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and beyond towards electrochemical water
splitting
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and Le Yu *

The electrochemical water splitting process including the hydrogen evolution reaction (HER) and oxygen

evolution reaction (OER) is considered as one of the most promising methods for high-purity hydrogen

production. Ni–Fe based compounds, especially Ni–Fe layered double hydroxide (LDH), have become

highly efficient electrocatalysts to expedite the above reactions. During the last decade, great progress

has been witnessed in the development of Ni–Fe based electrocatalysts. Diverse regulatory strategies

such as morphology modulation, composition control, and defect engineering have been employed to

optimize their electrochemical performances for water splitting. In addition, the family of Ni–Fe based

compounds has been expanded from LDHs to alloys, sulfides, phosphides and so forth. Deep

experimental investigations and theoretical studies have also been carried out to reveal the intrinsic

origin of the superior electrocatalytic performances. In this review, we summarise the recent

development of Ni–Fe based compounds for electrochemical water splitting with high efficiency. Special

focus has been placed on the design principle and synthetic strategies of Ni–Fe based compounds. In

the end, remaining challenges and future research directions are briefly discussed.
1. Introduction

Over the past few decades, the global energy demand has
continued to grow rapidly.1 Meanwhile, the combustion of
traditional fuels such as coal, natural gas, and oil has adversely
affected the climate and environment. The resultant global
warming issue has become a huge threat to human life.2 As
a renewable and clean energy carrier, hydrogen has triggered
extensive attention to solve the energy and environment crises.
Of note, its high energy density and harmless combustion
products make hydrogen the best energy carrier to substitute
traditional fossil fuels. At present, commercial hydrogen
production is realized through costly steam reforming, which
leads to high carbon dioxide emission.3–5 Therefore, an envi-
ronmentally friendly technology for producing high-purity
hydrogen on a large scale is urgently needed.6

Electro-driven water splitting is a prospective method to
achieve high-purity hydrogen production without secondary
pollution.7 Apart from the hydrogen evolution reaction (HER),
water electrolysis also involves the oxygen evolution reaction
(OER).8–12 The corresponding HER/OER equations under
different conditions are shown below where * represents the
active site on the catalyst surface.
posites, Beijing University of Chemical

linianwu@mail.buct.edu.cn; yule@mail.

f Chemistry 2020
HER:
Under acidic conditions:

H+ + e� + * / H* (1)

H* + H+ + e� / H2 + * (2)

Under alkaline conditions:

H2O + e� + * / H* + OH� (3)

H* + H2O + e� / H2 + OH� + * (4)

OER:
Under acidic conditions:

H2O + * / HO* + H+ + e� (5)

HO* / O* + H+ + e� (6)

O* + H2O / HOO* + H+ + e� (7)

HOO* / * + O2 + H+ + e� (8)

Under alkaline conditions:

OH� + * / HO* + e� (9)

HO* + OH� / O* + H2O + e� (10)
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Fig. 1 Schematic illustration of advanced Ni–Fe based
electrocatalysts.
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O* + OH� / HOO* + e� (11)

HOO* + OH� / * + O2 + H2O + e� (12)

As shown above, water molecules or hydroxide ions are
oxidized at the anode to generate oxygen gas. Meanwhile, the
reduction reaction occurs at the cathode to produce hydrogen
gas. These gases can be used in fuel cells and converted back
into electrical energy.13 Theoretically, a thermodynamic poten-
tial of 1.23 V is necessary under standard conditions to drive
water electrolysis. However, huge overpotential (h) is required
under practical conditions to overcome the polarization and
realize the adsorption/desorption of the reactants/products.14

Therefore, highly active electrocatalysts are always needed to
facilitate the HER/OER at both ends. Pt has been considered the
best choice for the HER due to the moderate binding energy
with hydrogen,15 whereas IrO2 and RuO2 are believed to be the
best candidates for the OER due to favorable binding energies
of oxygen and hydroxyl radicals.16 Because of the high price and
low reserves of the above-mentioned precious metals, many
research studies are devoted to exploring cost-effective, high-
performance, high-stability electrocatalysts.17–20

