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The electrodeposition of metals generally employs several additives to avoid the formation of undesirable
byproducts such as oxides and hydroxides. Although the deposition of metals is still the main goal in the
most metals electroplating, the applicability of these byproducts might be an interesting field which is
not explored in detail so far. In this work, the significance of water splitting reaction in clean energy pro-
duction, employing NiFe hydroxides formed during the metals electrodeposition, is demonstrated for
oxygen evolution reaction. The synthetized materials are composites of three components easily pre-
pared in one-step by means of electrodeposition. Specifically, a granular NiFe alloy is obtained over which
local pH variation and chloride presence induce the formation of a layered double hydroxide structure.
The study of the influence of solution composition, deposition time, and deposition potential on the cat-
alytic properties of the composites with respect to the oxygen evolution reaction are analyzed.
Deposition times of few seconds, deposition potentials in the range �1.4 to �1.6 V vs. Ag/AgCl/KCl3M,
and solutions containing Fe(II), Ni(II) and high chloride concentrations, lead to the best catalysts, showing
an g10 mA cm�2 about 0.280 V.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Metal oxy/hydroxides have received great attention as materi-
als suitable for many applications mainly as anode for water split-
ting (WS) cells, a fundamental device in the field of energy
conversion and storage [1–4]. The search of new materials and
methods for storing renewable energy is primordial to replace fos-
sil fuels; a great challenge in the current world. Hydrogen is a fun-
damental chemical resource for clean energy generation due to its
high energy density, which guarantees the applicability by means
of burning it or in fuel cells. However, to be applicable in fuel cells,
it is needed a highly pure hydrogen [5] but currently hydrogen is
obtained by the steam-reforming of fossil fuels, which generates
CO2 as one of the products of the reaction. As an alternative, the
WS is a technology of no CO2 emission [6]. On other hand, the
WS requires the improvement of both efficiency and costs of pro-
duction. For example, the utilization of noble metals as electrodes
implies a good efficiency of the WS process [7,8] with low overpo-
tentials for both hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) [9], but the cost of producing these elec-
trodes is too high because the precursors are very expensive, and
the large-scale applicability of these materials is difficult. As an
alternative to reduce the costs for WS process, new procedures
for easily fabrication and the development of new catalysts based
on oxy/hydroxides of earth-abundant metals have been proposed
since they have shown promising results for OER. Qi et al. [10] have
demonstrated that nickel-iron oxides exhibit, for this reaction,
overpotentials about 330 mV to reach current densities of 10 mA
cm�2 in alkaline solution (0.1 M KOH). Cobalt-iron oxides have
been also studied for WS, and CoFe oxides synthetized by chemical
reduction using borohydrate-nitrate medium have showed over-
potentials lower than those obtained using rare metals oxides such
as RuO2 [11]; nevertheless, CoFe oxy/hydroxides display worse cat-
alytic properties when compared to NiFe ones, a fact that is posi-
tive owing to the lower price of nickel.

The preparation method of OER catalysts is fundamental to
successively implement them at industrial level. Solvothermal
[12–14] and hydrothermal [15–17] synthetic routes have been
proposed to produce nanostructured materials appropriate for
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OER catalyst but they are expensive methods that imply long time
of synthesis, further cleaning and separation of the catalysts, and
high temperatures. Furthermore, the catalysts must be incorpo-
rated on the electrode by means of binders. Electrodeposition can
be an alternative and low cost method for OER catalysts fabrication
because it allows room-temperature and large-scale fabrication
and, moreover, permits the synthesis directly on the electrode
avoiding the use of binders [18–22]. In this line, electrochemical
fabrication of NiFe oxy/hydroxides and layered double hydroxides
(LDH) structures as catalysts for OER have been proposed, through
assisted electroreduction of NO3

� (Eq. (1)), which induces the for-
mation of OH� ions promoting the hydroxides precipitation on
the surface electrode [23,24] (Eq. (2)):

