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Robust and Bifunctional Electrodeposited NiCoCr Ternary
Alloy for Alkaline Water Electrolysis

Jeoffrey Tourneur, Corinne Lagrost, and Bruno Fabre*

1. Introduction

Worldwide energy consumption should increase about 60%
from 2010 to 2040,[1] which has a strong environmental impact
by threatening climate and causing global warming. Therefore,
research needs to stay focused on finding new ways to produce
and store energy. Hydrogen is an energy vector that is attracting
growing interest because of its high mass energy density
(123MJ kg�1). Nowadays, it is used as a chemical reagent to
desulfurize oil or produce ammoniac by Haber–Bosch process.[2]

It is also an emerging fuel for mobility, and it could become a
solution to store the excess of energy produced by intermittent
and renewable sources of electricity.[3] Hydrogen is currently pre-
dominantly produced by steam reforming of methane, which is a

polluting process leading to the emission of
greenhouse gases. The development of new
routes toward the generation of carbon-free
H2 is a major challenge to be addressed for
a successful hydrogen economy. In that
context, the production of green H2 by
water electrolysis is an easily scalable elec-
trochemical process but still expensive due
to the scarcity and the cost of noble metals
like Pt, Pd, Ir, or Ru used as electrodes in
electrolyzers.[4] These metals are employed
principally into proton exchange mem-
brane electrolyzers in acid medium.[1,5]

This medium leads to the highest current
densities to produce H2 but is very corro-
sive. As alternative technologies, anion
exchange membrane electrolyzers show
great promises because they allow the
use of Earth-abundant and low-cost transi-
tion metals as electrocatalysts for both
anode and cathode with an electrocatalytic
efficiency competing with that of Pt group

metals.[6] In that context, several reports have demonstrated the
high efficiency and stability of Ni-based bimetallic electrocata-
lysts for both hydrogen evolution reaction (HER) and oxygen evo-
lution reaction (OER) in alkaline medium.[7–10] In an effort to
standardize the evaluation of the catalytic performance of such
materials, Jaramillo and co-workers have previously reported a
benchmarking study of numerous electrodeposited Ni-based
binary alloys incorporating, for example, Co, Cr, Mo, Fe, La,
or W.[11] These alloyed materials were easily and quickly prepared
from the electrochemical reduction of the two corresponding
metallic salts.[11,12] Other groups have also demonstrated that ter-
nary alloys such as NiCoFe,[13,14] NiCoMo,[15,16] NiCrMo,[17]

NiFeMo,[18,19] and NiFeCr[20] are excellent candidates for HER
and OER. Mo arouses interest because of its high ability to adsorb
protons while Ni can dissociate water.[21] The precise role of Fe is
still under discussion, it could either act as an active site for the
reaction or activate the reaction.[22,23] Co is known to catalyze
HER and OER, while Cr is usually considered for its ability to
effectively protect the catalytic alloy against corrosion.[24,25]

The aim of this work is to explore the possibility to improve
both electrocatalytic efficiency and durability of NiCo and NiCr
alloys by combining these three base metals in the form of a
NiCoCr ternary alloy. This so-called medium-entropy alloy is well
known for its outstanding mechanical properties and its irradia-
tion resistance[26–28] but to date, it has never been tested for elec-
trocatalytic purposes. Herein, such an alloy was prepared using a
simple and convenient electrodeposition method from the
electrochemical reduction of the corresponding metal salts.
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Electrodeposited NiCoCr ternary alloy is explored as a cost-effective and
Earth-abundant alternative electrocatalyst for hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) in alkaline conditions. Different metal salt
concentrations (between 10 and 100mM) and cathodic current densities (between
75 and 225mA cm�2) are tested to prepare an optimized material exhibiting both
the best electrocatalytic efficiency and robustness for water splitting. Combining
electrochemistry with complementary physicochemical characterizations (scan-
ning electron microscopy, energy-dispersive X-ray spectroscopy analysis, and X-ray
photoelectron spectroscopy) has enabled to gain a deep knowledge of the com-
position, morphology, and catalytic activity before and after long-term electrolytic
tests. Compared with the related NiCo and NiCr binary alloys, NiCoCr shows
catalytic performance for HER similar to NiCr and higher than that of NiCo. In
contrast, its catalytic activity for OER is quite comparable to that of NiCo and
higher than that of NiCr. Importantly, the presence of Cr is found to be beneficial to
increase the oxidation resistance of the ternary alloy. This work provides a scalable
way to produce bifunctional and robust electrode materials.
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This novel catalytic material exhibits a bifunctional catalytic activ-
ity for OER and HER in alkaline solution and its performance
metrics is compared to those of the related binary alloys.

