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� Overpotential of NiFe LDHs was 333–
411 mVRHE, lower than for RuO2 (507
mVRHE).

� Increase in LDH crystallinity led to an
increase in OER overpotential.

� OER overpotential did not change for
Ni/Fe ratio between 2:1 and 4:1.

� O2 measurements with
microelectrode revealed a non-
tafelian behaviour of NiFe LDHs.
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a b s t r a c t

The Oxygen Evolution Reaction (OER), half-reaction of the water-splitting process for hydrogen produc-
tion, suffers from sluggish kinetics. NiFe materials appeared as interesting catalytic materials for this
reaction in alkaline electrolyzers and have been studied, particularly in the form of NiFe Layered
Double Hydroxides (LDH). However, the impact of the specificity of the atomic arrangement in the
LDH and of its composition on the catalytic efficiency of the material are still unknown. Herein, LDH
are synthesized with Ni/Fe ratios from 2 to 4 and different levels of crystallinity to assess their electro-
catalytic behavior in 0.1 M KOH. Statistical analysis of the electrochemical results allows to highlight that,
while no effect from the atomic ratio is observed, an increase in the crystallinity of the LDH seem detri-
mental to the catalytic efficiency.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

For hydrogen to become competitive compared to fossil fuels,
cost effective and sustainable catalytic materials are needed for
low-temperature water-electrolysis. The oxygen evolution reac-
tion (OER) is the main limiting step of the overall water-splitting
process, as it presents a large overpotential in comparison to the
thermodynamic limit of 1.229 V vs. RHE. This is the main driving
force for the current research on electrolyzers for the OER. Well-
studied RuO2 and IrO2 present good efficiency, however, sustain-
ability requires the replacement of these critical elements by mate-
rials containing Earth-abundant elements [1,2]. In the last decades,
an increased interest appeared for mixed hydroxides of Ni and Fe
for OER application, as described in the recent review of Gao and
Yan [3]. These include layered double hydroxides, which struc-
turally consist of positively-charged, brucite-like layers with
edge-sharing M(OH)6 octahedrons (M = Ni, Fe), charge-balanced
by interlayer anions plus water molecules. These Ni-Fe layered
double hydroxides (LDH) were reported to present low overpoten-
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tial and low Tafel slope for OER in alkaline media [4,5], which are
very important catalytic indicators.

Although the particular platelet like structure of LDH is often
mentioned as an advantage leading to a large surface area of the
catalyst [6,7], it is not yet clear why this specific material is effi-
cient towards OER and whether it is due to the elemental compo-
sition or to its particular structure. A better understanding of the
OER reaction mechanisms is necessary to highlight the characteris-
tics allowing faster kinetics in order to obtain an efficient design of
this type of catalysts. The impact of several factors on the OER cat-
alytic activity of Ni-Fe LDH has been evaluated, such as the Ni/Fe
ratio of the cationic layer [8,9], the nature of the intercalated anion
[10], or the effect of delamination of the LDH [6,11]. However, the
wide range of experimental conditions and material analysis pro-
cedures reported, the lack of information to fully replicate the pub-
lished works and, consequently, the scattering of results obtained
in different works leads to difficult comparison of the published
results. As a result, newcomers in the field can easily doubt on
the main factor(s) behind the good efficiency claimed for these
materials.

It is worth to mention that current alkaline electrolyzers indus-
trially used are often Ni-based electrodes, at which surface the
reaction takes place [2]. On these electrodes, a strong layer of
hydroxides with different structures and level of hydration is
formed upon cycling. Some groups studied the effect of different
amounts of Fe in Ni hydroxides on the efficiency towards the
OER, but without ever mentioning the name of LDH structure
[12]. Others reported the interesting properties of combining Ni
and Fe elements in electrodeposited [12], sputtered [12], or chem-
ically bulk-synthesized hydroxides[1].

In the case of Ni-Fe in LDH structure, the observation we made
is that the literature rarely considers and discuss the importance of
both the ratio and the crystallinity of the catalyst in a single work,
or at least not explicitly, which is the objective of this work.

As regards to the ratio of metallic cations, Oliver-Tolentino
et al. reported the bulk preparation of Ni-Fe LDH of MII/MIII ratios
1.5 and 2, obtaining better efficiency towards OER with ratio 1.5,
containing more Fe, which is considered to allow the activation of
Ni centers by partial-charge transfer mechanism [8]. Zhou et al.
prepared Ni-Fe samples with different ratios, from pure Ni
hydroxide to Fe oxide [9]. Of all these compositions, we consider
that only the sample with MII/MIII ratio of 2 can be considered to
have a LDH structure and it is the one that presented the highest
efficiency on their work. Later, Görlin et al. studied nanosized Ni-
Fe oxyhydroxides catalysts of different metallic ratios and
obtained an optimal activity towards OER for a MII/MIII ratio of
0.8 [13]. They suggested that the good OER efficiency of the cat-
alyst was related to the distortion of the matrix around the
metallic active sites [13].

