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Abstract

Global-scale application of water splitting technology for hydrogen fuel

production and storage of intermittent renewable energy sources such as

solar and wind has called for the development of oxygen evolution catalysts

and hydrogen evolution catalysts that are inexpensive, efficient, robust, and

can withstand frequent power interruptions and shutdowns. Current water

electrolyzers must operate with a protective current in stand-by/idle modes

to avoid a substantial catalyst degradation. Here, we show a hierarchically

structured porous ternary composite catalyst of nickel, cobalt and iron

(NiCoFe) hydroxides prepared via electrodeposition on three-dimensional

(3D) nickel foam (NF) substrates as reversible bifunctional electrodes for

both oxygen evolution reaction (OER) and hydrogen evolution reaction

(HER). The NiCoFe/NF electrode exhibits exceptionally high catalytic

activity, requiring overpotentials as low as 220 and 50 mV, respectively, for

OER and HER to occur. In a water electrolysis cell comprising of two

NiCoFe/NF electrodes, an overall cell overpotential of merely 300 mV is

required to deliver a stabilized current density of 3 mA cm−2. The ternary

electrocatalyst also exhibits prolonged stability under both continuous and

intermittent electrolysis and can be used for oxygen evolution and hydrogen

evolution reversibly without degradation.

KEYWORD S
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1 | INTRODUCTION

The increasing demands for clean energy have triggered
tremendous research interest in electrochemical energy
conversion and storage systems with minimum environ-
mental impact. Electrolytic splitting of water has attracted
intensive research interests and is considered as the
“simplest” and “cleanest” method to store electricity
generated by renewable energy resources, for example,

solar and wind, into high purity hydrogen fuels.1-3 Nev-
ertheless, global-scale application of electrolytic water
splitting has been constrained by (a) high energy con-
sumption, owing to the sluggish kinetics and high over-
potentials of the two half reactions, oxygen evolution
reactions (OERs) and hydrogen evolution reactions
(HERs) and (b) high cost, attributed largely to the use of
precious metal catalysts, such as oxides of ruthenium
and iridium for OER,4-6 and platinum for HER.7,8
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Therefore, the development of earth abundant material-
based catalysts with high efficiency and stability is key
to global-scale utilization of the water splitting
technology.

For industrial application of water splitting, using the
same electrode for both OER and HER can remove the
problems with catalyst contamination and membrane
separators, thus can significantly improve the integration
and simplification of the water splitting system and low-
ering the manufacturing cost of produced hydrogen. Nev-
ertheless, the design of bifunctional electrodes that are
active and stable toward both OER and HER in the same
electrolytes (either strongly acidic or strongly alkaline)
remains challenging for most of the Earth-abundant
materials and has been scarcely studied.9-12 Furthermore,
for practical applications, the OER and HER catalysts
need not only to have prolonged stability, but also to
withstand frequent power interruptions during cell shut-
downs. It is known that during power interruptions
(ie, when no power is provided by renewable energy
sources), a reverse current takes place in water electro-
lyzer from anode to cathode through bipolar plate, and
degrades the electrodes by the reduction of the anode
and/or oxidation of the cathode, resulting in composi-
tional as well as structural change and eventually catalyst
deactivation.13-15 This is particularly important for stor-
age of electricity generated from renewable resources
such as solar and wind because these energy sources are
intermittent and power interruptions are almost inevita-
ble. However, most of catalysts reported to date are stable
under continuous operation conditions, only a few can
stand frequent power shutdowns while maintaining high
activity and stability.

Extensive recent research interests have been focus-
ing on using low cost first row transition metals such as
Ni and Co for water splitting because of their excellent
activity and stability.1,16-18 However, only limited amount
of reported catalysts are able to achieve the high activity
and stability matching those of RuO2, IrO2, and Pt, par-
ticularly under harsh working conditions required in
industrial applications such as high current density and
strong gas evolution. In this regards, multimetallic com-
posites containing two or more metal components can
exhibit enhanced electrochemical performances due to
the synergistic metal-metal interactions, and also offer
the flexibility to satisfy specific applications by adjusting
the alloy compositions. Incorporation of iron (Fe) into
nickel or cobalt, either as impurities or components, gen-
erates strong synergistic effects, resulting in significantly
more active binary OER catalysts than either Ni or Co
alone,19-29 with some even outperforming the benchmark
Ir-based catalysts. The combination of Ni and Co also
leads to a substantial enhancement in the catalytic activity

of HER.30,31 However, a ternary nickel-cobalt-iron catalyst
that is active and stable for reversible OER and HER has
been rarely studied. Furthermore, the interdependence of
the electrochemical performances of these multimetallic
catalysts upon the compositions is yet to be understood
and remains an intriguing area to explore.