Transition metal (Mn, Fe, Co, and Ni) compounds, especially
oxides or hydroxides, are considered to be potential candidates
for OER/HER electrocatalysts because of their abundant
resources, low cost, and plenty of active sites.21–23 Among them,
under alkaline conditions, the layered double hydroxide (LDH)
has nickel hydroxide with tailorable phases, which can show
low h toward the OER.24 Introduction of an appropriate amount
of Fe impurities could largely enhance the OER activity of Ni
species because the synergistic effect brings better surface
adsorption and faster electron transfer. Compared with other
electrocatalysts, the low cost and reasonable binding energies to
OOH* and OH*make Ni–Fe based compounds good candidates
for the OER in alkaline solution.15 Similarly, Ni–Fe based alloys,
suldes and phosphides have demonstrated certain advantages
among various HER electrocatalysts owing to high conductivity
and appropriate hydrogen adsorption free energy with
competitive prices.25,26

In this review, we sum up the recent development of Ni–Fe
based compounds for the electron driven HER and OER. Special
focus has been placed on the design strategies and synthetic
methods for Ni–Fe LDH, alloys, suldes, and phosphides
(Fig. 1). In the nal part, we briey discuss the current chal-
lenges and future directions in this research area.

2. Design strategies for Ni–Fe based
compounds for electrocatalysts

No matter for the two-electron HER or four-electron OER, it is
always essential for electrocatalysts to promote the intrinsic
activity of the actives sites and expose more active sites on the
surface.27–30 Although some strategies are universal, specic
tactics and detailed obstacles vary for different kinds of Ni–Fe
based compounds. Ni–Fe LDHs have long been considered to be
promising OER electrocatalysts, however, the conductivity is an
intractable issue for performance optimization.21 For Ni–Fe
5556 | Nanoscale Adv., 2020, 2, 5555–5566
alloys, potential agglomeration during the catalyst preparation
and circulation is harmful to practical utilization.31 Ni–Fe
suldes/phosphides have good conductivity for the HER,
nevertheless, the possible phase-transformation makes them
vulnerable in the OER.32 Benetting from the development of
nanotechnology and synthetic/characteristic methodologies,
numerous Ni–Fe based compounds with distinct features have
been synthesized and studied for electrocatalytic water split-
ting.33 Hollow/porous micro-/nanostructures are proven to be
effective structural designs to improve the electrode–electrolyte
contact area for more electroactive sites.34 Hybrids with
conductive substrates could further accelerate the electron
transport for fast kinetics.24 Defect/strain/phase engineering at
the surface could inherently alter the physico-chemical prop-
erties of individual active sites by changing the binding energies
of different intermediates or interfacial electron transfer.35–37 In
the following sections, we will highlight some representatives of
typical Ni–Fe based compounds for water electrolysis.38,39
3. Ni–Fe LDHs

Ni–Fe LDHs are a typical class of two-dimensional (2D) layered
nanosheets composed of a brucite-like host layer of nickel oxide
octahedra coordinated by hydroxyl groups with a fraction of
Fe2+/Fe3+ substituting at Ni sites. The excess positive charges are
balanced by exchangeable charge-balancing interlayer anions.40

Ni–Fe LDH is very attractive for the OER due to the synergistic
effect between Ni and Fe elements. Besides, the ultrathin
feature provides shortened electron diffusion length. However,
its intrinsic poor electron/ion conductivity limits the electro-
catalytic performance. Moreover, restacking of LDH nanosheets
might occur during cycles, resulting in the decay of electro-
catalytic activities.41,42 Various structural and compositional
modulation strategies could be applied to address the above
issues for Ni–Fe LDH.
This journal is © The Royal Society of Chemistry 2020
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Hollow micro-/nanostructures with a large surface area and
void space could effectively promote the contact between the
electrolyte and electrode for more active sites.43–45 The versatile
synthetic routes and tailorable templates enable the diversity of
the architecture and compositions of hollow structured Ni–Fe
LDH. Simple hollow or multi-shelled Ni–Fe LDH hollow elec-
trocatalysts with tailorable Ni/Fe ratios have been reported.34,46