These two last works open the discussion on the role of the
structure and the atomic ordering of the material. It is well known
that, for any catalyst, the arrangement of the atoms and structure
of the material play an important role in its electrochemical behav-
ior. In particular, it is commonly accepted that a low degree of crys-
tallinity can lead to high amount of defects which are considered to
be good active sites [14]. Hall et al., when reviewing Ni(OH)2 mate-
rials [15], verified that the reasons for this increased efficiency are
still uncertain, being not clear whether the electron vacancies are
induced by impurities or by high level of disorder. Electrodeposited
Ni-Fe hydroxides [16] and sprayed Ni-Fe oxides [17] with amor-
phous structures are claimed to be very good catalysts thanks to
the rough surfaces, high structural disorder and improved charges
transfer rate resulting from the low order range nature of the
material. Regarding the Ni-Fe LDH, the crystallinity of these mate-
rials is still poorly studied. Only three papers are reported in the
review of Diogini and Strasser in 2016 under this topic [18]. Tro-
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tochaud et al. prepared amorphous electrodeposited Ni-Fe oxyhy-
droxide subjected to electrochemical aging, leading to an
increase of long range order perpendicular to the metal cation
sheets [19]. In the electrochemical tests, they obtained no clear dif-
ference of OER efficiency with or without aging, which led them to
the conclusion that the long range order had no impact on the
activity of the material and that structural defects did not enhance
the activity [19]. This conclusion is in line with the work of Song
et al., who prepared highly crystalline LDH to then exfoliate them
to obtain single sheets (no stacking of the metal hydroxides sheets)
[11]. Although the ordering within the 2D layer was not men-
tioned, they got a noticeable increase in efficiency, which was
not entirely due to the increase in electrochemical surface area of
the material and which may be due to a higher amount of edges
giving a different electronic configuration of the active sites, simi-
larly to defects. Later, the work of Xu et al. focused on the effect of
the intercalated anion and the crystallinity of the LDH on the effi-
ciency towards OER [20]. They used a Ni/Fe ratio of 3 and observed
that the higher crystallinity led to a decrease of efficiency. Never-
theless, the smaller size of the lengthly hydrothermally treated
particles also induced a higher surface area which may be the
cause of the improvement. In the work of Xiong et al., highly crys-
talline LDH were prepared and then reduced to create defects
through oxygen vacancies allowing better performance [21]. Thus,
based on this literature review, it is possible to wonder to which
extent is the LDH ordered structure, with its characteristic platelet
morphology, relevant towards OER, when compared to a disor-
dered Ni/Fe oxyhydroxide.

To help answer this question, the present work gives insights on
the importance of the ratio and crystallinity of the Ni-Fe LDH cat-
alyst for its efficiency towards the OER. The approach followed to
extract the electrochemical performance parameters can be
divided into three main parts. First, the experimental setup and
measurements carried out were validated using RuO2 as bench-
mark. This intends to prove that the conditions in which the mea-
surements were done are line with the literature. Second, NiFe
LDHs prepared with different degrees of crystallinity and Ni/Fe
ratios were characterized using a method proposed by McCrory
et al [22,23]. This part aims to generate data that can be directly
compared with other works performed under the same conditions,
thereby reducing differences in performance resulting from the
breath of experimental conditions used for the preparation of the
electrodes and not of the electrocatalyst properties per se. Third,
the data obtained, namely overpotential and Tafel slopes, were
not just reported but critically analyzed: in the case of overpoten-
tial values, statistical analysis was performed in order to identify
trends beyond random fluctuations, while in the case of Tafel
slopes, O2 measurements using microelectrodes were performed
in order to unambiguously identify the region of O2 evolution
and evaluate whether Tafel slopes could be extracted or not. Alto-
gether, this is an original approach and it is expected to shed light
on the properties that can actually affect the electrocatalyic prop-
erties of NiFe LDH family towards OER, with implications on the
design of electrolyzers at industrial level.