In this study, we report a simple electrodepositionmethod
for preparing a hierarchical porous catalyst containing an
extremely thin layer of amorphous hydroxide of Fe, Ni, and
Co onto macroporous nickel foam (NiCoFe/NF) for robust
continuous and intermittent water splitting. Ternary NiCoFe
alloy films owing to their interesting magnetic and magneto-
resistance properties have attracting attentions for use in com-
puter read/write heads and microelectromechanical systems
in magnetic recording industry.32 Recent studies also report
promising OER performance for amorphous metal oxide
films containing Fe, Co, andNi,19,23,33 Nevertheless, the cat-
alytic property of NiFeCo composites for HER is still unsat-
isfactory. Here, we prepare a bifunctional NiCoFe/NF
electrode that is highly active toward both OER and HER in
strongly alkaline media, requiring overpotentials only of
240 and 95 mV, respectively, to deliver a current density of
10 mA cm−2. Remarkably, the NiCoFe/NF electrode is
highly reversible and can be switched between OER and
HER during electrolysis with prominent stability and
robustness under frequent shutdown conditions.

2 | RESULTS

2.1 | Electrodeposition and physical
characterizations

Electrodeposition is a versatile and scalable industrial pro-
cess and can afford optimal adherence of the active catalysts
to the underlying nickel substrate without using any insu-
lating chemical binders, thereby offering excellent mechani-
cal robustness and lowering the overpotential introduced by
ohmic loss.34 NF is selected as the catalyst support owing to
its unique three-dimensional (3D) interconnected porous
structure, which offers large accessible electroactive surface
area inside its 3D skeleton.35,36 Furthermore, its extra-large
pores (>200 μm) allows for fast mass transport and dissi-
pation of gaseous bubbles having sizes from tens to hun-
dreds of microns, reducing significantly the “bubble
overpotentials,” one of the main cause of energy loss
especially at high current densities.37,38 Different from
conventional electrodeposition method where Ni, Fe,
and Co ions are directly reduced and deposited onto the
substrate to form thick films,23,32,33 we adapted here an
indirect deposition approach for preparation of extremely
thin NiFeCo hydroxide composite with unique meso-
porous nanoflake/nanosheet morphologies. The
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electrodeposition was performed in an electrolyte con-
taining nickel (II), cobalt (II), and/or iron (III) nitrates
using NF as the working electrode. Upon the application
of a deposition potential at −1.0 V vs Ag/AgCl, the nitrate
ions are reduced to OH− ions and increase the local pH
value (Equation 1). The OH− ions then reacted with the
Ni2+, Co2+, and/or Fe3+ forming bimetallic or trimetallic
hydroxide composites on the surface of NF (Equation 2,
see details in Methods).32,39,40 Figure 1A shows the scan-
ning electron microscopy (SEM) image of the NiCo bime-
tallic composite deposited on nickel foam (NiCo/NF) from
the electrolyte containing equal molar (2.5 mM) of Ni2+

and Co2+. The macroscopic 3D structure of NF enables a
full utilization of its interior area, offering a larger surface
area than other commonly used substrates such as carbon
paper, titanium plate, and conductive glasses. A thin film
of the composite is uniformly deposited onto the 3D skele-
ton of NF without blocking the pores. Figure 1B displays
the high magnification SEM image of the small area
selected in Figure 1A. The deposited NiCo film exhibits a
nanoporous structure with highly curved and rippled, but
interconnected nanoflakes/nanosheets. The nanopores
have sizes ranging from 100-200 nm, which is known to
enhance the contact between electrolytes and the active
catalysts surface area.40 Incorporating of iron into the
NiCo composite induces no significant morphological
change of the deposits on NF.

Figure 1C,D represent the SEM images of the trimetallic
NiCoFe composites deposited on NF from the electrolyte

containing equal molar (1.67 mM) of Ni2+, Co2+, and Fe3+

(hereafter mentioned as NiCoFe/NF). The NiCoFe is also
deposited uniformly on the NF, forming highly curved
and rippled nanoflakes (Figure 1D), which resembles the
NiCo. We further carried out a series of experiment to
study the effect of deposition time on the morphology of
the NiCoFe composite obtained. Figure S1 shows the SEM
images of the NiCoFe composites deposited on NF at dif-
ferent deposition time. At 50 seconds, a thin layer of nano-
structured composites is formed, which grows larger with
longer deposition time (150 seconds, Figure S1b), and
finally forms a mesoporous structure with highly curved,
rippled and interconnected nanoflakes (300 seconds,
Figure S1c). Further prolonged deposition time induces no
significant morphological change to the existing NiCoFe
composites. Rather, extra nanoflakes begin to grow on the
top of the existing NiCoFe porous layer, covering the
nanopores (450 seconds, Figure S1d). With the further
increase of deposition time, more and more pores will be
blocked leading to decreased electrocatalytic perfor-
mances. Therefore, the optimum deposition time in this
study is determined to be 300 seconds. The elemental dis-
tributions of the three metal components in the NiCoFe
composite are determined by Time-of-Flight secondary
ion mass spectrometry (TOF-SIMS). Indexing in respec-
tive blue, green, and red, Ni, Co, and Fe are all found to
distribute homogeneously in the NiCoFe composite (-
Figure S2). Furthermore, from the ternary intensity histo-
gram derived from Figure S2, it can be concluded that