2. Results and Discussion

2.1. Preparation and Characterization of NiCo, NiCr, and
NiCoCr on Nickel Foam Substrates

The catalytic alloys were prepared from the electrochemical
reduction of the corresponding metal cations (in the form of
NiCl2, CoCl2, and CrCl3) on nickel foam (NF). In order to obtain
an homogeneous deposit, a crystal modifier (ethylenediamine
dihydrochloride) was added.[13] Different metal chloride concen-
trations (between 10 and 100mM) and cathodic current densities
(between 75 and 225mA cm�2) have been tested and these exper-
imental parameters were optimized in order to produce a film
that strongly adhered to NF and not impair its porosity (Table S1,
Supporting Information). Moreover, sufficiently high current
densities were required to promote the electrodeposition of Cr
fromCr3þ due to the highly negative redox potential of the couple
Cr3þ/Cr with respect to Ni2þ/Ni and Co2þ/Co: E°(Cr3þ/
Cr)=�0.74 V versus reversible hydrogen electrode (RHE),
E°(Ni2þ/Ni)=�0.25 V versus RHE, and E°(Co2þ/
Co)=�0.28 V versus RHE.[29] Globally, such characteristics
were obtained by applying a moderate current density
(75mA cm�2) for a long period (10min) in a diluted metal salt
bath. When a high current density was applied (>150mA cm�2),
a crust immediately formed and closed pores of NF (as shown in
Figure S1, Supporting Information, for NiCoCr). If the electro-
deposition time was too short (1 min), no deposit was observed
even at a high metal salt concentration (Figure S1, Supporting

Information). During the electrodeposition process, hydrogen
bubbles were released and could structure the deposit as a porous
template[30] (Figure S2, Supporting Information).

The morphological and microstructural characteristics of the
different optimized alloys were evaluated by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) (Figure 1). All the electrodeposited materials homo-
geneously covered the NF support. However, it is worth noticing
that the Cr-containing films showed some cracks which were
absent in the structure of NiCo. It is anticipated that such an
aerated structure should facilitate the removal of H2 and O2

gas bubbles during electrolytic HER and OER tests, respectively.
Moreover, the EDX analysis confirmed the presence of the
expected metal elements which were uniformly distributed on
NF (Figure 1j–l and S3–S5, Supporting Information). We also
note the presence of Cl for all samples (with an average content
lower than 3 at%) probably coming from the chloride salts used
for electrodeposition.

The X-Ray diffraction (XRD) patterns of the optimized alloy-
coated NF samples are shown in Figure S6, Supporting
Information. Only the peaks assigned to different Ni forms,
namely, Ni(111), Ni(200), and Ni(220), were visible for all sam-
ples at �44.6°, 51.9°, and 76.4°, respectively. Furthermore, any
distinct Co and Cr peaks were not observed in the spectra.
Such a result is not surprising and is common for electrodepos-
ited binary or ternary Ni alloys.[13,18] However, a careful exami-
nation of these spectra showed a slight shift of the Ni(111) peak
position to lower angles for NiCoCr as compared to those of NiCo
and NiCr, 44.5 versus 44.6°. This downshift in 2θ observed
for NiCoCr was thought to be caused by the incorporation of
the larger Cr atoms (atomic radius: 0.166 nm) in the alloy while
no significant shift of the spectrum was observed for NiCo due to
similar radii of the Ni (0.149 nm) and Co (0.152 nm) atoms.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 1. SEM images at a–d) low and e–h) higher magnifications of a,e) bare NF, b,f ) NiCo, c,g) NiCr, and d,h) NiCoCr electrodeposited on NF. EDX
mapping of i–l) NiCoCr showing the homogeneous distribution of Ni (j, blue), Cr (k, yellow), and Co (l, pink).