Herein, Ni-Fe LDH intercalated with carbonates were synthe-
sized with different degrees of crystallinity through a simple
hydrothermal method, for different Ni/Fe ratios. The carbonate
intercalated hydroxide was chosen as it is the most stable form
of Ni-Fe LDH and, hence, would present less degradation by
anion-exchange in electrolytes containing potential impurities,
making it an ‘‘application-friendly” catalyst. Their efficiency as cat-
alysts for the OER was evaluated and compared with standard
RuO2 as a benchmark. The Tafel slopes and overpotentials were
correlated with the structural features of the synthesized nanos-
tructured Ni-Fe. Finally, the difficulty in comparing the electro-
chemical results with published data is discussed.
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2. Experimental section

2.1. Synthesis

Ni-Fe/CO3 LDH were synthesized using co-precipitation method
in aqueous solution to obtain materials with a Ni/Fe ratio of 2, 3
and 4 [8,24]. The LDH were prepared by dropwise addition of an
aqueous solution (25 mL; pH = 12.5) of NaOH (1.17 v) and Na2CO3

(0.34 v) to an aqueous solution (25 mL) of nitrate metallic salts
(0.5 v), under vigorous stirring at room temperature. The metallic
salt solution was prepared with the desired Ni/Fe ratio. After com-
plete addition, the resulting brownish slurry was stirred for two
hours (final pH = 9). Half of the slurry volume is kept aside and
called Ni/Fex-AsPrep (x = Ni/Fe ratio). The rest of the slurry was
thermally treated in an autoclave at 120 �C for 24 h and named
Ni/Fex-HT. All six samples were rinsed with DI water and cen-
trifuged 3 times to eliminate any salt residues.
2.2. Materials characterization

The LDH slurries were dried overnight in oven at 80 �C and
ground to a fine powder. The powder X-Ray diffraction was
recorded using a PANalytical Xpert Pro instrument with Cu Ka radi-
ation (k = 1.5418 Å) and graphite monochromator. Phase analysis
was performed using the PDF-4 + 2019 database from the Interna-
tional Center for Diffraction Data. The profile matching of the
obtained pattern was performed with the FullProf software, using
a cell of space group R-3 m (166).

The morphology of the materials was observed by Scanning
Electron Microscopy with a Hitachi S-4100 system using an elec-
tron beam energy of 25 keV. The sampling was made by drop-
casting a suspension of the LDH powder on a Si wafer. LDH samples
were also analyzed by HR-TEM, using a transmission electron
microscope energy-filtered TEM EF 200 kV, JEOL brand, model
2200FS, high-resolution electron gun Schottky emission (SE),
omega type energy filter column spectrometry with electron
energy loss EELS.

The particles sizes and Zeta potentials were measured with a
Malvern ZetaSizer Nano ZS apparatus and LDH dispersions pre-
pared from dried powders and sonicated at least 5 min in water
to ensure good particles dispersion.

Attenuated total reflectance infrared spectra of dry LDH pow-
ders were collected with a Bruker Optics tensor 27 Fourier
Transform-IR spectrometer, equipped with a Golden Gate ATR
accessory plate. The spectra were collected at room temperature
in ambient air, and 128 scans were averaged for each sample.

Atomic Absorption Spectroscopy was performed on the samples
dissolved in HCl (37 %) using an Avanta apparatus from GBC Scien-
tific equipment with an air-acetylene flame to measure the amount
of Fe (Lamp: 248.3 nm at 6 mA, with slit of 0.2 nm) and Ni (Lamp:
232.0 nm at 5 mA, with slit of 0.2 nm).
2.2.1. Electrochemical characterization
2.2.1.1. Preparation of modified electrodes. A glassy carbon rotating
disk electrode (GC RDE) with 3 mm diameter was used as support-
ing electrode after being polished successively with SiC papers
(P2500 and P4000) and suspensions of alumina powder (1 mm
and 0.3 mm particle size), rinsed and sonicated 2 min in DI water
after each polishing and dried in air. Aqueous suspensions of cata-
lysts (0.5 mg mL�1) were prepared from the LDH powder and son-
icated 30 min. The glassy carbon RDE were modified by drop-
casting the suspension (11 mL) and let dry 30 min in air, giving a
final catalyst loading of 28 mg cm�2. The RDE was then covered
with a thin film of ion conductive polymer by drop-casting a Nafion
solution (11 mL of 5 wt% Nafion� perfluorinated resin solution from
3

Sigma-Aldrich diluted 100 times in ethanol) and let to dry 5 min at
room temperature to avoid the detachment of the catalyst. The
electrode was then installed as prepared in the electrochemical
cell. A powder of ruthenium (IV) oxide (Alfa Aesar), deposited with
the same procedure on the electrode, was used as a benchmarked
electrocatalyst to evaluate the performance of the synthesized Ni-
Fe LDH.