FIGURE 1 Scanning electron

microscopy (SEM) images of the

electrodes obtained. (A) NiCo/NF

and (C) NiCoFe/NF. (B) and (D) are

SEM images of the square marked in

(A) and (C) under high

magnifications, respectively
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the Ni and Co contents in the NiCoFe composite are close
to identical, but higher than the Fe content (Figure S3).

The chemical compositions of the NiCoFe/NF com-
posite are analyzed by X-ray photoelectron spectroscopy
(XPS). Figure S4 displays the XPS survey spectra of the
NiCoFe/NF electrode. Only O, Ni, Fe, and Co elements
can be detected in the XPS spectrum, confirming high
purity electrodes can be obtained via the indirect electro-
deposition technique. Figure 2 represents the high resolu-
tion Co 2p, Ni 2p, and Fe 2p XPS spectra of the NiCoFe/
NF composite. The XPS results of NiCo/NF are also
adopted for comparison. The two composites exhibit
almost identical Co 2p and Ni 2p peaks (Figure 2). The
Co 2p peaks can be fitted into two spin orbits, which
belong to the Co 2p3/2 at 781.7 eV and Co 2p1/2 at
797.2 eV, respectively. Besides that, the energy separation
between these two peaks is 15.5 eV, which is in good
agreement with the data obtained for Co(OH)2.

41,42 In
the case of Ni 2p, two major peaks are detected at 857.2
and 874.8 eV, which belong to the spin orbit of Ni 2p3/2
and Ni 2p1/2, respectively. These two peaks have an
energy separation of 17.6 eV, and are accompanied by
two shake-up satellites, which are characteristic for the
formation of Ni(OH)2.

43,44 The distinction between the
XPS spectra of NiCoFe/NF and NiCo/NF is observed in
the Fe 2p spectrum, where NiCo/NF shows a broad and
insidious peak, indicating the absence of Fe element in
this composite. By contrast, in the NiCoFe/NF composite,
the Fe 2p peak can be fitted into the Fe 2p3/2 and Fe 2p1/2
spin orbit at 712 and 725 eV, respectively, with a minor
shake-up satellite in-between.25 These data indicate that
Fe is successfully incorporated into the NiCoFe composite,
and presents mainly in the Fe3+ oxidation state.45 Addi-
tionally, the O 1 second XPS spectrum of the NiCoFe/NF
only exhibits one strong peak at 532.3 eV (Figure S5),
corresponding to the bound hydroxide groups.46 These col-
lective data suggest that ternary NiCoFe hydroxide com-
posite is formed on the NF substrate. Moreover, the
atomic ratio of Ni, Co, and Fe in the composite is deter-
mined to be ~1:1:0.3 by performing the XPS characteriza-
tion with NiCoFe composites deposited on platinum plate

to bypass the strong signal interference arisen from the NF
substrate. This data correlates well with the results
obtained from TOF-SIMS (Figure S3).

The chemical compositions of the composite electrodes
are also characterized by Raman spectroscopy (Figure S6).
NF alone does not exhibit any significant peaks within the
range tested. After the deposition of NiCo, two new peaks
are observed at 453 and 534 cm−1, which are ascribed to
the symmetric Ni OH stretching and the vibration of the
Ni O stretching.47 Besides, the vibrational mode of
Co(OH)2 is also detected at 683 cm−1,48 confirming suc-
cessful preparation of the NiCo composites on NF. For the
NiCoFe/NF composite, two additional peaks are observed
at ~210 and 327 cm−1, which are typical vibration peaks of
Fe(OH)3 and Fe O,47 also indicating the successful prepa-
ration of NiCoFe/NF. Figure S7 represents the XRD pat-
terns of NiCoFe/NF and NiCo/NF. The bare NF is also
included as a comparison. For all the samples tested
herein, only three diffraction peaks at 44.5�, 51.8�, and
76.4� are detected, which are attributed to the nickel (111),
(200), and (220) diffraction peaks from the NF.49 No char-
acteristic diffraction peaks belonging to the hydroxides
of Ni, Co, and Fe, or their composites, are detected,
suggesting that the as-deposited NiCoFe and NiCo com-
posites on NF are both amorphous in nature. Figure S8
displays the transmission electron microscopy (TEM)
images of NiCoFe composite carefully scratched off from
the NF substrate. The NiCoFe composite exhibits a highly
rippled sheet structure, without the observation of typical
lattice fringes for Ni, Fe, and Co (Figure S8b), further con-
firming the as-prepared composite is amorphous.