Moreover, integration of nanostructures and microstructures
can enhance the structural stability of the electrocatalysts to
maintain the catalytic performance during the repeated
cycles.47,48 For instance, Yu et al. reported the formation of
hollow nanoprisms constructed from ultrathin Ni–Fe LDH
Fig. 2 (a) Schematic diagram of the formation of Ni–Fe LDH hollow nan
hollow nanoprisms. (e) LSV and (f) Tafel curves for the Ni–Fe LDH hollow
Reproduced with permission.46 Copyright 2018, John Wiley & Sons, Inc.

This journal is © The Royal Society of Chemistry 2020
nanosheets using a self-templated method.46 As depicted in
Fig. 2a, water-soluble nickel precursors serve as both a template
and reactant in the formation of Ni–Fe LDH. During the
hydrolysis of iron(II) sulfate in aqueous solution, the released
Ni2+ forms a precipitate with Fe2+ to generate a hierarchical
ultrathin layer of Ni–Fe LDH on the internal template. Due to
the continued consumption from the water and hydrolysis, the
Ni-based core is gradually etched to leave a void inside. As the
nal stage a hierarchical prism-like hollow structure of Ni–Fe
LDH with a tailorable Ni/Fe ratio could be obtained. During the
self-templated process, no hard template is involved. Therefore,
the redundant template removal step under harsh chemical or
oprisms. (b) FESEM, (c) TEM, and (d) HRTEM images of the Ni–Fe LDH
prisms. (g) CV plots of the Ni–Fe LDH sample before and after cycles.

Nanoscale Adv., 2020, 2, 5555–5566 | 5557
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physical environments is avoided. Moreover, the self-engaged
templates should be quite uniform to ensure the quality of
the obtained sample. The eld-emission scanning electron
microscopy (FESEM) observation demonstrates the uniform
distribution of the prism-like structure composed of randomly
oriented nanosheets (Fig. 2b). Transmission electron micros-
copy (TEM) investigation shows a clear bright contrast between
the outer shell and well-demarcated internal void, indicating
the hollow nature of Ni–Fe LDH nanoprisms (Fig. 2c). In addi-
tion, a set of clear lattice fringes separated by 0.26 nm can be
identied in the high-resolution TEM image, demonstrating the
LDH structure of the hierarchical shell (Fig. 2d). In order to
evaluate the electrochemical performance, the research team
conducted an OER performance test on Ni–Fe LDH with a three-
electrode system. During the tests, KOH solution under the
protection of N2 is selected as the electrolyte. The linear sweep
voltammetry (LSV) curve (Fig. 2e) indicates that the synthesized
Ni–Fe LDH hollow nanoprism needs a low h of 280 mV at 10 mA
cm�2 and a corresponding Tafel slope of 49.4 mV dec�1 (Fig. 2f).
In addition, a redox peak at 1.4 V is observed, indicating the
change in the oxidation state of nickel species from bivalent to
trivalent. As for the stability test, continuous cyclic voltammetry
(CV) scans before and aer 1000 cycles are performed. The
results show only a small shi at j ¼ 10 mA cm�2 for the Ni–Fe
LDH hollow nanoprism (Fig. 2g).