www.advancedsciencenews.com www.advenergysustres.com

Adv. Energy Sustainability Res. 2024, 5, 2300133 2300133 (2 of 9) © 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

 26999412, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aesr.202300133 by U

niversité D
e R

ennes, W
iley O

nline L
ibrary on [04/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergysustres.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Faesr.202300133&mode=


The surface composition of the samples was probed by X-ray
photoelectron spectroscopy (XPS). For all materials, the survey
spectra displayed the characteristic peaks corresponding to the
expected elements, namely, Ni, Co, Cr, and O (Figure S7,
Supporting Information). The presence of adventitious C, Cl,
and N was also detected for the three materials at comparable
levels, probably coming from ethylenediamine dihydrochloride
in the electrodeposition bath. The atomic ratios Co/Ni and
Cr/Ni were evaluated from the XPS survey spectra (Table S2,

Supporting Information). They were in the range 0.73–1.26
and were rather consistent with an equiatomic metal stoichiom-
etry in the alloy. High-resolution core-level spectra for Ni2p,
Co2p, and Cr2p were recorded and peak-fitted to show the chem-
ical states of the different metallic elements (Figure 2). The high-
resolution spectra of Ni2p exhibited the characteristic doublet
structure of Ni2p3/2 and Ni2p1/2 with an energy separation of
17.6 eV due to spin–orbit splitting. A careful peak fitting
of the Ni2p3/2 component was performed since identical

Figure 2. Peak-fitted high-resolution core-level spectra for the a–c) Ni2p3/2, d,e) Co2p3/2, and f,g) Cr2p3/2 regions of a,d) NiCo, b,f ) NiCr, and
c,e,g) NiCoCr.
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information could be drawn for the other Ni2p1/2 component
(Figure 2a–c). The peaks for the three catalytic materials could
be fitted with two NiII components at 855.6� 0.2 eV and
856.8� 0.2 eV and associated with their usual satellites peaks
at �861.0, 863.5, and 866.5 eV.[31–33] The main contribution at
855.6� 0.2 eV corresponds to Ni(OH)2 while the second smallest
one (5–15%) is probably due to the presence of residual NiCl2 salt
used for electrodeposition (Table S3, Supporting Information)
following analyses in previous works.[31–35] In addition, a small
contribution (less than 10%) of Ni3þ at 857.5 eV could be also
detected for the NiCoCr material that might arise from surface
oxidation of Ni(OH)2 upon exposure to air.[34] Note that an addi-
tional peak at 858.2� 0.4 eV was also used to model the valley
between main peaks and satellites, corresponding to the inter-
band loss of energy.[36,37] The high-resolution Co2p spectra
showed the typical spin–orbit splitting into two components
Co2p3/2 and Co2p1/2. Only the Co2p3/2 component was peak-
fitted in order to elucidate the chemical nature of the materials.
The Co2p3/2 spectra have a complex structure because of the
coupling between the 2p core-level hole and the high spin valence
electrons, resulting in multiplet splitting. For both NiCo and
NiCoCr, the spectra could be fitted with two peaks at
780.7� 0.2 eV and 782.6� 0.2 eV, corresponding to the enve-
lopes of the multiplet splitting,[38] and two broad satellite peaks
at higher binding energy (786.3� 0.3 eV and 790.5� 0.4 eV)
(Figure 2d,e). Such a curve fitting fully agrees with the presence
of Co(OH)2, while the presence of other Co oxides or hydroxides,
notably CoOOH (Co3þ) could be discarded since peaks at lower
binding energy and a different fingerprint for the satellites con-
tribution are expected for these species.[39] The Cr2p spectra of
NiCr and NiCoCr also consist of doublets due to spin–orbit cou-
pling. The Cr2p3/2 was decomposed with three components
(Figure 2f,g). The first signal at 576.6� 0.2 eV could be ascribed
to Cr2O3, while the two other ones at 577.9� 0.2 eV and
580.3� 0.2 eV corresponded to the contributions of Cr(OH)3
and Cr(VI) species, respectively.[31,33] From the peak areas, the
relative concentrations of Cr2O3, Cr(OH)3, and Cr(VI) could
be estimated to be �0.3/0.6/0.1 and 0.3/0.4/0.3 for NiCr and
NiCoCr, respectively. It is worth noticing that the hexavalent
chromium content was higher in NiCoCr than in NiCr. While
Cr(III) tends to be readily oxidized to Cr(VI) by atmospheric oxy-
gen, some studies reported that the presence of cobalt in a metal

alloy could promote the formation of Cr(VI) species in the
layer.[40,41]

2.2. Electrocatalytic Activity for HER and OER

The electrocatalytic activity of the optimized NiCoCr was evalu-
ated in alkaline medium (1.0 M KOH, pH 14) and compared with
that of the bimetallic alloys prepared in this study, namely NiCo
and NiCr, along with the reference bare NF.