2.2 | Electrochemical performances of
NiCoFe/NF for OER

The electrocatalytic performances of the NiCoFe/NF elec-
trode are firstly evaluated for OER in 1 M KOH using a
standard three-electrode cell, employing NiCoFe/NF as
the working electrode, a Ag/AgCl (sat. KCl) as the refer-
ence electrode and a Pt wire as the counter electrode. All

FIGURE 2 X-ray photoelectron

spectroscopy (XPS) spectra in iron, cobalt, and

nickel 2p regions. Green represents the NiCoFe/

NF electrode, and red stands for the NiCo/NF

electrode
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potentials measured in this study are calibrated to the
reversible hydrogen electrode (RHE, see details in
Methods) for the comparison purpose. Before recording
the polarization curves, the NiCoFe/NF electrode is con-
tinuously scanned in KOH solutions until a stable cyclic
voltammogram (CV) is achieved. Figure S9 displays
20 consecutive CVs obtained with a freshly prepared
NiCoFe/NF electrode in 1 M KOH in the potential range
for OER. It can be seen from Figure S9 that during the
first several cycles, an increase of OER catalytic activity is
observed, which then stabilizes after about 10 cycles. No
significant change in OER activity is observed even after
20 cycles. As shown in Figure. 3A, the onset of OER is
observed at 1.45 V, corresponding to an overpotential of
merely 220 mV. The oxidation peak prior to OER is
ascribed to the oxidative formation of catalytic active
NiOOH and CoOOH sites.50,51 The iR corrected curve dis-
plays an identical onset potential but much higher cur-
rent densities at the same applied voltages. At 1.53 V
(η = 300 mV), a current density of 100 mA cm−2 can be
achieved. The high OER activity of NiCoFe/NF is
ascribed to the ternary NiCoFe hydroxide deposited on NF,
since pure NF exhibits negligible OER catalytic activity at
even higher potentials, for example, 1.55 V (Figure 3A).
Figure 3B represents the Tafel plot of NiCoFe/NF obtained
at a slow scan rate of 0.1 mV s−1, to minimize the influence
of the Ni2+ and Co2+ oxidation processes.25 Useful informa-
tion including the onset of linearity (Ecat) and Tafel slope,
are obtained from the Tafel plot. The Ecat is the potential
where the linear dependence of potential on current density
starts, representing the initiation of water oxidation. After
the linear part, the current density is limited by the elec-
tron transfer kinetic and mass transport. The Ecat derived
from the Tafel plot is 1.45 V. According to the Tafel plot,
the potential required to obtain a current density of
10 mA cm−2 is 1.47 V, which corresponds to an over-
potential of only 240 mV. The Tafel plot shows a slope of
50 mV dec−1 and remains good linearity even under high
current density of 100 mA cm−2, indicating the good elec-
trical contact between the deposited NiCoFe composites
and the NF substrates.

The OER catalytic activity of NiCoFe/NF is also com-
pared with some advanced OER electrocatalysts reported
previously and the results are summarized in Table S1
and Table S2. NiCoFe/NF requires the lowest over-
potential (240 mV) among all the catalysts listed in
Table S1 to deliver a current density of 10 mA cm−2, a
value relative to solar fuel synthesis because this current
density roughly matches the spectrum for a 10% efficient
solar-to-hydrogen fuel device.52,53 Furthermore, the supe-
rior OER catalytic activity of NiCoFe/NF is verified
by using electrochemical active surface area (ECAS)
according to the methods established previously,54 and

the results are summarized in Table S2. At the same over-
potential of 350 mV, NiCoFe/NF exhibits the highest cur-
rent density using either geometric surface area (GSA) or
ECAS, which is more than one order of magnitude
higher than the benchmark IrOx catalyst, and is also
superior to other non-precious metal-based OER cata-
lysts. Moreover, we have also compared the OER catalytic
activity of the as-prepared NiCoFe/NF electrode with the
state-of-the-art NiCo and NiFe catalysts, and the results

FIGURE 3 Oxygen evolution performances of the NiCoFe/NF

electrode. (A) oxygen evolution reaction (OER) polarization curves

of nickel foam, NiCoFe/NF and NiCoFe/NF that has been annealed

at 300�C for 2 hours in 1 M KOH solution obtained at 5 mV s−1.

(B) Tafel plot obtained for NiCoFe/NF composite in 1 M KOH at

0.1 mV s−1 with 95% iR compensation. (C) Chronoampermetric

measurements of the NiCoFe/NF composite in 1 M KOH obtained

at constant current densities of 25 and 100 mA cm−2, respectively
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are summarized in Table S3. It can be seen that the
NiCoFe/NF electrode shows significantly higher current
density, normalized either by surface area or mass load-
ing, than the reported NiCo and NiFe catalysts at the
overpotential of 300 mV. The collective data indicate that
the NiCoFe/NF is one of the most active OER catalysts in
alkaline media reported so far.