For the conductivity issue, researchers usually choose to
combine Ni–Fe LDH with a conductive medium to facilitate the
electron transfer, such as carbon nanotubes,49 carbon frames,26

graphene,12 and metals such as Au,50 Cu,4 and Ru.9 Besides the
reduction of resistivity, the incorporation of the conductive
auxiliaries could provide extra assistance for the OER perfor-
mance through the interactions. For example, Zhang et al.
systematically investigated the effects of single Au atoms on the
OER performance of Ni–Fe LDH.50 Different from the traditional
doping or hybrid, the single atoms with high atomic utilization
efficiency could not only largely reduce the usage of hetero-
atoms, but also could provide a potential solution to verify the
detailed function of the heteroatom.51 Theoretical investiga-
tions reveal that the abundant active sites of sAu/Ni–Fe LDH
may be attributed to the Fe atom in Ni–Fe oxyhydroxide and
stabilized by the CO3

2� anion and H2O between the cation
layers. Then, single-atom Au loading changed the charge
redistribution of the surrounding atoms, further resulting in
excellent OER activity (Fig. 3a). This theoretical discovery is also
proved in subsequent experimental tests. High-angle annular
dark eld-scanning transmission electron microscopy (HAADF-
STEM) reveals the successful loading of single Au atoms on the
surface of Ni–Fe LDH (Fig. 3b). X-ray absorption near edge
structure (XANES) spectra indicate the different Au atomic local
structural environments for sAu/Ni–Fe LDH and Au foil, further
conrming the successful incorporation of Au single atoms
(Fig. 3c). As for OER catalysts in KOH, sAu/Ni–Fe LDH demon-
strates better OER catalytic activity than Ni–Fe LDH (Fig. 3d). To
be specic, sAu/Ni–Fe LDH requires a h of 237 mV to reach
a current density of 10 mA cm�2 (Fig. 3e). In contrast, the
performance of Ni–Fe LDH is inferior with a h of 263 mV to
reach the same current density. Meanwhile, the much smaller
5558 | Nanoscale Adv., 2020, 2, 5555–5566
Tafel slope of sAu/NiFe LDH further conrms its faster OER
kinetics. Density functional theory (DFT) calculations with the
Hubbard-U method provide an insightful view to reveal the
function of single Au atoms. They believed single Au atoms
could reduce the adsorption energies of O* and OOH* inter-
mediates for Ni–Fe LDH. These results clear prove the
enhancement of single atom Au on Ni–Fe LDH activity.

Construction of electrochemical heterogeneous interfaces
can expose more active sites and produce a more favorable
interface to improve catalytic activity.52,53 For such a periodic
structure, each unilamellar nanosheet simultaneously acts as
both the active component and the interface to maximize the
synergistic effect between different layers. Besides, each stacked
nanosheet could serve as pillar to support each other for better
structural stability. Therefore, long service life of the electro-
catalysts could be expected. For example, Xiong et al. studied
the interface between MoS2 and Ni–Fe LDH unilamellar nano-
sheets through molecular-scale regulation of superlattices.54