2.2.1.2. Electrochemical setup. The electrochemical experiments
were performed using an Autolab PGSTAT 302 N potentiostat with
the GPES software. The measurements were carried out at room
temperature, inside a Faraday cage, in a cell with three-electrode
configuration, with the GC RDE as working electrode, a saturated
calomel electrode (SCE) as reference and a Pt wire as counter elec-
trode. The testing electrolyte was 0.1 M KOH electrolyte. Before
each experiment oxygen was bubbled in the cell for at least
20 min and the RDE rotated at 1600 rpm driven by an Autolab
rotator and motor controller. The electrochemical characterization
followed McCrory et al. [22,23]. A conditioning stage was per-
formed consisting of 20 cyclic voltammetry sweeps in the 0–
0.8 V vs. SCE potential range at a scan rate of 10 mV s�1. This step
allowed the stabilization of the catalyst and Nafion layers, verified
by at least 5 identical last scans. Then, three cycles were measured
at 5 mV s�1 between 0 and 0.8 V vs. SCE to extract the figures of
merit: overpotential and Tafel slope. The stability of the modified
electrode was tested by chrono-potentiometry for 2 h at
10 mA cm�2. All polarization potentials reported are relative to
the reversible hydrogen electrode (RHE) and current densities per
geometric area (0.196 cm2). The small catalyst loading and the fact
of being impregnated in Nafion, prevented the use of XRD or XPS to
verify compositional and structural changes after the experiments,
as discussed in other works [25].

2.2.1.3. Statistical analysis. Electrochemical data (overpotential val-
ues; n = 5 per each material) was submitted to statistical analysis.
Data normality and homoscedasticity were previously tested using
Shapiro-Wilk and the Spearman tests (p < 0.05), respectively. A
two-way analysis of variance was then used to compare the statis-
tical OER differences among synthetized materials, considering the
factors ‘‘treatment type” and ‘‘Ni/Fe ratio”, followed by the Tukey’s
multiple comparison test, whenever significant differences were
observed (p < 0.05). The statistical analysis was performed with
the software Prism version 8.
3. Results

Ni-Fe/CO3 LDH were synthesized by co-precipitation with a Ni/
Fe ratio of 2, 3 and 4. Part of the powders were further subjected to
a hydrothermal treatment (HT). As such, six samples were pro-
duced, three resulting directly from the synthesis, and named Ni/
FeX-AsPrep, and three coming from the HT and named Ni/FeX-
HT (where X = Ni/Fe ratio)

3.1. Material characterization

The aspect of the prepared materials is observed by scanning
electron microscope (SEM) (Fig. 1). The as-prepared samples pre-
sent aggregates of poorly defined shapes, while the heat-treated
samples display individual platelets with approximate hexagonal
shape, as reported for several LDH-type materials [26–28]. More
particularly, the sample Ni/Fe4-HT has the aspect of a desert rose,
probably due to the higher content of Ni, as this morphology is
characteristic of some Ni(OH)2 materials [15].

The average particle size (Z-Ave) of the studied LDH dispersed
in deionized water, which is presented in Table 1, varied between



Fig. 1. SEM study of the morphology of the LDH particles of Ni/Fe ratios of 2, 3 or 4 and as-prepared or with hydrothermal treatment (24 h at 120 �C).

Fig. 2. FTIR measurement of the six synthesized samples with highlights of the
main bands observed in LDH structures.

Table 1
Dynamic Light Scattering (Z-Average values) and zeta-potential measurements on the
dispersions of the LDH of Ni/Fe ratios of 2, 3 or 4 and as-prepared or with
hydrothermal treatment (24 h at 120 �C).

Sample Z-Ave ZP

d.nm Std. dev. mV Std. dev.

Ni/Fe2-AsPrep 490 41 +45 3
Ni/Fe2-HT 242 5 +40 1
Ni/Fe3-AsPrep 758 42 +43 2
Ni/Fe3-HT 432 16 +51 1
Ni/Fe4-AsPrep 527 107 +40 4
Ni/Fe4-HT 568 126 +41 1

Table 2
Chemical composition: Determination of Fe and Ni weight content of each sample by
AAS and calculated molar ratio.

Sample wt% of Fe wt% of Ni Molar Ni/Fe ratio

Ni/Fe2-AsPrep 15.4 30.9 1.9
Ni/Fe2-HT 14.3 38.6 2.6
Ni/Fe3-AsPrep 11.0 34.4 3.0
Ni/Fe3-HT 11.4 33.7 2.8
Ni/Fe4-AsPrep 8.5 36.6 4.1
Ni/Fe4-HT 8.6 36.0 4.0
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242 nm and 758 nm. These values should be considered more as an
order of magnitude than as the exact particle sizes, because the
particles have platelet-like shape and not the spherical form
required by the dynamic light scattering theory [29]. Moreover,
the measured entities seem to have been mainly aggregates com-
posed of smaller particles, appearing on SEM images with widths
between 50 nm and 250 nm. Table 1 also presents the zeta poten-
tial (ZP) of the particles. The values ranged between + 40
and + 50 mV, allowing for the stabilization of a dilute suspension
of particles in deionized water due to electrostatic repulsions
(concentration < 0.1 mg mL�1), which is important for preparing
well dispersed suspensions of LDH for the electrochemical
measurements.