As shown in Figure 3, a reversible redox wave corresponding
to the formation and oxidation of nickel hydrides[42] was observed
at 0.1 V versus RHE for the three Ni alloys. This wave was fol-
lowed by the HER one starting below ��0.1 V versus RHE.
NiCoCr and NiCr exhibited the highest HER activity, as sup-
ported by the lowest iR-corrected overpotential values of 0.10
and 0.27 V measured at 10 (η10) and 100 (η100) mA cm�2, respec-
tively (Table 1). These values were respectively 0.14 and 0.10 V
lower than those determined for NF. Moreover, relatively close
Tafel slopes were determined for all the studied electrodes,
between �96 and 120mV per decade (Figure 3b). Such values
are indicative of a HER process controlled by the same reaction
step, namely, the Volmer reaction that corresponds to the adsorp-
tion of hydronium ions onto the active sites of the catalysts.[43]

Regarding the oxidation region, a scan rate-dependent revers-
ible redox wave (Ni3þ/Ni2þ) was first observed for all materials
between 1.2 and 1.6 V versus RHE, corresponding to the oxida-
tion of Ni hydroxide to NiOOH[42,44] which is the catalytically
active species for OER (Figure 4).[45,46] This peak was followed
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Figure 3. a) iR-corrected HER voltamperometric curves at 20mV s�1 of bare NF and electrodeposited alloys in 1 M KOH solution and b) corresponding
Tafel slopes. Note that a smaller scan rate of 5 mV s�1 yielded similar current densities for HER (Figure S8, Supporting Information).

Table 1. HER electrocatalytic parameters for different modified NF
cathodes in 1 M KOH (pH 14).

Electrode η10 [V]a) η100 [V]
a) Tafel slope [mV dec�1]

Bare NF 0.24 0.37 96

NiCo 0.20 0.33 118

NiCr 0.10 0.27 120

NiCoCr 0.11 0.27 109

a)Ohmic drop-corrected overpotential for a current density of 10 and 100 mA cm�2.
The η10 values were determined from the backward scans in order to eliminate the
contribution of the Ni hydrides-related redox wave in the cathodic current.
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by the OER signal displaying a much larger current density. NiCo
and NiCoCr were found to exhibit the highest OER activity with
close overpotential values η10 and η100 of 0.38 and 0.45 V, respec-
tively (Table 2). These values were respectively 0.08 and 0.10 V lower
than those determined for bare NF. Consistent with that, the Tafel
slopes of 100 and 79mV dec�1 determined for NiCoCr and NiCo,
respectively, were smaller than those of the other prepared electro-
des, with values between 163 and 186mV dec�1 (Figure 4b).

In addition, because the electrode support is a porous material
(namely, NF), we need to estimate the electrochemically active
surface area (ECSA) for each tested electrode.[47] A commonly
used approach is to determine the electrochemical double-layer
capacitance (Cdl) from cyclic voltammograms (CVs) monitored
in a non-Faradaic region at different scan rates (Figure S9,
Supporting Information, see the experimental section for
details). Cdl is directly proportional to ECSA (ECSA=Cdl/Cs

where Cs is the specific capacitance of flat Ni)[47] and is a good
indicator of the density of electrocatalytically active sites. In line
with other aforementioned electrochemical data, NiCoCr exhib-
ited the largest Cdl value (2.5 mF cm�2, Figure 5) compared with
the other electrodes, namely bare NF (0.4mF cm�2), NiCr
(0.9mF cm�2), and NiCo (2.0 mF cm�2).