MoS2 is considered to be a promising non-precious HER elec-
trocatalyst in acidic media, which might improve the HER
performance of Ni–Fe LDH. Meanwhile, graphene could
enhance the conductivity. As shown in Fig. 4a, the group
systematically designed three superlattices by alternate
restacking of any two of MoS2, Ni–Fe LDH and graphene uni-
lamellar nanosheets through a solution-phase assembly
strategy. During the process, these two oppositely charged
monolayers assembled into a layer-by-layer structure because of
the electrostatic attraction. Owing to the various compositions,
different superlattices show diverse activities towards water
splitting. MoS2/LDH nanosheets could demonstrate a good
response towards the HER and OER. However, MoS2/graphene
and Ni–Fe LDH/graphene could only show HER activity and
OER activity in alkaline solution, respectively. The TEM image
shows that no agglomeration could be seen on the heteroge-
neous superlattice (Fig. 4b). Two broad peaks at small angles
can be identied in the X-ray diffraction (XRD) pattern of MoS2/
LDH nanosheets (Fig. 4c). The corresponding basic spacing is
about 0.85–0.95 nm, which is almost half of the total thick-
nesses of MoS2 and LDH nanosheets. Furthermore, the HRTEM
image shows a periodic layered structure with a spacing of
1.8 nm, verifying the formation of the layer-by-layer structure
between MoS2 and LDH (Fig. 4d). The prepared MoS2/Ni–Fe
LDH sandwich-like structure demonstrates superior HER and
OER activity over MoS2/graphene and Ni–Fe LDH/graphene with
a small h of 110 and 210mV to deliver a current density of 10mA
cm�2, respectively. This enhanced electrocatalytic performance
should be attributed to structural advantages from the
molecular-scale modulation. Moreover, the charge transfer
from LDH to MoS2 realizes a strong coupling effect at the
interfaces for the fastest electron transfer among samples. The
energy proles of vital intermediates (*OH, *O, and *OOH) for
the four-step OER on these layer-by-layer structures are esti-
mated (Fig. 4e). The conversion from *O to *OOH is considered
to be the potential determining step (pds). MoS2/LDH bilayer
structures show a DGpds of 1.8 eV, which is much better
compared with that of LDH (�7.8 eV) and LDH/graphene (2.2
eV). For the HER in KOH, the MoS2/LDH sample also
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Differential charge densities of Ni–Fe LDH with and without Au atoms. (b) HAADF-STEM of sAu/Ni–Fe LDH. (c) Au L3-edge XANES
spectra of sAu/Ni–Fe LDH and Au foil. (d) Polarization curves of sAu/Ni–Fe LDH, pure Ni–Fe LDH and Ti mesh. (e) h at 10mA cm�2 and Tafel slope
for sAu/Ni–Fe LDH and Ni–Fe LDH. Reproduced with permission.50 Copyright 2018, American Chemical Society.
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Fig. 4 (a) Schematic diagram of MoS2/LDH and control samples for different processes in water splitting. (b) TEM image, (c) XRD pattern, and (d)
HRTEM image of the MoS2/LDH sample. Free energy illustrations of (e) the OER and (f) HER onMoS2/LDH and control samples. Reproduced with
permission.54 Copyright 2019, American Chemical Society.
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demonstrated compositional superiority with the highest H+

affinity with the smallest DGH* of 0.10 eV (Fig. 4f). This
successful molecular-scale modulation between Ni–Fe LDH and
other nanosheets synergistically accelerates the overall water
splitting reactions, shedding light on the further electrocatalyst
designs.
4. Other Ni–Fe based compounds

With the continuous development of Ni–Fe LDH, researchers
begin to explore other Ni–Fe based compounds beyond LDH,
5560 | Nanoscale Adv., 2020, 2, 5555–5566
such as alloys, suldes, phosphides and so on. Due to strong
affinity between Ni and Fe, these two elements could easily form
Ni–Fe alloys with good electrical conductivity.24 However, Ni–Fe
alloys face great challenges as they cannot retain the original
phase or morphology during long-time utilization in alkaline/
acid solutions or under high potential.31 In addition, nano-
sized alloys are prone to agglomerate during synthesis. Usually,
carbon materials could serve not only as a substrate to load the
alloys or coating layer to prevent alloys from agglomeration, but
also as conductive additives with excellent stability in harsh
environments to improve the catalytic activity. As for the Ni–Fe
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00727g


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/6
/2

02
6 

1:
11

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
chalcogenides (suldes, selenides, etc.)/oxyphosphides/
phosphides, their electrical conductivity is much better
compared with LDHs, which is favorable for the electrocatalytic
water splitting. Nevertheless, the surface of these ternary
compounds could turn into oxyhydroxides as the actual active
sites during the cycling.32 Therefore, it is quite difficult to
identify the origin of the enhanced electrocatalytic perfor-
mances and deeper investigations are still needed to further
optimize these Ni–Fe based compounds as electrocatalysts in
water splitting.
4.1. Ni–Fe alloys