NO�
3 þ 7H2Oþ 8e� ! NHþ

4 þ 10OH� ð1Þ
Mnþ þ xOH� ! MxOHn ð2Þ
Another approach to prepare these catalysts is the electrodepo-

sition of NiFe films and posterior oxidation in alkaline medium to
obtain catalytic oxides [25,26], which exhibits good catalytic
responses but makes the process laborious. Oxides and hydroxides
formation is usually prevented in metals or alloys electrodeposi-
tion [27–29], but it might be interesting for the synthesis of oxi-
dized species for water splitting. In this context, we have
recently proposed a nitrate-free, one-step and fast electrodeposi-
tion process to obtain films of CoFe covered with LDH [18] that
may be adequate to catalyze OER reaction. Recently, the chemical
deposition of iron oxidized species onto nickel foam (NF) was
reported where it was demonstrated that after a further oxidation
in alkaline medium, a layered double hydroxide structure were
formed in the NF surface [30]. Although the proposed method
reveals to be scalable and fast for the synthesis of catalysts, the dif-
ference between the g10 mA cm�2 value of bare NF and NiFe-LDH/NF
does not shows significant values (higher than 100 mV) as com-
pared to other works [17,18,31,32].

Herein, we present a novel electrochemical procedure to pre-
pare competitive catalysts (glassy carbon/NiFe alloy/NiFe-LDH
composites) for OER, exhibiting the following advantages: (1) it
is a fast (few seconds), easy and one-step method to obtain, with-
out the use of binders, stable catalysts, (2) directly allows obtaining
both a conductive sub-layer of NiFe alloy of high surface area and
the catalytic NiFe-LDH open structure containing chloride ions, (3)
does not require the use of nitrate, (4) permits the formation of cat-
alysts of defined area and (5) uses a simple deposition bath. Addi-
tionally, this work shows the utilization of so-called byproducts in
metal electrodeposition and analyzes the influence of each one of
the factors controlling the deposition procedure (time-deposition,
bath composition and applied potential) to optimize the conditions
for obtaining the more effective composites for OER. A simple way
to evaluate the potentiality of the electrodeposits by a simple
voltammetry scan of the deposition bath is also demonstrated.
2. Experimental details

2.1. Electrodeposition process and catalyst synthesis

The deposition bath was prepared by dissolving FeCl2.4H2O
(Sigma-Aldrich 99.0%) and NiCl2�6H2O (Panreac Analytical Grade)
in Milli-Q quality water. Different amounts of KCl were added to
analyze the influence of the chloride concentration in the deposi-
tion process and in the characteristics of the deposits. The solution
was purged and maintained in Ar atmosphere, to avoid the Fe2+

oxidation during all the deposition process. The pH of the solution
varied from 2.5 to 4, depending on the salts concentration.
Glassy carbon (GC) electrodes with geometric area of 0.071 cm2

were polished to mirror-like finishing with alumina slurry of 0.3
lm and employed as working electrodes. For the electrodeposition
process, an Ag|AgCl|KCl(3M) reference electrode was used, while the
counter electrode was a Ti/Rh spiral.

The deposits were prepared potentiostatically by using a
microcomputer-controlled potentiostat/galvanostat AUTOLAB
PGSTAT30 and the GPES software. The potentials were applied
for different times from 1 to 60 s for all the deposited materials.

2.2. Electrochemical response of the catalyst

Polarization curves of the deposits prepared on GC were
recorded at a scan rate of 5 mV s�1 in 1 M NaOH solution, using a
reversible hydrogen electrode (RHE) as reference electrode and a
Ti/Rh spiral as counter electrode. Electrochemical surface area
(ECSA) was obtained in NaOH 1 M at 50 mV about the region of
double layer capacity (region without Faradaic contribuition) in
different scan rates.