The long-term stability of NiCoFe/NF under OER is
evaluated in prolonged bulk electrolysis of water. Figure 3C
shows the chronopotentiometric curves obtained with
NiCoFe/NF at current densities of 25 and 100 mA cm−2,
respectively. A potential of 1.51 V is required to deliver a
current density of 25 mA cm−2, which remains constant
during the 10 hours of water electrolysis. At a much higher
current density of 100 mA cm−2, the potential starts with
~1.59 V, and also remains stable (<5 mV increment) during
the 10 hours electrolysis. The physical stability of NiCoFe/
NF in OER is further confirmed by SEM (Figure S10). The
morphology of the deposited NiCoFe composite remains
essentially unchanged. The above data show that the
NiCoFe/NF is a stable catalyst for continuous OER.

Figure 3A also represents the OER polarization curves
obtained with NiCoFe/NF before and after 2 hours
annealing at 300�C. The heating treatment has severely
impaired the OER catalytic activity of the NiCoFe/NF,
showing ~50 mV positive shift of onset potential and signifi-
cantly lowered current density at a given potential, for
example, at 1.53 V. This observation suggests the advan-
tages of utilizing amorphous structures over their crystalline
compartments in electrochemical applications, which is in
accordance to the results obtained in other studies.12,43,55

2.3 | Electrochemical performances of
NiCoFe/NF for HER

HER is the counter reaction of OER in water electrolysis.
Even though HER requires relatively low overpotential to
obtain a decent current density compared to OER, it how-
ever requires precious metal-based catalysts such as Pt.56,57

For Earth-abundant materials, the overpotential of HER is
usually significantly higher. In this study, the NiCoFe/NF
electrode is also investigated as the working electrode for
HER. Figure 4A represents the HER polarization curves
obtained with the NiCoFe/NF electrode. The iR corrected
curve shows an HER onset potential of −0.05 V (inset in
Figure 4A), corresponding to an overpotential of merely
50 mV. Current densities of 10 and 100 mA cm−2 are
obtained at −0.083 and − 0.21 V, respectively, from the iR
corrected polarization curve. Table S4 lists the HER cata-
lytic activity of NiCoFe/NF compared with state-of-the-art
HER catalysts. Even though our catalyst loading is signifi-
cantly lower, the HER activity of the NiCoFe/NF electrode,

(eg, the overpotentials required to deliver current densities
at 10 and 100 mA cm−2) is among the highest.

The high HER activity is attributed to the NiCoFe
composite deposited on NF, as the pure NF shows
much lower HER catalytic activities compared with the
NiCoFe/NF (Figure 4A). The Tafel slope of NiCoFe/NF
in HER is 80 mV dec−1 (Figure 4B), which is similar to
other nonprecious metal-based catalysts such as CuMoS,
NiMo, and NiCo.58-60 The stability of NiCoFe/NF in HER

FIGURE 4 Hydrogen evolution performances of the NiCoFe/

NF electrode. (A) hydrogen evolution reaction (HER) polarization

curves of nickel foam. NiCoFe/NF and NiCoFe/NF that has been

annealed at 300�C for 2 hours in 1 M KOH solution at 5 mV s−1.

(B) Tafel plot of the NiCoFe/NF composite in 1 M KOH at

0.1 mV s−1 with 95% iR compensation. (C) HER polarization curves

of NiCoFe/NF obtained before and after 1000 potential scans from

0.45 V to −0.55 V in 1 M KOH solution at 5 mV s−1

6 of 12 LU ET AL.



is prominent, with identical polarization curves obtained
even after 1000 cycles of voltage scan in the range of −0.45
to 0.55 V (Figure 4C). Figure 4A also represents the effect
of annealing on the HER performance of NiCoFe/NF.
Similar to OER, the HER catalytic activity of NiCoFe/NF
is also dramatically decreased after the annealing treat-
ment, further indicating the benefits of utilizing amor-
phous NiCoFe/NF in water electrolysis.

2.4 | The effect of Ni, Co, and Fe content
on NiCoFe/NF for OER and HER

Initially, the ratio between Ni and Co has been systematically
varied so as to investigate their roles in affecting the catalytic
activities. As shown in Figure S11a and S11b, threeNiCo com-
posites were deposited onNF from electrolytes containing Ni2
+ and Co2+ in ratios of 1:1, 2:1, and 1:2, and their catalytic
activity toward both OER and HER are evaluated. As can be
seen from Figure S11a and S11b, the effects of Ni/Co ratio on
OER andHER performance are not significant. Therefore, we
fixed the Ni/Co ratio at 1:1 and prepared a series of ternary
NiCoFe composites with different Fe content by varying the
molar ratio of Ni2+, Co2+, and Fe3+ in the electrolytes during
electrodeposition, and their structures and corresponding
electrochemical performances compared. At a lowFe content,
the trimetallic composite exhibits the nanoflake structure
(Figure 1B,D and S12a). With increasing Fe content, the
NiCoFe composite gradually transforms to a nanosheet struc-
tures (Figure S12b-c), forming smaller pore sizes.