To address the synthetic obstacles, mechanical alloying or
electrolytic deposition of mixed metal salt solution is
employed.24 Although many unique studies have been done,
phase modulation of Ni–Fe alloys is seldom reported and many
reported these alloys as face-centered cubic (fcc) phases. The
crystal structure of alloys mainly contains three forms other
than the fcc phase: body-centered cubic (bcc), hexagonal close-
packed (hcp) and face-centered tetragonal (fct) structures.
Wang and coworkers have developed a rare crystal structure
that encapsulates hcp-phase Ni–Fe alloy nanoparticles in an N-
doped carbon (NC) shell (hcp-Ni–Fe@NC).55 XRD shows that all
diffraction peaks correspond to the hcp structure of Ni–Fe
alloys (Fig. 5a). SEM and TEM images clearly show that the Ni–
Fe alloys are sphere-like nanostructures with a uniform size of
Fig. 5 (a) XRD patterns, (b) SEM image, and (c) TEM image of hcp-NiFe@N
I–t curves of the hcp-Ni–Fe@NC and RuO2. (g) LSV curves of NiFe alloys
at the current density of 10 mA cm�2 and the h of 250mV. (i) Nyquist plot
John Wiley & Sons, Inc.

This journal is © The Royal Society of Chemistry 2020
50 nm with a thin carbon layer (Fig. 5b and c). The inset
HRTEM image with a clear d-spacing of 0.232 nm further
conrms the hcp-phase of Ni–Fe alloys. The polarization curves
in Fig. 5d show that hcp-Ni–Fe@NC has excellent OER catalytic
activity among Ni–Fe alloys with different phases. The hcp-Ni–
Fe@NC sample only requires a small h of 226 mV to deliver
a current of 10 mA cm�2, much smaller than that of the fcc-Ni–
Fe@NC (292 mV) and RuO2 (344 mV). The Tafel slope of hcp-
Ni–Fe@NC is 41 mV dec�1, which also conrms the superiority
over fcc-Ni–Fe@NC and RuO2 (Fig. 5e). The long-term cycling
test reveals the excellent high stability of hcp-Ni–Fe@NC with
only a slight performance decay aer 35 h. For comparison,
RuO2 can only maintain 68.3% of the original performance
(Fig. 6f). This crystal phase regulation changes the accumula-
tion of metal atoms to affect electronic properties, which
greatly alters the intrinsic catalytic performance of Ni–Fe
alloys. In addition, hcp-Ni–Fe@NC samples with different Fe/
Ni ratios are also prepared. Once again, hcp-Ni–Fe@NC
proves its compositional advantages as its OER activity is much
better than that of hcp-Ni–Fe@NC-1 and hcp-Ni–Fe@NC-2
(Fig. 5g). When the h is 250 mV, hcp-Ni–Fe@NC gives the
highest current density of 36.6 mA cm�2 (Fig. 5h). EIS data at
a constant potential of 1.5 V (vs. the reversible hydrogen elec-
trode, RHE) show that hcp-Ni–Fe@NC has the lowest Rct value
compared with other control samples, verifying its excellent
OER performances (Fig. 5i).
C, (d) LSV curves and (e) Tafel plots of catalysts with different phases. (f)
with different Fe/Ni ratios. (h) OER performances of NiFe alloy samples
s of NiFe alloy samples. Reproduced with permission.55 Copyright 2019,
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Fig. 6 (a) Schematic surface area of (FexNi1�x)9S8 with different Ni/Fe ratios. (b) LSV curves and (c) h for synthesized and activated (FexNi1�x)9S8
samples. (d) LSV curves of Fe4.5Ni4.5S8 at different temperatures. (e) Charging current density differences (DJ ¼ ja � jc) plotted. Reproduced with
permission.58 Copyright 2018, American Chemical Society.
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4.2. Ni–Fe based suldes

