady-state Tafel plots
and by averaging the forward and reverse of (20 moving-point aver-
aged) CV scans taken at 10 mV/s. At very low mass loadings, high TOF
values can be achieved close or equal to the material’s intrinsic activity.
When comparing TOF values to other catalysts reported in literature,
care should be used because a variation in a number of parameters such
as catalyst loading, electrochemical conditions and the definition of
active site, can have a large effect on the overall activity [50]. Table 1
gives an overview of other low-loading electrodes measured in 1M
KOH. The TOF values in the table are based on the same assumption
that all metal atoms in the catalyst are active. The number of moles of
metal are calculated from QCM mass [2,14] and inductively coupled
plasma optical emission spectroscopy (ICP-OES) [9].

The steady-state Tafel equation and CV experiment after 12h of
chronopotentiometry measurement were used to calculate the activity
metrics. The Tafel slope deducted from the fit of the linear region of the
data below 1 mA cm ™~ 2, amounts to 37 mV dec™ (Fig. S2 in SI), which is
low taking into account the reported ranges between 25 and 70 mV
dec™ for NiFe-based catalysts [1,2,14,23,30,33,34]. The lowest over-
potential of 372 mV was achieved after 12h at 10 mA/cm?. Lower va-
lues for overpotential have been reported for electrodes with higher
metal loadings. In comparison to other physical deposition methods as
in the work of Bisot-Peiro et al., who produced NigsFeps thin film
electrodes by thermal evaporation, the aged cluster electrode shows a
comparable overpotential, although 4 to 5 times less material is used in
our work [23]. The calculated TOF for the NigsFegs cluster-based
electrode is comparable to those of thin film catalysts previously re-
ported in literature (Table 1). The TOF is in the same range as the
Nig.gFeg.10x electrode reported by Trotochaud et al., where directly
mixed metal oxide films were produced. They report a TOF value of
0.21 s consistent with the measured value of 0.21 s for the Nig sFeg 5
clusters measured after aging. We note however that our value is cal-
culated from a CV at 10 mV s and does not reflect the steady-state TOF
value as in the case of Trotochaud et al., who used chronopotentiometry
steps held for at least 15 min. Qiu et al. measured the OER activity of
4 nm amorphous Ni — Fe nanoparticles supported on carbon black and
report a TOF of 0.2 s,

Comparison of Nig sFeq 5 cluster electrode with catalyst activity of low metal loading electrodes published in recent years. For all measurements, the electrolyte was
1 M KOH. Data with a * are calculated by us, for mass calculations this was based on total amount of metal; # based on mass of entire oxide/oxyhydroxide film; $

+

calculated from steady-state Tafel analysis; * use of rotating disk electrode;

cyclic voltammetry at 10mV s

~1 after the second 12h chronopotentiometry

experiment; c.d = chemical deposition technique; p.d = physical deposition technique.

Method Mass (ug/cm?) 1 (mV) TOF (s 1) reference
at 10 mA/cm?) n = 300mV)
Nig sFeq 5 clusters on FTO Gas-phase laser ablation (p.d.) 0.17* 372 0.04%/0.21" This work
1 nm dense metallic Nig sFeg s film on FTO Thermal evaporation (p.d.) ca. 0.83" 370 - [23]
Nig.oFeq 10, film on Au QCM Spin casting + annealing (c.d.) 1.17 + 0.14* 3369 0.21 + 0.03% 2]
4nm Nig goFeg 310, particles on carbon Organic solution phase reduction (c.d.) ca. 23 280% 0.2% [9]
Nig sFeq 20,H, film on Au QCM Electrodeposition (c.d.) 45% 339" 0.033% [14]
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Fig. 5. SEM and HAADF-STEM images of the Nig sFey s clusters showing the
effect of electrochemical cycling: a) SEM image of clusters on FTO and b)
HAADE-STEM image on Au/C TEM grid.

3.4. Structural characterization

To better understand the correlation between the increase in OER
activity with aging and the structure and composition of the catalyst, an
intensive structural characterization of the clusters was performed.
After oxidation of the starting material and OER reaction, a structural
reconfiguration of the Nip sFeq 5 clusters occurs, as revealed by in-lens
SEM and HAADF-STEM of clusters respectively deposited on FTO and
Au/C TEM grid (Fig. 5a and b). Clusters are observed to aggregate in
elongated islands of 20-40 nm length and to lose crystallinity. This
means a strong rearrangement occurs throughout the whole structure of
the clusters during OER. Counterintuitively, this did not coincide with a
net decrease in catalytic activity.