2.3. Surface characterization

The prepared materials were characterized by XPS (X-ray pho-
toelectron spectroscopy), with a PHI 5500 Multitechnique System
(from Physical Electronics) containing a monochromatic X-ray
source (Aluminium Kalfa line of 1486.6 eV energy and 350 W). X-
ray diffracttometry (XRD) was performed with a PANalytical X’Pert
PRO MPD powder diffractometer, with Bragg–Brentano geometry
and h/h goniometer. Nickel filtered Cu Ka radiation (k = 1.5418 Å)
and a work power of 45 kV–40 mA were used. Field emission scan-
ning electron microscopy (FE-SEM) analysis was performed using a
JEOL J-7100 operating with electron acceleration of 2 keV.
3. Results and discussion

3.1. Study of Ni-Fe electrodeposition

Voltammetric studies of the Ni(II) + Fe(II) system in acidic chlo-
ride medium have been performed over glassy carbon (GC) sub-
strates to define the influence of chloride concentration and [Ni
(II)]/[Fe(II)] ratio on the deposition bath. The electrodeposition pro-
cess of the Ni-Fe system has been studied at different [Ni(II)]/[Fe
(II)] ratios (1/0.25 to 1/1) and compared with the electrodeposition
of both pure Ni and Fe in the same medium (Fig. 1). In all cases, the
voltammetric curves of the Ni-Fe system allow to detect, in the
cathodic scan, a small current, corresponding to proton reduction
[33,34], followed by a clear reduction peak due to Ni-Fe deposition
and, at more negative potentials [34], a new reduction current
related to massive hydrogen evolution (Fig. 1A–C). The exact posi-
tion and intensity of the deposition peak is obviously dependent on
the specific concentrations. The comparison of the voltammetric
curves with those of pure-Ni (Fig. 1D) and pure-Fe (Fig. 1E) demon-
strates that Ni and Fe deposit simultaneously (in a single peak) in
the Ni-Fe solution. Deposits were more easily oxidized when the
iron content (the less noble metal) in the Ni-Fe deposits increased,
revealing that Ni-rich alloys are more resistant to the oxidation.
The increasing on [Ni2+] decreases the oxidization due to the fast
formation of a passive layer based on nickel species, which block
the surface and prevent the electro-oxidation of the alloy. In nickel
and nickel-iron electrodeposition the addition of boric acid on the
plating bath are common to avoid the surface passivation [35],
however, in this work, the absence of additives are desirable to
improve the byproducts formation.

Chloride ions form complexes with the cations (although in low
proportion) (Fig. 2 [36]) and also can adsorb on the electrode or in



Fig. 1. Cyclic voltammetry of the deposition baths of (A) NiFe 0.1:0.025 M, (B) NiFe 0.1:0.05 M, (C) NiFe 0.1:0.1 M, (D) Ni 0.1 M, and (E) Fe 0.05 M.

Fig. 2. Fraction of different (A) Fe2+ and (B) Ni2+ species as a function of the pH in an aqueous chloride-containing system [36].
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the deposit [37,38], as the manner that the deposition process can
be affected by the chloride concentration. Fig. 3A and B shows that
when potassium chloride is added to the Ni-Fe solution (Fig. 3A),
the reduction current in the backward scan clearly decreases
because of the adsorption of free chloride ions on the initial formed
deposit. In the anodic scan, oxidation current drastically decreases



Fig. 3. Cyclic voltammograms of a FeCl2 0.05 M + NiCl2 0.1 M, (A) at 10 mV s�1, with different chloride concentrations and (B) at 50 mV s�1 with KCl 0.5 M at different
inversion potentials.
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as the chloride concentration increases, which reveals a higher sta-
bility of the deposits prepared in an excess of chloride. Therefore,
0.5 M has been selected as the more adequate concentration of
KCl. Moreover, a high concentration of chloride ions is desired to
favor the entrapment of these ions during the forced formation
of oxidized species during the electrodeposition, in order to form
NiFe-LDH structures.