The electrochemical performances of these NiCoFe/NF
composites are evaluated with CVs as shown in Figure 5. The
bimetallic NiCo/NF composite exhibits reversible redox pro-
cess regarding the formation of NiOOH and CoOOH with
large areal current densities, indicatingNiCo/NF as a promis-
ing electrode material for pseudocapacitors.61 Incorporation
of Fe into NiCo composites on one hand significantly sup-
presses the redox processes, resulting in smaller areal current
densities. On the other hand, the OER catalytic activity has
been enhanced dramatically in the presence of Fe. All com-
posites containing Fe exhibit superior OER catalytic

performance to the NiCo/NF, as suggested by negatively
shifted onset potentials and higher current densities obtained
for a given potential (Figure 5). NiCoFe/NF prepared from
electrolytes containing equal molar of Ni2+, Co2+, and Fe3+

(1.67 mM) has the highest OER catalytic activity, while a fur-
ther increase in Fe content leads to receded OER perfor-
mances. XPS spectra obtained with NiCoFe/NF before and
after prolonged bulk OER tests are identical (Figure S4 and
Figure S13), suggesting no contamination or variation of the
composition of theNiCoFe catalyst during the electrolysis.

The effects of Fe in the composites on OER can be
attributed to several possible factors. (a) It has been
established that the incorporation of Fe can enhance the
electrical conductivity of MOOH (M = Ni and Co), there-
fore facilitate the electron transport during electrocatalytic
reactions, such as OER and HER.23,62 (b) A more defective
structure of catalysts might appear upon the incorporation
of Fe into the NiCo oxyhydroxide, thusly results in a faster
HER kinetics by accelerating the water dissociation process
(Volmer step).33 (c) Fe may exert a partial-charge-transfer
activation effect on Ni and/or Co, similar to that observed
for Au electrode surfaces.19 Adding Fe stabilizes Ni and/or
Co in a higher oxidation level with more oxidizing power
and therefore faster OER kinetics. However, the presence of
excessive Fe can sacrifice the catalytic active Co and Ni
sites, lowering the OER performance. The effect of Fe on
HER is not as significant as that on OER. Figure 5 shows
that all samples exhibit high catalytic activity in HER, with
little change upon the variation of Fe content. Thus, the
NiCoFe/NF prepared from electrolytes containing equal
molar of Ni2+, Co2+, and Fe3+ is optimal for both OER and
HER in water electrolysis.

2.5 | Overall water electrolysis using two
NiCoFe/NF electrodes

The NiCoFe/NF electrode is further employed in a two-
electrode water electrolysis cell for overall water electrolysis
and the energy efficiency during water electrolysis is deter-
mined (Figure S14). Figure S15 displays the

FIGURE 5 Effect of iron content on the

oxygen evolution reaction (OER) and hydrogen

evolution reaction (HER) performances. cyclic

voltammograms (CVs) of NiCo bimetallic and

NiCoFe trimetallic hydroxide composites with

different Fe content deposited on nickel foam

obtained in 1 M KOH solution at 5 mV s−1.

NiCoFe composites were prepared from

electrolytes containing Ni2+, Co2+, and Fe3+

ions at ratios of (A) 1:1:0.5, (B) 1:1:1, and

(C) 1:1:1.5, respectively
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chronoamperometric curve obtained with the NiCoFe/NF
anode and cathode in 1 M KOH. The overall water electrol-
ysis reaction can be initiated at applied voltages around
1.50 V, the typical output an ordinary AAA battery, with
the observation of continuous and stable evolution of bub-
bles on both electrodes. At an applied cell potential of
1.53 V, a stabilized current density around 3 mA cm−2 is
achieved corresponding to a whole cell overpotential of
300 mV and an energy efficiency of 80.4% (see details in
Methods). At higher current densities such as 10 and
25 mA cm−2 (Figure S16), the energy efficiencies drop to
68.0% and 64.1%, respectively, mainly attributed to the iR
drop arisen from the electrolytes.63