2.3. Durability of the Electrodeposited Alloys for HER and OER

Apart from the electrocatalytic performance, the long-term
stability of electrodeposited materials was also examined in harsh
conditions at a constant current density of�100mA cm�2 (HER)

and þ100mA cm�2 (OER) in 1 M KOH solution (Figure 6). For
HER, the corresponding chronopotentiometric curves showed
that NiCo, NiCr, and NiCoCr were stabilized at an overpotential
in the range 0.28–0.31 V after 10 h electrolysis, in relatively good
agreement with the potential values derived from the HER vol-
tammetric curves (Figure 3a). Furthermore, NiCo was found to
be the most robust since a potential change of only 3mV was
measured after 10 h electrolysis, while a potential change of
42, 51, and 115mV was monitored for NiCr, NiCoCr, and bare
NF, respectively. Concerning OER, NiCo and NiCoCr were sta-
bilized at overpotentials of 0.40 and 0.44 V, respectively, which
again were close to potential values derived from the OER vol-
tammetric curves (Figure 4). Despite a slightly higher overpoten-
tial, it can be noticed that NiCoCr was the most robust material
for OER with a potential change of only 1mV after 10 h electrol-
ysis, compared with values of 30, 70, and 100mV measured for
NiCr, NiCo, and bare NF, respectively. Such results demonstrate
the beneficial effect of Cr to increase both corrosion and
oxidation resistances of the metallic alloy.

The stability of NiCoCr has also been examined by potentio-
dynamic cycling. Figure 7 shows the electrochemical response of
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Figure 4. a) iR-corrected OER voltamperometric curves at 20mV s�1 of bare NF and electrodeposited alloys in 1 M KOH solution and b) corresponding
Tafel slopes. Note that a smaller scan rate of 5 mV s�1 yielded similar current densities for OER (Figure S8, Supporting Information).

Table 2. OER electrocatalytic parameters for different modified NF anodes
in 1 M KOH (pH 14).

Electrode η10 [V]a) η100 [V]
a) Tafel slope [mV dec�1]

NF 0.43 0.55 163

NiCo 0.39 0.44 79

NiCr 0.45 0.54 186

NiCoCr 0.37 0.45 100

a)Ohmic drop-corrected overpotential for a current density of 10 and 100 mA cm�2.
The η10 values were determined from the backward scans in order to eliminate the
contribution of the Ni3þ/Ni2þ redox wave in the anodic current.
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Figure 5. Determination of Cdl for the different electrodes from the Δj/2
versus v plots where Δj is the difference between the anodic and cathodic
charging current densities (taken from CVs shown in Figure S9,
Supporting Information).
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NiCoCr after 1,000 consecutive cyclic voltammetry scans for the
cathodic (HER) and anodic (OER) parts. As previously observed
for other Ni-based catalytic surfaces,[42,44] the electrochemical
cycling led to a gradual improvement of the electrode perfor-
mance, as supported by the decreased HER and OER overpoten-
tials at the thousandth cycle. This so-called activation process
took place until �500th scan before reaching a situation where
the potential was stabilized overall (insets in Figure 7).

The changes in the chemical composition of the catalytic mate-
rials after the controlled-current electrolytic tests were monitored
by EDX and XPS. As shown in Figure S10, Supporting
Information, the expected elements for the trimetallic alloy,
namely, Ni, Co, and Cr, were still homogeneously distributed
over NF. The EDX data and the XPS survey spectra (Figure S11,
Supporting Information) also showed the presence of potassium
(between 3 and 6 at%) for all materials after both the HER and
OER stability tests. Adsorbed potassium ions from the electrolyte
were commonly detected for Ni-based HER and OER catalysts
when studied in alkaline KOH medium.[11] Interestingly, the
atomic ratios Co/Ni and Cr/Ni extracted from the XPS survey
spectra were found to be only slightly modified after HER
electrolysis (Table S2, Supporting Information). Moreover, the
average oxidation level of the three materials was not significantly
modified (Table S4, Supporting Information). A careful examina-
tion of the high-resolution core-level spectra for Ni2p and Co2p
showed still the presence of metal(II) hydroxide species (Ni(OH)2

and Co(OH)2) as the main contributions, without the emergence
of a new phase (Figure 8). However, the contribution of NiCl2
decreased after long-term electrolysis, evidencing the release
of NiCl2. We also observed a very small contribution of metallic
nickel at the catalyst surface in the case of NiCr, probably occur-
ring during the reductive HER process (Table S3, Supporting
Information). Concerning Cr2p, the postelectrolysis relative con-
centrations of Cr2O3, Cr(OH)3, and Cr(VI) for NiCr were almost
unchanged (0.4/0.5/0.1, Table S4, Supporting Information). In
contrast, the values of 0.4/0.4/0.2 determined for NiCoCr were
consistent with the loss of some Cr(VI) in the form of CrO4