When, in this solution, different cathodic limits can be com-
pared (Fig. 3B); it is observed that when the cathodic limit attains
the potentials corresponding to hydrogen evolution, oxidation of
the deposits clearly decreases, which discloses the formation of
oxidized species over the initial Ni-Fe that hinders (passivates)
alloy oxidation. Metal hydroxides were formed over the metallic
deposit because of the local variation of pH on the electrode
accompanying hydrogen evolution.
3.2. Preparation and characterization of NiFe-based catalysts

Voltammetric studies have been carried out to select different
potentials to perform the synthesis of Ni-Fe-based catalysts for
OER, one corresponding to the onset of the deposition process
(�1.0 V), other related to metals deposition followed by some
hydrogen evolution (�1.4 V), and the third regarding the massive
hydrogen evolution over metallic deposit formation (�1.8 V).
Fig. 4 shows the shape of the chronoamperometric curves recorded
during fast deposits formation. The curves display that when the
potential is more negative, a second process takes place, after the
reduction of the metallic ions. This second process corresponds
to hydrogen evolution, very significant at �1.8 V, as the manner
that at �1.4 and �1.8 V the formation of oxidized species is
expected over the first deposited metals, as a consequence of the
local pH variation accompanying the hydrogen gas formation.
When the deposits are observed by SEM, a thin layer of granular
deposit is detected by applying �1.0 V, whereas at �1.4 V the
deposit shows, over the metallic thin layer, a non-compact layer,
probably of oxidized species. Deposits obtained at �1.8 V are
mostly composed of the oxidized species. The mechanism of
hydroxide growth in chloride medium was evaluated in a recent
work of Ritzert and Moffat [39] by the study of Ni(OH)2 formation
during the electrodeposition of metallic Ni on gold microelectrode.
The authors showed by in situ microscopy and cyclic voltammetry
employing SECM (scanning electrochemical microscopy) that
under potentials higher than �1.5 V, the hydroxides products were
deposited heterogeneously upon the surface, while at lower depo-
sition potentials, the fast nucleation of Ni(OH)2 induces the homo-
geneous deposition. This fact agrees with the morphologies
obtained in this work.
All the deposits present oxygen and chlorine in their structure
(Table 1, EDS results), but with an increasing proportion of both
components as the deposition potential is shifted to more negative
values. The fast deposition rate at negative potentials and the oxi-
dized layer formation can favor the entrapment of chloride ions in
the global deposited structure. The Ni:Fe ratio in the deposits var-
ied from 3:1 to 2:1 in the �1.0 to �1.8 V potential range since the
voltammetric curve reveals that nickel electrodeposition (Fig. 1D)
starts at less negative potentials than iron (Fig. 1E) leading to Ni
richer deposits at �1 V. On the other hand, the standard reduction
potential for Ni2+ is nobler than Fe2+ and the increase on Ni content
on the deposit obtained at �1.0 V is consistent. The present com-
position used in this work reveals that there is no anomalous code-
position in the NiFe alloys, as expected for a high chloride
concentration solution [40].

The high resolution (HR) XPS spectra of the different elements
show (Fig. 5) that the chemical environment of all the elements
is very similar, except for oxygen. The Ni 2p peaks at 855.8 and
873.5 eV, associated to the Ni 2p3/2 and Ni 2p1/2 bands of Ni-OH
bonds, and the satellite peaks at 861.5 and 879.3 eV, exhibit the
presence of nickel(II) hydroxides [41]. The deposit obtained at
�1.8 V shows a small peak at 852.7 eV related to the Ni 2p3/2 of
a metallic phase, and a small band at 706.7 of Fe(0), indicating a
NiFe alloy. Nevertheless, these peaks are not observed in the
deposit obtained at �1.4 V, probably due to the presence of a
thicker oxide layer. The bands at 711.3 and 725.0 eV are related
to the binding energy of Fe 2p3/2 and Fe 2p1/2 in Fe(III) environment
[42,43]. Li et al. [44] reported similar XPS data for NiFe-LDH elec-
trodeposited in nitrate solution, where only hydroxylated species
were synthetized . The Ni 2p and Fe 2p signals indicate that the
samples prepared at �1.4 and �1.8 V present similar oxidized spe-
cies on the surface of the deposit, mainly of Ni(II) and Fe(III), but
the higher thickness of the LDH obtained at �1.4 V does not permit
the detection of the metallic layer. The similar Ni and Fe species in
the HR-XPS spectra of the two samples are also observed in the Cl
2p band. The Fig. 5C (HR-XPS Cl 2p) shows two peaks at 198.0 and
199.5 eV, with a DEB (Difference between 2p1/2 and 2p3/2 peaks) of
1.6 eV, corresponding to the Cl 2p3/2 and Cl 2p1/2 to a chlorine in
ionic state [45], which indicates that chloride species are inside
the metal oxide matrix, as expected for a chlorine LDH interlayer.
The O 1s spectrum depicts contributions at 529.7, 531.4 and
532.6 eV on the spectra of the �1.8 V deposit (see deconvoluted
spectra at supporting information), which can be assigned to
metal-oxygen, M–O–H, oxygen ions at the surface with low coordi-
nation [46] and structural water bonded and inside the deposit
structure [47], respectively. All the deconvoluted HR-XPS spectra
can be seen in Fig. S1.