Compared with recently reported bifunctional cata-
lysts in two-electrode overall water splitting, the NiCoFe/
NF electrode requires higher voltage to obtain relatively
high current densities, such as 10 mA cm−2 (Table S5).
However, this difference can be ascribed to the relatively
low loading of NiCoFe catalysts on NF. To achieve rea-
sonable performances in two-electrode water splitting, a
common strategy is to load larger amounts of catalyst
onto current collectors so as to overcome the sluggish
reaction kinetics as well as slow mass transportations
that normally encountered with two-electrode water elec-
trolysis. As shown in Table S5, the catalyst loading is nor-
mally >2 mg cm−2. However, in our case, the loading of
NiCoFe is only about 0.11 mg cm−2, as determined by
electrochemical quartz crystal microbalance using the
method described somewhere else.38 Therefore, if all
current densities obtained are normalized by the mass of
catalysts (jmass), the NiCoFe/NF electrode clearly exhibits
higher intrinsic catalytic activity as reflected by larger
jmass even at a lower applied voltage (Table S5). Figure 6A
exhibits the oxygen and hydrogen concentration profiles
during the course of two-electrode water electrolysis at a
constant current density of 8 mA cm−2 using NiCoFe/NF
as both the anode and the cathode. As predicted, the
amount of hydrogen and oxygen detected by gas chroma-
tography show a volume ratio of 2:1, and Faraday effi-
ciencies obtained are always close to unity for both OER
and HER, suggesting oxygen and hydrogen are the only
products and overall water splitting is achieved.

The stability of NiCoFe/NF electrodes is further tested
under continuous and intermittent operations. Figure 6B
represents the chronoamperometric curves obtained in a
two-electrode water electrolysis system employing NiCoFe/
NF as both the anode and the cathode in 1 M KOH. A con-
stant potential of 1.53 V was first applied between the two
electrodes for 1 hour, then the power was shut down for half
an hour to mimic a power interruption. The corresponding
current density was recorded to verify the electrode stability.
Figure 6B shows that upon switching on the power the cur-
rent density of ~3 mA cm−2 is obtained and remain stable

during 1 hour bulk water electrolysis. When the power is
switched on again after 30 minutes shutdown, the current
density resumes ~3 mA cm−2, after the initial spike of

FIGURE 6 Water electrolysis performance obtained in the

two-electrode system employing NiCoFe/NF as both the anode and

cathode in 1 M KOH. (A) Amount ratio and Faraday efficiency of

oxygen and hydrogen detected by gas chromatography in the two

electrode system at a current density of 8 mA cm−2.

(B) Chronoamperometric curves obtained with the NiCoFe/NF

anode and cathode during power interruptions. The applied

potential is 1.53 V, and the periods for continuous electrolysis and

power shutdowns are 1 and 0.5 hour, respectively.

(C) Chronoamperometric curves obtained with the NiCoFe/NF

anode and cathode under an applied potential of 1.53 V. The

polarity of electrode is reversed every 30 minutes
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capacitive current, and remains unchanged in each cycle of
power interruption. In contrast, in a two electrode electroly-
sis cell using the benchmark Pt/C and Ir/C catalysts as the
cathode and anode respectively, the current density
decreases by 40% after three showdowns (Figure S17a). The
results demonstrate that NiCoFe/NF has excellent time sta-
bility and durability under condition of intermittent
electrolysis.

We further studied the robustness of the NiCoFe/NF
electrode for intermittent electrolysis by electrochemical
oxidation/reduction treatments, which give the more
severe effect on the electrocatalytic activity. In this exper-
iment, the polarity of two NiCoFe/NF electrodes in the
cell is reversed every half an hour, and each NiCoFe/NF
electrode is used for HER and OER alternately. Under
such conditions, taking HER for example, the NiCoFe/
NF electrode is subjected to anodic oxidation for half an
hour before HER is resumed. As can be seen from
Figure 6C, when the NiCoFe/NF is used as the anode at
1.53 V, the OER current density stabilizes at 3 mA cm−2.
When electrode polarity is changed to cathode, the current
changes swiftly to −3 mA cm−2 for HER. No decay in cur-
rent density is observed after the electrode polarity is
reversed for nine cycles, In comparison, as shown in
Figure S17b, the benchmark Ir/C and Pt/C catalysts exhibit
poor stability upon polarity change, as reflected by gradual
decrease in current density for both OER and HER after
each cycle. The above results suggest the as-prepared
NiCoFe/NF is fully reversible and interexchangeable
between OER and HER during water electrolysis.