The attenuated total reflectance infrared (ATR-FTIR) measure-
ments (Fig. 2) confirm the presence of CO3

2– in the LDH samples,
with a strong absorption band at 1350 cm�1. The large band
around 3500 cm�1 corresponds to O-H stretching and the one at
1630 cm�1 to the H-O-H deformation, showing qualitatively the
hydration of the LDH samples. Bands under 1000 cm�1 correspond
to bonds between oxygen and metallic atoms forming the hydrox-
ide layers [30].

The results of the chemical analysis of the dissolved materials
through atomic absorption spectroscopy (AAS) are displayed in
Table 2. The molar ratios of the synthesized materials correspond
4

to the expected ones, except for the sample Ni/Fe2-HT. The solu-
tion of Ni/Fe2-HT contained some undissolved particles remaining,
corresponding to an oxide phase, which was hence not analyzed
with the rest of the solution, leading to a lower amount of Fe mea-
sured than for Ni/Fe2-AsPrep. This observation proves that the LDH
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phase obtained in the case of the Ni/Fe2-HT has a higher Ni/Fe ratio
than expected.

Fig. 3a displays the X-ray diffraction patterns for the three com-
positions investigated in this work, both as-prepared and after
hydrothermal treatment. The pattern is matched with the peaks
corresponding to the rhombohedral structure of Iron-Nickel Car-
bonate Hydroxide Hydrate of formula Ni6Fe2(OH)16(CO3)�4H2O
(computed pattern JCPDS 01–082–8040). The peaks (003), (006)
and (009) are characteristic of the layered structure of the 3R
LDH polytype, from which can be extracted the basal spacing of
7.7 ± 0.15 Å, typical of a carbonate-intercalated LDH [28]. The sam-
ple Ni/Fe2-HT has a pattern with more defined peaks in the region
2h = 35� to 60�. This region corresponds to the reflections of the
interlayer, which let us suppose that the molecules forming the
interlayer are more ordered in this sample.

For each sample, the average crystallite size in the a direction is
estimated by the Scherrer equation using the full width at high
maximum of the (110) peak, determined by fitting together
(110) and (113), often overlapped. The obtained crystallite sizes
are ranging between 8 and 33 nm (Fig. 3b). It is worth to note that
these values are a low-end estimate of the actual crystallite sizes,
as the broadening of the diffraction peak can be due to local imper-
fections in the lattice such as strain and chemical heterogeneities.
As expected, the crystallite size increased after hydrothermal treat-
ment, for all the Ni-Fe LDH compositions considered in this work.
Moreover, bigger crystallite sizes were obtained for samples with
lower Ni/Fe ratio, which suggest a link between the amount of MIII

cations in the structure and the propensity of the hydroxide layers
to stack more regularly. In the case of well-defined hexagonal pla-
Fig. 3. a) Powder XRD patterns of the prepared samples. b) Crystallite size in a direction
(units: Å).
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telets for Ni/Fe2-HT and Ni/Fe3-HT visible on SEM pictures, the
actual crystal sizes correspond to the width of the platelets, which
is ranging between 80 and 120 nm, meaning 3 to 15 times the esti-
mated crystallite sizes. Hence, the values estimated through the
Scherrer equation are not to be considered as the actual size of
the LDH crystal but as a parameter to assess the quality of the
long-range order of the structure.

To explore further the crystallinity of the samples, the profile
matching of the diffraction patterns was performed using the Full-
Prof software using a R–3 m symmetry to extract the cell parame-
ters. Both parameters a and cwere found to increase with the Ni/Fe
ratio (Fig. 3c). This is consistent with the size of the cations, as the
bivalent nickel is 0.08 Å bigger than the trivalent iron, according to
the Shannon tables [31]. The c parameter increases with the Ni/Fe
ratio, which is also consistent with the fact that the layers are less
positively charged and hence, the attraction between layer and
interlayer is smaller, leading to a less ‘‘compact” stacking.