Fig. 4. Chronoamperometric curves and SEM images of the deposits obtained at different potentials.

Table 1
Deposits composition obtained by EDS.

Deposition Potential/V Ni/at.% Fe/at.% O/at.% Cl/at.%

�1.0 39.0 12.8 44.8 3.4
�1.4 15.6 6.3 69.0 9.1
�1.8 15.9 7.9 57.7 18.5
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The XRD profiles of the deposits obtained at�1.0 and�1.4 V are
illustrated in Fig. 6. In both cases, a crystalline fcc metallic phase of
Ni-Fe alloy (Ni-rich) is formed (PDF-65-3244 pattern), correspond-
ing to a Ni-Fe with Ni-rich phase [48], which agrees with the com-
position obtained by EDS and with the [Ni(II)]/[Fe(II)] ratio in the
solution. Deposit obtained at �1.4 V presents diffraction peaks of
both Ni-Fe alloy (in red) [49,50] and NiFe-LDH structure (in blue)
[51], which corroborates the oxidized species also observed by
XPS. The crystalline grain size for the Ni-Fe alloy has been esti-
mated by Scherrer’s method and reveals to be 23 nm and 15 nm
for the deposits obtained at �1.0 and �1.4 V, respectively. The
large peaks of the NiFe-LDH (in blue) ca. 34� and 61� 2h degrees
are observed due to the overlap of two peaks and can be attributed
to the nanocrystalline behavior of the LDH products. The observed
metallic alloy on the XRD pattern of the sample obtained at �1.4 V
agrees with the metallic nanograins showed by SEM (Fig. 4).

As a summary of the characterization of the deposits obtained
from the selected bath, we found that, through a simple one-step
procedure, deposits are constituted of a granular Ni-Fe alloy cov-
ered by Ni(II) and Fe(III) oxidized species, identified as NiFe-LDH
structures (containing chloride), which might be promising effec-
tive and stable catalysts for OER in alkaline medium. The scheme
showed in Fig. S2 represents the multi-layered structure obtained
at �1.4 V, composed of Ni-Fe nanoparticulate alloy covered with
NiFe-LDH, with water and chlorine in its interlayer structure and
Fig. S3 demonstrates the steps involved in the multilayered com-
posite growth.
3.3. Test and optimization of catalysts for OER