Extensive investigation of the atomic and electronic structure and
composition of as-deposited bimetallic Nig sFeq 5 clusters on a SiO5/Si
substrate was carried out by a combination of bulk X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) at Ni K-edge. Pure Ni clusters, Ni foil and NiO were
used as reference. Before and after the catalytic OER reaction NiFe
clusters were investigated ex situ by surface sensitive XPS
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Fig. 6. a) XANES of as-deposited Ni and Niy sFeq 5 clusters at Ni K edge along
with Ni foil and NiO reference. b and ¢) Fourier Transform of fluorescence-
detected Ni K-edge k3-weighted EXAFS b) best fits of NigsFeps clusters de-
posited on Si0,/Si c) best fits of pure Ni clusters deposited on SiO,/Si.

spectroscopies.

XANES spectra of pure Ni and mixed Nij sFeg 5 clusters presented in
Fig. 6a along with Ni foil and NiO references show nearly identical
profiles lying between those of the 2 references, suggesting that both
clusters consist of a mixture of metallic and oxidic phases. This de-
monstrates that mixing an equal amount Ni and Fe atoms does not
significantly affect the local structure and the oxidation state of Ni
atoms.

The EXAFS regions of the spectra were also analyzed. The best fits of
the phase-corrected Fourier Transforms (FTs) of the (k) k3—weighted
EXAFS of mixed NipsFeps and pure Ni clusters (Figs. S3 and S4 in
Supplementary respectively) are shown in Fig. 6b and c. The structural
parameters are listed in Table S1 in the Supplementary Information.
Both FTs show mainly a double peak in the 1 to 4 A range. This doublet
was fitted with a first O contribution (N;) consisting of 2.1 to 2.5 O at
1.97-1.98 A in pure Ni and mixed NigsFeq s clusters respectively, in-
dicating that a respective fraction of ca. 35 to 42% (2.1/6 and 2.5/6 - Ni
in an octahedral oxygen coordination) of Ni atoms in these clusters is
oxidized. The short oxide bond distances (1.97-1.98 10\) suggests a
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possible mixture of NiO (Ni-O 2.08 A), B-Ni(OH), (Ni-O 2.06 A) and p-
NiOOH (Ni-O 1.9 and 2.07 A) in both clusters. The second peak in the
doublet corresponds to a shell (N5) of 1.7 Ni atoms at 2.47 Ain pure Ni
and 2.49 A in mixed clusters respectively. An additional third shell of
0.7 Fe atoms at 2.49 A (N3) could be included in the Nig sFeg 5 system.
These distances that correspond closely to the typical Ni-Ni distances
found in metallic nickel (2.48;\ in ref [52]) indicate the presence of a
fraction of ca. 65% of a pure metallic phase in pure Ni clusters and ca.
58% of a Ni-rich NiFe alloy in the mixed clusters. Finally, the fit was
completed by 1.9 -1.8 Ni at 2.91 A (N,4) and 2.4 - 2.3 Ni at 3.41-3.45 A
(Ns) in both clusters. The first contribution may correspond to the
average of the Ni-Ni distance found in NiO (2.95 A) and in Ni oxy-
hydroxide (2.86 A) and the latter one to the second neighbor shell Ni-Ni
distances in Ni metal (3.45 f\) respectively [52-54]. The average size of
the metallic core calculated from metal coordination number (CN)
corrected by the corresponding sample metal fraction, CN, (1.7/
0.65 = 2.6) in pure Ni clusters and CN,,CN3; (2.4/0.58 = 4.1) in
Nig.sFeg 5 is below one nm.

X-ray photoelectron spectroscopy (XPS) was used to obtain binding
energies of Ni 2p and Fe 2p core levels of the Nig sFeq s clusters on Au/
Si. The XPS spectra of Ni 2p, Fe 2p and O 1 s of the clusters are shown in
Fig. 7. The top and bottom row show respectively the spectra before
and after a few CV cycles. As depicted in Fig. 7a, the peak around
855.2 eV is assigned to Ni 2p5,, of Ni2*, associated to Ni(OH),, while
the peak around 856.5 eV is assigned to Ni®* of NiOOH [55-57]. The
peak at "859 eV is assigned to a higher oxidation state or a combination
of the shake-up features of the Ni(OH), and NiOOH peaks. Before re-
action, the abundance of Ni(OH), is slightly higher than NiOOH
nicorn,: Inioon: = 1: 0.7), while after reaction the abundance of NiIOOH
becomes higher than Ni(OH)> (Inicom,: Inioon: = 1: 4.7). The transfor-
mation of the as-deposited metallic to the (oxy)hydroxide phase is thus
confirmed by XPS. This is also corroborated by the O 1 s peaks observed
at "530.6 eV and 531.8 eV, respectively assigned to Ni(OH), and NiOOH
[56,58]. No peak related to NiO phase (around 529.3 eV) could be
observed [58,59]. After reaction a large water peak was visible in the O
1 s spectrum [56]. While the same phases are present at the surface of
the sample after reaction, a remarkable change of their relative abun-
dance is observed as NiOOH becomes dominant at the expense of Ni
(OH)a.