Ni–Fe suldes are a typical kind of Ni–Fe chalcogenides with
low cost, high conductivity and robust features, and are gener-
ally regarded as active electrocatalysts for the HER.56 DFT
calculations indicate that specic Ni–Fe interactions with
different Ni/Fe ratios have a signicant effect on the binding of
hydrogen to the catalyst surface.57 As a typical example, Piontek
et al. synthesized a series of (FexNi1�x)9S8 (x ¼ 0–1) materials
through high-temperature annealing and analyzed the effects of
the Ni/Fe ratio and temperature of testing on the HER perfor-
mance.58 Different Ni/Fe ratios will alter the distribution of Ni–
5562 | Nanoscale Adv., 2020, 2, 5555–5566
Fe active sites on the surface. As shown in Fig. 6a, when the Ni/
Fe ratio is close to 1, the whole catalyst approaches an idealized
system with an ordered distribution of active sites, although the
HER performances of the freshly made catalysts with different
Ni/Fe ratios are almost the same (Fig. 6b). Activation treatment
at a constant potential of �0.5 V vs. RHE for 20 h could vary
their HER activities (Fig. 6c). Among them, Fe4.5Ni4.5S8 shows
the smallest h of 146 mV, and all materials have a signicant
shi to more positive values. Meanwhile, samples with high or
low Ni/Fe ratios suffer great loss in the long-term cycling
performance. The above results indicate the changes of the
chemical environment on the surface and potential surface
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 (a) Schematic illustration of the formation of NFP/C hollow nanorods. (b) XRD pattern, (c) TEM image and (d) EDXmapping images of NFP/
C hollow nanorods. (e) LSV plots and (f) Tafel plots of NFP/C hollow nanorods with different Ni/Fe ratios in acid. (g) Durability test of NFP/C in
acidic, neutral, and alkaline solutions. Reproducedwith permission.61 Copyright 2019, The American Association for the Advancement of Science.
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corrosion of Ni–Fe based suldes in acid. Interestingly, this
work also investigates the effect of temperature on the HER test.
LSV curves reveal that the increase in temperature will greatly
enhance the OER performance to reduce the h and increase the
reaction kinetics (Fig. 6d). It is believed that the increase of the
operating temperature not only promotes the removal of H2

bubbles, but also reduces the charge transfer resistance. At the
same time, as the temperature increases, the double-layer
capacity/electrochemical surface area also increases, indi-
cating a signicant promotion of HER activity (Fig. 6e). It
should be noted that the temperature could not change the
internal HER reaction mechanisms.
4.3. Ni–Fe based phosphides

Transition metal phosphides (TMPs) have been considered to
be attractive HER catalysts due to low cost, nontoxicity, and
This journal is © The Royal Society of Chemistry 2020
high activity in electrolytes with a wide range of pH values.59,60

However, amorphous oxyphosphides or oxyphosphides with
a low degree of crystallinity are usually obtained. Therefore, it
is hard to identify the active sites of Ni–Fe phosphides.
Recently, Lu et al. reported an effective method to generate Ni-
doped FeP/carbon (NFP/C) hollow nanorods with tailorable
length and composition based on self-engaged etching and
coordination reactions.61 Both the carbon and Ni-doped FeP
species are derived from the phytic acid treated hollow MIL-
88A (Fig. 7a). XRD patterns show the high crystallinity of
NFP/C without any impurity (Fig. 7b). The TEM image reveals
the rod-like morphology of these single-shelled hollow struc-
tures (Fig. 7c). EDX mapping results show that the carbon
element is well dispersed within the whole particle (Fig. 7d).
Carbon species could support Ni-doped FeP to avoid collapse
during calcination. LSV plots (Fig. 7e) and Tafel plots (Fig. 7f)
Nanoscale Adv., 2020, 2, 5555–5566 | 5563
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Table 1 Electrocatalytic performances of Ni–Fe based compounds for the OER

Electrocatalyst h at 10 mA cm�2 (mV)
Tafel slope
(mV dec�1) Electrolyte Ref.