The GC/NiFe/NiFe-LDH structures have been tested as effective
catalysts for OER in alkaline medium. Deposits prepared at differ-
ent potentials, chloride concentrations and [Ni(II)]/[Fe(II)] ratios
have been used to enhance the oxygen evolution reaction, in order
to select the best catalysts, based on the quantification of the onset
potential, overpotential, and Tafel slope for the reaction. The influ-
ence of the deposition potential on the catalytic properties of the
films is shown in Fig. 7A and Table 2, which suggests best catalytic
properties at more negative applied potentials for the deposition.
However, by the chronopotentiometric curves (Fig. 7B) obtained
at 10 mA cm�2 (in geometric area) is possible to observe lower
overpotentials when the deposition potentials are ca. �1.3 to
�1.6 V. This behavior is owing to the observation of different sur-
face reactions at 10 mA cm�2 in the polarization curves, instead of
OER. At deposition potentials lower than �1.3 V, it is observed two
small shoulders on the polarization curves (ca. 10 mA cm�2),
attributed to a residual current of the Ni(II) to Ni(III) oxidation in
the Ni-rich alloy (less positive potentials) [52] followed by the Ni
(II) to Ni(III) reaction on the NiFe-LDH [53]. In this sense, the
obtaining overpotential by the chronoamperometric curves is
more reliable and reveals lower g10mA cm�2 for the materials pre-
pared at �1.4 V. To comprehend the high catalytic performance
obtained at �1.4 V, electrochemical active surface science of the
materials deposited in different potentials were obtained from
the cyclic voltammetry of the double layer zone (Fig. S3). Deposits



Fig. 5. XPS-HR (a) Ni 2p, (b) Fe 2p, (c) O 1s and (d) Cl 2p of the deposit obtained at �1.4 and �1.8 V vs Ag|AgCl|KCl3M during 5 s.

Fig. 6. XRD patterns of deposits obtained at �1.4 and �1.0 V vs. Ag|AgCl|KCl(3M).
Blue pattern: NiFe//LDH, red pattern: Ni3Fe alloy.
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prepared at �1.4 V present the maximum value of CDL (double
layer capacitance), which suggests a higher electrochemical sur-
face area (ECSA) for these deposits, in according to their best cat-
alytic performance. ECSA values clearly decrease for the deposits
prepared at potentials more negative than �1.6 V, probably due
to the formation of a very thin layer of LDH as it is observed by
XPS when the metallic sub-layer is detected.

At the best conditions (�1.4 V, 1:0.5 Ni: Fe ratio, [KCl] = 0.5 M
and deposition time of 5 s) Tafel slopes were about 120 mV dec�1,
which suggests that the third step of the OER reaction is the rate
determinant one [54]. In general, Tafel slopes increase when the
Ni:Fe ratio also increases, which demonstrates that the incorpora-
tion of Fe into the Ni deposits improves the catalytic performance
(Table 2). Furthermore, IR drop correction has not been applied to
the curves showed in Fig. 7, which may cause an overestimation of
g10 mA cm�2 and Tafel slopes. Although the modernity of the instru-
ments allow a real time correction by positive feedback and cur-
rent interrupt IR compensation, a careful attention should be
attained because the over correction of the IR drop decreases the
values of Tafel Slope and overpotential, leading to misleading
results.

The deposition time has been also optimized by analyzing the
polarization curves of the deposited catalysts (Fig. 8A). Too short
times of synthesis (1 s) lead to highg10mAcm-2, due to the formation
of deposits mainly constituted by metallic Ni-Fe alloy. On the other
hand, deposition times higher than 5 s lead to deposits with exces-
sive proportion of hydroxides, as can be deduced by the higher
deposition time, or with lower catalytic sites. Therefore, the best
catalytic properties are obtained for deposits prepared in the inter-
val of 1–10 s. With regard to the influence of the chloride concen-
tration (Fig. 8B), the catalytic properties improve when the
concentration is high, indicating that chloride interlayer enhances
the OER catalysis. Recently, Kou et al. [55] studied the doping of Co
(OH)2 with chlorine for OER, and showed that Cl-doped Co(OH)2
exhibits better performance for OER than the non-doped material.
The main explanation given by the authors is the introduction of
defects in the materials, which develops new active sites for the
oxidative catalysis. Lastly, increasing the [Ni]/[Fe] ratio from 1 to
4, the g10 mA cm�2 decreases revealing the importance to attain
the Fe-sites on the NiFe-LDH. The best catalytic performance for



Fig. 7. (A) Polarization curves obtained at 5 mV s�1, (B) Chronopotentiometric curves for deposits obtained at different potentials in 1 M NaOH solution and (C) Cdl of the
materials deposited at different potentials.