2�

chromate species dissolved in the electrolyte solution, as previ-
ously reported by Peugeot et al. for NiFeCr electrodes.[48]

3. Conclusion

In this work, we report for the first time the electrocatalytic
behavior of a NiCoCr trimetallic alloy. The catalytic material
was directly prepared on NF from the electrochemical reduction
of Co, Cr, and Ni metal salts in aqueous solution. Interestingly,
the metallic components were found to be evenly distributed
within the material, with almost an equiatomic composition,
and covered homogeneously the NF support. The resulting mate-
rial was shown to be electrocatalytically active for both HER and
OER in alkaline medium. Compared with the electrodeposited
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Figure 6. Chronopotentiometric curves of bare NF and the electrodeposited alloys at an applied current density of a) �100mA cm�2 and
b) þ100mA cm�2 in 1 M KOH.
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Figure 7. iR-corrected CVs at 20mV s�1 of NiCoCr in 1 M KOH solution for a) HER and b) OER before (solid lines) and after 1000 consecutive cyclic
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NiCo and NiCr bimetallic alloys, NiCoCr showed catalytic perfor-
mance for HER similar to NiCr and higher than that of NiCo, in
terms of overpotentials at 10 and 100mA cm�2 and Tafel slopes.
In contrast, its catalytic activity for OER was quite comparable to
that of NiCo and higher than that of NiCr. Importantly, the
beneficial role of Cr for OER was clearly demonstrated during
controlled-current electrolytic tests for which potential change
of only 1mV was measured after 10 h electrolysis. Globally,

the electrocatalytic performance of NiCoCr for both HER
and OER compares well with those of other Ni-based
bi- and trimetallic electrocatalysts reported in the literature
(Table S5, Supporting Information). Among them, NiCoMo
appears to be the most performing alloy based on its HER
and OER overpotentials. In our study, the lower catalytic effi-
ciency of NiCoCr is counterbalanced by an excellent stability
in OER operation thanks to the presence of Cr. However, it is

Figure 8. Peak-fitted high-resolution core-level spectra for the a–c) Ni2p3/2, d,e) Co2p3/2, and f,g) Cr2p3/2 regions of a,d) NiCo, b,f ) NiCr and
c,e,g) NiCoCr after the electrolytic test at �70mA cm�2 for 10 h.
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worth noticing that performance comparison is not an easy task
essentially due to the lack of standardization to report electro-
chemical data and more specifically electrocatalytic results.
Indeed, numerous porous or flat working electrodes have been
used (NF, glassy carbon, and metals) and the CV are presented at
different scan rates by considering either the geometrical or
ECSA.

Moreover, the electrodeposition method investigated herein
constitutes a facile and convenient approach to provide cost-
effective and durable electrocatalyst for overall electrolytic water
splitting. Combining electrodeposition with either surface nano-
structuring or the incorporation of heteroatoms in the form of
nitrides, sulfides, and borides represents effective strategies
to significantly enhance the performance of our bifunctional
electrode in order to compete with other highly efficient Ni-based
electrocatalysts.

4. Experimental Section

Chemicals: NF with an average pore size of 350 μm and 1.4mm
thickness was purchased from Recemat B.V. Cell Material Engineering,
The Netherlands. KOH was bought from Thermo Fisher Scientific Inc.,
USA. Ethylenediamine dihydrochloride, chromium (III) chloride
hexahydrate were from Sigma-Aldrich and boric acid and nickel (II)
chloride hexahydrate were purchased from Alfa Aesar. Cobalt (II) chloride
hexahydrate was from Acros Organics. Ultrapure water (Veolia Water-STI)
with a resistivity of 18.2 MΩ cm was used to prepare the aqueous solutions
and all chemicals were used as received without any further purification.