It is noteworthy that when the NiCoFe/NF electrode
polarity is switched back to anode, a small current stair is
observed before the OER current stabilizes again at
3 mA cm−2. This is ascribed to the oxidation of absorbed
hydrogen generated during HER at the NiCoFe/NF elec-
trode, as when the absorbed hydrogen gas from HER is
removed by exposing the electrode into air, the current
stair is no longer detected in the subsequent anodic cur-
rent (Figure S18). This could be attributed to the hydrogen
storage capacity of the Ni and/or Co-based alloys, which is
usually beneficial to the corrosion resistance properties of
the electrode during shutdowns.15,64 Intriguingly, the
NiCoFe/NF catalysts exhibit distinctly different color
when used for OER (black) and HER (silver grey), as
shown in Figure S14, attributed to transformation of the
transition metal components in the electrode to different
oxidation states, for example, from transparent Ni2+ to
black Ni3+. It is observed that in Figure 6C that reversing
the electrode polarity and current direction is accompa-
nied with the change of the electrode color and the process
is reproducible for each cycle. Notably, the reproducible
changes of the electrode color upon the frequent switches
of electrode polarity might be ascribed to the reversible

transformation of two catalytic forms (for OER and
HER, respectively), and that endows the NiCoFe/NF
electrode a prolonged stability as well as robust revers-
ibility between OER and HER under the different opera-
tion bias.33

3 | CONCLUSION

Free standing ternary NiCoFe hydroxide composite cata-
lysts have been obtained via a facile electrodeposition
method onto NF substrates, and applied as cost-effective,
efficient bifunctional electrodes for reversible water split-
ting under continuous and intermittent conditions. The
electrodes exhibit distinctive electrochemical perfor-
mances upon the variations of Fe content, showing the
highest catalytic activity when deposited from electrolytes
comprised of equal molar of Ni2+, Co2+, and Fe3+

(NiCoFe/NF). The results in this study suggest that the
Fe content can be used as an indicator for designing
trimetallic NiCoFe hydroxide composite catalysts toward
specific applications. The high catalytic performances of
the bifunctional NiCoFe/NF electrode for both OER and
HER makes it a potential candidate to substitute all pre-
cious metal components such as Ru and Ir-based anode
and Pt-based cathode materials in a water electrolyzer.
Thus, a highly efficient and robust water electrolyzer
employing two inexpensive NiCoFe/NF electrodes can be
used for continuous and intermittent water electrolysis
for industrial-scale hydrogen production and renewable
energy storage.

4 | EXPERIMENTAL SECTION

Preparation of NiCoFe/NF: The nickel foam (thickness:
1.6 mm, bulk density: 0.45 g cm−3, Goodfellow) was first
sonicated in 5 M HCl solution for 20 minutes to remove
the NiOx layer on the surface, rinsed subsequently with
water and ethanol, and then dried in air. The electrode-
position was carried out in a standard three-electrode
electrochemical cell. The NF was used as the working
electrode, together with a parallel positioned platinum
plate auxiliary electrode and a Ag/AgCl (3 M KCl) refer-
ence electrode. To obtain trimetallic composites, Milliq
water (~18.1 MΩ) dissolved with × mM Ni(NO3)2

.6H2O,
× mM Co(NO3)3

.6H2O and y mM Fe(NO3)3
.9H2O (2x

+ y = 5) was used as the electrolyte (y = 0 for NiCo bime-
tallic composite). The electrodeposition was conducted
with a CHI 760 Electrochemical Workstation
(CH Instrument) at −1.0 V (vs Ag/AgCl) for 300 seconds
under ambient conditions and the electrodeposition
curve is shown in Figure S19. After deposition, the NF
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was carefully withdrawn from the electrolyte, rinsed
thoroughly with water and ethanol, and left dry in air.
NiCoFe was also electrodeposited on Pt plate according
to the same procedure.

Physical characterization: XPS was performed on a
Thermo ESCALAB250i X-ray Photoelectron Spectrome-
ter. SEM was carried out using a FEI Nova NanoSEM
230 with a 10 kV accelerating voltage. TEM was per-
formed using a Philips CM 200 microscope. Raman spec-
troscopy was performed using a laser micro-Raman
spectrometer (Renishaw) employing a laser with an inci-
dent wavelength of 514.5 nm. XRD was performed on a
PANalytical X'Pert instrument. TOF-SIMS was performed
on a TOF.SIMS 5 instrument.

Electrochemical characterization: All electrochemical
measurements were carried out with a CHI 760 electro-
chemical workstation in 1 M KOH solution (pH = 14).
The NiCoFe/NF electrodeposited from electrolyte con-
taining equal molar of Ni2+, Co2+, and Fe3+ was used
as the working electrode without further treatments.
The electrochemical characterizations were conducted
in a standard three-electrode electrochemical cell
employing a Pt wire (or a graphite rod for HER tests)
and a Ag/AgCl (sat. KCl) as the counter and the refer-
ence electrode, respectively. All potentials measured
were calibrated to RHE using the following equation:
ERHE = EAg/AgCl + 0.197 V + 0.059 pH. All measure-
ments were carried out at a scan rate of 5 mV s−1. Tafel
plots were derived from OER and HER polarization
curves obtained at a scan rate of 0.1 mV s−1 with 95%
corrected iR drop using NiCoFe/NF as the working elec-
trode. Chronopotentiometric and chronoampermetric
measurements were obtained under the same experi-
mental setup without compensating iR drop. The
iR drop was determined automatically using the
potentiostat.
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