The XRD pattern of the sample Ni/Fe2-HT presents additional
peaks which do not correspond to the Ni-Fe carbonate hydroxide
structure (Fig. 3a). Such pattern has also been observed in other
works synthesizing Ni-Fe LDH by hydrothermal technique
[24,32] and were assigned to the spinel structure of the NiFe2O4

phase (JCPDS: 00–054-0964). The hydrothermal treatment in auto-
clave, carried out with the aim to enhance the growth of the LDH
particles, promoted the segregation of an iron-rich phase. A similar
work, where the material is thermally treated under lower condi-
tions of temperature (50 �C) and pressure does not present the
NiFe2O4 phase [8], which shows that this segregation is due to
the higher temperature applied to the sample. It is worth of men-
[peak (110); units: Å]. b) Cell parameters (a and c) extracted from the XRD results
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tion that the spinel structure is consistent with the presence of
insoluble particles found when dissolving the Ni/Fe2-HT sample
for AAS measurements was attempted (cf. Table 2).

Transmission electron microscopy (TEM) was used to more
clearly identify some features evidenced in SEM and XRD analyses.
TEM images depicted in Fig. 4 reveal that the obtained Ni-Fe LDHs
present a plate-like morphology, with some hexagonal shapes
being identified, especially for samples subjected to hydrothermal
treatment (Ni/Fe2-HT, Ni/Fe3-HT, Ni/Fe4-HT). Moreover, particle
size of individual particles increases after hydrothermal treatment.

The sample Ni/Fe2-HT, which revealed a secondary phase by
XRD (recall Fig. 3), actually presents a few particles which have dif-
ferent shape and density (highlighted with an orange circle in
Fig. 4). This could be associated with the NiFe2O4 formed after
hydrothermal treatment. However, it must be mentioned that
due to the overlapping of these particles with LDH particles,
diffraction analysis could not be performed to unambiguously
identify this secondary phase.

3.2. Electrochemical characterization

Cyclic voltammograms (CV) obtained for the neat glassy carbon
electrode, the RuO2 benchmark and the LDH samples are displayed
in Fig. 5 after ohmic drop correction of the data. The glassy carbon
substrate presents no current in the studied potential range. The
electrochemical procedure was first validated by experiments
using commercial RuO2 powder as a benchmark. Working elec-
trodes were prepared following the procedure reported by Jung
et al. with commercial RuO2 [22], with a catalyst loading of
800 mg cm�2. We obtained a similar Tafel slope (67 mV dec-1)
Fig. 4. TEM Images of Ni-Fe LDHs. Orange circle in the TEM image of Ni/Fe2-HT highligh
phase detected by XRD.
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and an overpotential of 290 ± 11 mV, lower than the reference
value (the overpotential at 10 mA cm�2 was 380 ± 20 mV and
the Tafel slope was 65 mV dec-1) [22]. Following these tests, the
LDH loading was reduced to 28 mg cm�2 in order to obtain a stable
film, not possible with the 800 mg cm�2 loading.

The CVs of the different prepared electrodes (Fig. 5) exhibit an
increasing catalytic current for potentials more positive than
1.5 V vs. RHE, corresponding to the onset of the OER. In compar-
ison, the electrode prepared with RuO2 showed a catalytic current
lower than the LDH samples, leading to an overpotential of 500 mV
at 10 mA cm�2. The curves of the LDH are very similar to one
another, however, the current slope corresponding to the OER
was higher for AsPrep samples, leading to lower overpotentials at
10 mA cm�2 compared to the hydrothermally treated samples. In
the case of LDH with a Ni/Fe ratio of 4, an additional wave
appeared at 1.49 V (Ni/Fe4–AsPrep) and 1.52 V (Ni/Fe4-HT), which
was attributed to the NiII/NiIII oxidation [8]. In samples with lower
Ni/Fe ratio, this feature is less visible due to the lower Ni content
and to its overlapping with the OER peak. Confirming the change
of the Ni state at this potential, a change of color from light to dark
brown was detected, more perceptible in the materials with higher
Ni. In the reverse scan, the NiIII/NiII reduction peak appeared in
each Ni/Fe LDH sample, from 1.43 V to 1.40 V, in the order Ni/F
e2-HT > Ni/Fe2-AsPrep > Ni/Fe3-HT > Ni/Fe3-AsPrep > Ni/Fe4-H
T > Ni/Fe4–AsPrep. This order may illustrate the availability of Ni
atom in each LDH for changing its oxidation state upon
polarization.

In the E vs. log(i) plots of the cyclic voltammetry data obtained
for each of our samples (Fig. 6a), different regions are visible. The
main linear region appears at low currents (0.01 to 1 mA cm�2)
ts particles with different shape and density, that can be associated with secondary