Also in the Fe 2p spectrum no metallic peak is visible (706.7 eV)
[60-62]. Two peaks around 710.8 and 712 eV, related to Fe 2ps,, of
Fe', are respectively indicative of the presence of Fe,0O3 and FeOOH
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phases [63,64]. The broad peak and close lying binding energies make
it difficult to differentiate between FeOOH and Fe,05 [65]. Also a small
peak around 709.6 eV is visible and was associated to a FeO phase [60].
After reaction the Fe peak fell below detection limits due to the low
loading. Because of the low signal-to-noise ratio, it is possible that the
Fe peak is buried in the noise level and therefore, the detection limit
could be above 5 to 10% Fe [66,67]. The disappearance of the Fe peak
may originate from a rearrangement of the two elements within the
clusters during the reaction, resulting in enrichment in Ni (NiOOH)
cluster surface and a Fe rich core. Due to the limited penetration depth
the Fe 2p peak would be invisible. For pure Fe material, the inelastic
mean free path of an electron is less than 1 nm for the kinetic energy
that was considered by us [68]. Another plausible explanation is the
leaching of iron from the surface, which is supported by reports in lit-
erature where depletion of Fe under OER reaction in KOH is observed
[65,69,70].

Combination of the results obtained by the bulk high-energy XAFS
and surface low-energy XPS x-ray spectroscopies show that upon ex-
posure to the ambient, the pure Ni and NiFe alloy metallic clusters are
partially oxidized into NiO that is then hydrated into Ni hydroxide Ni
(OH), and further oxidized into oxyhydroxide (NiOOH) phases. The
layered structure of the NiFe clusters is supported by the absence of
peaks related either to Ni metallic or to the dry NiO oxide in the XPS
analysis. This confirms that these two phases are never located at the
surface of the clusters but systematically forming their core. XPS in
agreement with the EXAFS analysis shows that the outer surface of the
particles consists of Ni(OH)» and NiOOH. Under OER conditions in 1 M
KOH, the NiOOH layer grows and becomes the dominant surface phase.
This would be in line with reports that identified NiOOH as the formed
phase under OER conditions [33,34]. The role of Fe in the Ni phase
transformation is unclear. Although it forms the NiFe alloy and a seg-
regated FeOOH phase respectively in the core and at the surface of the
non-reacted sample, it seems to fall below the XPS detection limit in the
reacted samples. Previous studies in purified electrolyte without Fe
impurities show that pure NiOOH has a low activity, which indicated
that the activity is strongly related with the incorporation of iron from
the electrolyte [2,5,7]. Fe is essential for high OER activities and is
reported to be the active site [7,34]. Using operando X-ray absorption
spectroscopy and computational methods, Friebel et al. demonstrated
that Fe is the active site for OER in the Ni,Fe; ,OOH system [6].
Therefore we hypothesize that a small amount of iron that falls below
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Fig. 7. Comparison of the Ni 2p3/2, Fe 2p3/2 and O 1 s spectra of Nip sFeo s clusters on Au/Si before and after a few CV cycles.
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the detection limit of XPS, is still present after leaching.
4. Conclusions

We have shown the validity and benefits of the CBD technology in
the preparation of model OER electrodes. This technique can deposit
highly dispersed NiFe clusters with controlled size, composition and
coverage on FTO substrate. The NigsFeqs clusters have shown sur-
prisingly high intrinsic OER activity given the ultra-low mass loading.
Our electrodes with NiFe clusters perform in the same range of the
highest intrinsic OER activities till now reported for NiFe thin films and
nanostructures, although a much lower amount of active catalyst was
used. Electrochemical aging significantly increases the OER perfor-
mance. Reexamination by SEM after OER shows a structural re-
arrangement and strong aggregation. Detailed XPS analysis after OER
shows disappearance of the binding energies in the Fe 2p zone, while in
the Ni 2p zone a large peak assigned to NiOOH was measured. Aging
may be related to the formation of a NiOOH phase at the cluster surface
observed by XAFS and XPS spectroscopies. The role of Fe in the higher
activity of mixed NiFe clusters is unclear as it seems to disappear from
the cluster surface after aging. Due to the promising results obtained by
this study, further work, in which different compositions can be
screened combined with in situ spectroscopic characterization, is ex-
pected to improve the understanding of structural and compositional
effects on NiFe electrocatalyst activity.
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