Electrodeposition of NiCo, NiCr, and NiCoCr on NF: Prior to the self-
deposition, NF was cleaned with 3 M HCl solution to remove nickel oxide
layer,[49] ultrapure water, and absolute ethanol under sonication for 10min
in each solution and was dried at 70 °C for 3 h. The deposition solution was
obtained by dissolving NiCl2, CoCl2, CrCl3, NH2CH2CH2NH2·2HCl, and
H3BO3 in ultrapure water. Compositions and concentrations of the baths
are given in Table S1, Supporting Information. All the electrodeposited
materials were rinsed several times with ultrapure water and then dried
under a stream of argon. The electrodeposition was performed using a
home-made glass cell, a KCl-saturated Ag/AgCl reference electrode
(Metrohm), and a graphitic carbon rod as the counter electrode.

Instrumentation: SEM images and elemental mapping were performed
using an IT-300 JEOL microscope and an X-Max 50mm2 EDX detector
(Oxford Instruments).

XRD patterns of synthesized materials on NF were obtained using a
Bruker D8 Advance diffractometer (Cu Kα1 radiation, λ= 1.5406 Å)
equipped with a LynxEye fast detector.

XPS data were collected by a Kratos Axis Nova spectrometer using the
Al Kα X-Ray source working at 1486.6 eV and using a spot size of
0.7� 0.3mm2. Survey spectra (0–1000 eV) were acquired with an analyzer
pass energy of 160 eV (0.5 eV step�1); high-resolution spectra used a pass
energy of 40 eV (0.1 eV step�1). Binding energies were referenced to C1s
peak at 285 eV. The core-level spectra were peak-fitted using the CasaXPS
Software, Ltd. Version 2.3.18. U2 Tougaard or Shirley were used as back-
ground. The peaks areas were normalized by the manufacturer-supplied
sensitivity factor (SC1s= 1, SO1s= 2.93, SCr2p= 11.67, SCo2p3/2= 12.62,
SNi2p3/2= 14.61). For each sample, XPS survey spectra were recorded
at three different locations, and any differences were not observed.

The electrodeposition and electrochemical measurements were per-
formed at room temperature on a HTDS PARSTAT PMC-200 multichannel
electrochemical workstation equipped with an AC frequency response ana-
lyzer. Modified NF was directly used as the working electrode (geometric
surface area: 1 cm2) and a graphite rod was used as the counter electrode.
The reference electrode was either 0.1 M KOH-filled Hg/HgO from
Origalys for chronopotentiometry or KCl-saturated Ag/AgCl for cyclic
voltammetry. All CVs were Ohmic drop corrected. The Ohmic drop was

determined before each experiment at �0.1 V versus RHE for HER and
1.6 V versus RHE for OER by measuring the impedance of the system
at 100 kHz using a 10mV perturbation. The corresponding Tafel slopes
were determined from the linear overpotential versus log (current density)
(η vs log j) plots. The current densities were normalized by the geometric
surface area of the 3D self-supported NF electrodes and all the measured
potentials were converted versus the RHE according to the equations
given below.

In an alkaline medium (1.0 M KOH, pH= 14� 0.1) using a Hg/HgO
reference electrode (filled with 0.1 M KOH solution)

ERHE ¼ EHg=HgO þ 0.059pHþ E0 Hg=HgO ¼ EHg=HgO þ 0.98 V (1)

In an alkaline medium (1.0 M KOH, pH= 14� 0.1) using an Ag/AgCl
reference electrode (filled with saturated KCl solution)

ERHE ¼ EAg=AgCl þ 0.059pHþ E0 Ag=AgCl ¼ EAg=AgCl þ 1.04 V (2)

where EHg/HgO and EAg/AgCl are the applied potential values versus the
selected reference electrode.

To calculate the double-layer capacitance (Cdl), CVs were recorded in
the non-Faradaic region at different scan rates. Cdl (in mF cm�2) corre-
sponds to the slope of the Δj/2 vs v plots where Δj is the difference
between the anodic and cathodic charging current densities and v is
the potential scan rate. The long-term stability of the catalytic electrodes
was examined using chronopotentiometry at an applied �100mA cm�2

current density.
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