Fig. 5. Cyclic voltammetry measurements of the glassy carbon substrate, the RuO2

reference and LDH particles of Ni/Fe ratios of 2, 3 or 4 and as-prepared or with
hydrothermal treatment (24 h at 120 �C).
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and is identified with red lines in the graph. It is attributed to the
oxidation of NiII to NiIII, with a low Tafel slope, between 20 and
30 mV dec-1, highlighting the fast reaction kinetics. To confirm that
OER was taking place at higher potentials, the voltammograms
were repeated with an O2 micro-sensor close to the electrode sur-
face for detecting the potential at which O2 was formed. For these
experiments the glassy carbon electrode did not rotate and was
facing up. The micro-sensor was a 10 lm platinum disk polarized
at a potential were O2 is reduced with limiting control (in this
experiment �0.8 to �1 V vs SCE). The idea is that the current mea-
sured by the microelectrode will be constant and proportional to
the concentration of dissolved O2 in the bulk solution but should
immediately increase as soon as O2 starts to be generated in the
glassy carbon electrode with catalyst. The result is presented in
Fig. 6 b) and shows the superposition of the current measured in
the GC electrode with LDH catalyst and the current measured by
the O2 sensing microelectrode. The � axis depicts the potential at
Fig. 6. a) Tafel plot of the LDH samples with different ratio and hydrothermal treatment
Identification of the region were O2 is formed (OER) in sample Ni/Fe4-AsPrep with the h

7

the GC. The O2 reduction current measured at the microelectrode
is negligible until the GC potential reaches 0.5 V vs SCE. Then, for
more positive potentials, the current increases rapidly until the
saturation of the measuring device (1 nA) is reached. This experi-
ment was performed with all LDH samples and confirmed that
O2 was produced at potentials higher than the linear region of
the Tafel plot. In these plots, the region corresponding to the OER
does not present a Tafelian behavior, making difficult its determi-
nation with confidence. This supports the suggestion of McCrory
et al. about the possible change of reaction mechanisms with
change of potential [23]. Based on these findings it was decided
to not use in this work the Tafel slope as a figure of merit to assess
the efficiency of the catalyst.

Fig. 6
The overpotential values measured on the ohmic drop-

corrected plots at 10 mA cm�2 are reported in Fig. 7a. Each elec-
trode was also submitted to a stability test to observe the evolution
of the overpotential while applying a current of 10 mA cm�2 for
two hours (Fig. 7b). No important degradation of the electrodes
has been observed as the increase of the overpotential was kept
under 50 mV for all electrodes. The mean overpotentials varied
between 330 mV and 410 mV. These values are higher than the
reported for the best materials [4,20,21], but it is important to note
that in this study a low catalyst loading was used and no conduc-
tive carbon material was added to the ink. Furthermore, the aim of
this paper is to compare samples in the same conditions, as the
comparison with materials from other publications using the over-
potential is not accurate, owing to the number of experimental
parameters that can influence the results. Qualitatively, two main
findings can be highlighted: (i) the overpotential decreased in the
AsPrep samples with increasing Ni/Fe ratio and (ii) the overpoten-
tial of the Ni/FeX–HT samples was larger for any of three Ni/Fe
ratios surveyed, which seems to indicate that the higher crys-
tallinity due to the hydrothermal treatment leads to lower
efficiency.

Fig. 7
The observations performed in the previous paragraph are

based on the comparison of the mean values of the figure of merit
chosen to describe the efficiency of the electrocatalysts (cf. Fig. 7a).
An analysis of variance (ANOVA) of the results of the overpotential
. The linear part highlighted in orange correspond to the oxidation of NiII to NiIII. b)
elp of an O2 microsensor.



Fig. 7. a) Average overpotential extracted from CV curves. b) Chronopotentiometric tests of the electrodes at a current of 10 mA cm�2.

M. Wilhelm, A. Bastos, C. Neves et al. Materials & Design 212 (2021) 110188
was performed using the 2-way ANOVA test to evaluate the effect
of the hydrothermal treatment and of the Ni/Fe ratio. To the best of
our knowledge, no study on NiFe LDH for OER catalysis takes into
consideration the importance of samples replication and the data
variability. In the present study, five replicates of electrode for each
LDH were tested, from which we extract the overpotential value.
The assumptions of data normality and homoscedasticity were
successfully verified through Shapiro-Wilk and Spearman’s test,
respectively, before performing the 2-way ANOVA tests. The
ANOVA statistical analysis highlighted the effective impact on
the thermal treatment on the catalyst efficiency: a hydrothermally
treated LDH sample is more crystalline and present a significantly
higher overpotential than its non-treated counterpart
(F(1,24) = 22.48, p < 0.0001), while the Ni/Fe ratio caused no statis-
tically relevant differences in measured OER values (F(2,24) = 2.29,
p = 0.1225) (pls. cf. Table S1).

The Tukey’s multiple comparison test showed that there is dif-
ference in the overpotential values measured between samples of
Ni/Fe4 LDH AsPrep vs. HT (pls. cf. Table S1). No significant overpo-
tential differences were found in the comparison AsPrep vs. HT for
the other two ratios, neither between samples with similar
hydrothermal treatment and different ratios (pls. cf. Table S1).