Table 2
Catalytic parameters of the different conditions of electrodeposition. PC is for the parameters obtained polarization curves and CP for chronopotentiometric.

Deposition Potential/V Time/s KCl in solution/M Ni:Fe PCgonset/V PCg10 mA cm�2/V Tafel Slope/mV dec�1 CPg10 mA cm�2/V

�1.0 5 0.5 1:0.5 0.294 0.332 83 363
�1.1 0.294 0.332 79 320
�1.2 0.275 0.311 79 310
�1.3 0.247 0.273 102 287

�1.4 1 0.5 1:0.5 0.269 0.310 84 –
5 0 1:0.5 0.290 0.342 97 –

0.2 1:0.5 0.238 0.282 127 –
0.5 0:0.5 0.380 >450 168 –

1:1 0.272 0.320 107 –
1:0.5 0.242 0.271 112 284
1:0.25 0.245 0.274 120
1:0 0.280 >450 228

10 0.5 1:0.5 0.257 0.292 126
20 0.5 1:0.5 0.266 0.298 151

�1.5 5 0.5 1:0.5 0.245 0.277 81 289
�1.6 0.238 0.263 124 286
�1.7 0.221 0.230 210 306
�1.8 0.222 0.235 202 306
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the OER is reached when the deposits are obtained in conditions
that passivated species are formed and detected in the stripping
scan of the voltammetric curves (Figs. 1 and 3). In addition, better
performance is also achieved with low Fe2+ concentration in the
solution, because an increase of its concentration leads to lower
amount of hydroxylated species in the deposit. The nature of cat-
alytic properties have been reported to iron(III) octahedral sites
on the NiOxHy surface [56] inducing edges/defects, which pro-
motes a slightly decrease of the e� per nickel and the conductivity
[57]. Differently from the approach showed by Klaus et al. [58], in
this work the impurities of the electrolyte by iron ions should not
influence the response of the catalyst due to the direct synthesis of
the mixed oxy/hydroxide by electrodeposition. Although the simi-
lar response of catalyst prepared by electrodeposition and sputter-
ing as studied by Bell group [59], the methodology employed for
the present study reveals an deposition of metal/hydroxides com-
posites and furthermore allows the intercalation by chloride ions,
which displays better results for OER than the typical NO3

� interca-
lated anions [51].

The correlation found between the quality of the catalysts in the
polarization curves of OER and the cyclic voltammetric response of
the deposition baths allows proposing a novel and simple way to



Fig. 8. Polarization curves for deposits obtained at 5 mV s�1 at different (A) deposition time. (B) chloride concentration and (C) Ni:Fe ratios.
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evaluate transition metal oxides/hydroxides as promising OER
electrocatalysts.

Once optimized the best catalysts for OER from the results of
Table 2, the comparison with previous catalysts proposed in the lit-
erature (Table SM1 of supplementary material) reveals that not
only the procedure of preparation is easier and faster, but also
the GC/Ni-Fe/NiFe-LDH composites are really new competitive
materials for OER.
4. Conclusion

The utilization of typical byproducts formed during metals elec-
trodeposition for catalytic purpose has been demonstrated and the
best conditions for their synthesis evaluated. By employing a one-
step ultra-fast electrodeposition (few seconds) in a free-nitrate Fe
(II) + Ni(II) solution on glassy carbon substrate permits directly
obtain effective hydroxides layers upon a metallic matrix. The best
conditions (�1.4 V, 5 s) are those leading to the formation of a con-
ductive granular Ni-Fe layer over which a non-compact LDH layer
with intercalated chloride has been formed. Moreover, the best
catalysts must include chloride intercalated in the LDH. The easy
method and the excellent catalyst properties (g10 mA cm�2 � 280
mV, Tafel slopes <120 mV dec�1) show that our procedure and
material are efficient and is an alternative to the current proce-
dures for the synthesis of OER catalysts.
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