This study raises awareness about results reported in the liter-
ature taking conclusion on the impact of metal ratios or crys-
tallinity of the sample without mentioning repeatability of the
electrochemical measurements. The preparation of the working
electrode can have as much impact as the difference of Ni/Fe ratio
in the ranges studied in this work.
4. Discussion

Firstly, the electrochemical characterization presented in sec-
tion 3 highlights that the layered double hydroxides prepared in
this work present a lower overpotential than the RuO2 reference
material, justifying once again the efforts in better understanding
and developing NiFe electrocatalyst LDHs.

Then, when comparing samples within AsPrep or HT group sep-
arately, we observe that the increase of Ni/Fe ratio implies an
increase in the cell parameters a and c linked with a decrease of
the positive charge of the LDH layer due to less divalent Fe atoms.
Many references [8,9,13], report a better efficiency for lower Ni/Fe
ratios (1.5, 2 and 0.8 respectively), as if a higher concentration of Ni
would be unfavorable for the catalyst efficiency. However, from the
results of this study, the changes in composition and structure do
not introduce significant electrocatalytic differences.
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On the other hand, the statistical analysis of the electrochemical
data shows that using a more crystalline material on the electrode
results in a lower electrocatalytic performance. In our work, it was
seen for NiFe4-AsPrep vs. NiFe4-HT but less clearly for lower Ni/Fe
ratios. These results are consistent with a work reported by Xu
et al. in 2015, which shows, through the comparison of overpoten-
tials, that a LDH material with a Ni/Fe ratio of 3 presents lower effi-
ciency when it is hydrothermally treated, mentioning that lower
crystallinity provides less confined active sites [20]. However, the
discussion does not make the distinction between the atoms order-
ing and the size of the LDH particles inducing a higher surface area,
which could be the cause for the improvement. Another work, from
Gao et al. also concludes that the amorphous nature of the material
makes it more flexible and hence more stable over time to electro-
chemical processes in comparison to crystalline materials [16],
although their material is preconditioned for a long time to achieve
the higher catalytic efficiency, which eventually may lead to a rear-
rangement of the material in more stable phases. The interest of
defects for electrocatalysis is also discussed in the work of Tro-
tochaud et al., in 2014, which mentions that the increase of effi-
ciency of a b-(NiOH)2 is due to the inclusion of Fe impurities, and
not to the more ordered structure than in the a-(NiOH)2 [19]. They
conclude that the long-range order in the material seems unimpor-
tant. Görlin et al. discussed this point in a work on nanosized Ni-Fe
oxyhydroxides catalysts of different metallic ratios and highlighted
that the higher OER efficiency of the catalyst is related to the dis-
tortion of matrix around the metallic active sites [13]. Hence, from
the results obtained and what is seen in the literature, it seems that
more disordered material is more efficient, in terms of
overpotential.

Mostly, the present study reinforces that the importance of the
LDH phase in the NiFe mixed hydroxide lies in the fact that this
structure allows a ‘‘meta-stable” phase of the hydroxide, prevent-
ing phase segregation, but the long-range order or the platelet-
like morphology does not seem necessary and would even be detri-
mental for the electrochemical efficiency of the material. In paral-
lel, the effect of the metallic cation ratio is not clear. More
fundamental studies would help determine if the discussion of
the influence of the Ni/Fe ratio is overrated as a single factor or if
it is a combination of the presence of Fe with a distorted b-
Ni2(OH) structure that can be the right direction for the develop-
ment of better NiFe-based electrocatalysts.

From an application-based point of view, the statement that the
hydrothermal treatment is detrimental for the catalytic efficiency
is interesting as it allows to remove a time and energy-intensive
step from the catalyst production process.
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On a more general note, there are several recent works in the
literature reporting promising eletrocatalysts for different reac-
tions [33–35]. The strategy followed in this work could be
extended in a general way to the design of similar materials.

5. Conclusions

This work exposes views on the currently highly studied NiFe
layered double hydroxides for efficient catalysis of the OER. Both
the Ni/Fe ratio and the crystallinity of the synthesized material
are investigated to highlight their influence on the electrocatalytic
activity of the Ni/Fe LDH. No evidence was found for any impact of
the Ni/Fe ratio in the efficiency of the OER but the hydrothermal
treatment performed to obtain a higher crystallinity of the cata-
lysts leads to a decrease of their efficiency. In conclusion, this work
renders insights on the structure and Ni/Fe ratio, which are rele-
vant for the design of NiFe LDHs. Future works will involve the
use of other catalyst supports to increase the loading of catalyst
and test the material closer to the application conditions, namely
using larger current densities.
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