Cu@NiFe LDH 199 27.8 1 M KOH 4
NiO/NiFe LDH 180 30 1 M KOH 10
NiFeLDH@defective graphene 300 52 1 M KOH 12
NiFe-LDH/Co,N-carbon 312 60 0.1 M KOH 26
Ni–Fe LDH 280 49.4 1 M KOH 46
NiFe-LDH/carbon nanotube 220 31 1 M KOH 49
sAu/NiFe LDH 237 55 1 M KOH 50
MoS2/NiFe-LDH 210 46 1 M KOH 54
FeNi@graphene 280 70 1 M NaOH 31
NiFe nanoparticle@N-doped carbon 226 41 1 M KOH 55
Tannic acid–Ni3Fe 290 28 1 M KOH 60
NH2-MIL-88B(Fe2Ni)/Ni foam 240 58.5 1 M KOH 3
Fe–Ni@dicyandiamide composite-carbon nanotubes 274 45.74 1 M KOH 6
Ni0.8Fe0.2(C12H6O4)(H2O)4 240 34 0.1 M KOH 27
NiFe–Prussian blue analogue 258 46 1 M KOH 28
Fe(Ni)-MOF/NiFe alloy foam 227 38.9 1 M KOH 41
MIL-100(FeNi)/Ni foam 243 30.4 1 M KOH 57

Table 2 Electrocatalytic performances of Ni–Fe based compounds for the HER

Electrocatalyst h at 10 mA cm�2 (mV)
Tafel slope
(mV dec�1) Electrolyte Ref.

NiFeRu-LDH 29 31 1 M KOH 2
Cu@NiFe LDH 116 58.9 1 M KOH 4
Rh/NiFeRh-LDH 57 81.3 1 M KOH 9
MoS2/NiFe-LDH 110 77 1 M KOH 54
Fe4.5Ni4.5S8 138 83 0.5 M H2SO4 58
Ni-doped FeP/C 72 54 1 M KOH 61
NH2-MIL-88B(Fe2Ni)/Ni foam 87 35.2 1 M KOH 3
Ni0.9Fe0.1PS3 72 73 1 M KOH 59
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clearly show the superiority of NFP/C compared with pure iron
phosphides. More importantly, the carbon content plays
a great role in maintaining the structural integrity and cata-
lytic performance in acidic, neutral, and alkaline solutions
(Fig. 7g).
5. Conclusion and outlook

Scientists have made great efforts to design novel and highly
efficient electrocatalytic materials to promote water splitting
reactions. As an advanced approach for enhancing the
production of hydrogen and oxygen, the employment of Ni–Fe
based compounds has aroused great interest due to the abun-
dant reserves and low prices, and a strong synergistic effect
between Fe and Ni elements. This review sums up the recent
progress in the design of Ni–Fe based electrocatalysts, including
Ni–Fe LDH and other compounds for the OER (Table 1) and the
HER (Table 2). Special focus has been put on the utilization of
hollow structures, interface engineering, phase control and
carbon coating toward Ni–Fe LDH and beyond.

Despite advances, there are still several urgent bottlenecks
to be addressed in the research of Ni–Fe based compounds for
electrochemical water splitting. Above all, the electrocatalytic
5564 | Nanoscale Adv., 2020, 2, 5555–5566
performances of current Ni–Fe based compounds are still
inferior to that of precious metal based electrocatalysts, which
could not meet the demand for practical water splitting at low
energy consumption. In addition, the preparation routes for
Ni–Fe based compounds are still quite complex and the yield
should be further improved for large-scale applications.
Moreover, the origin of Ni–Fe based compounds beyond Ni–Fe
LDH is still not clear due to the complex composition and
phases. In situ analyses during the actual process are required
to monitor the changes in the phase, morphology, and valence
evolution of the catalysts. Besides, highly effective electro-
catalysts based on Ni–Fe compounds are still needed for
overall water splitting in wide pH ranges. For further research,
more attention should be paid to the surface and interface
modulation strategies towards Ni–Fe based compounds. A
deeper understanding of the active sites or species should be
obtained. More facile and price-competitive preparation
methods for Ni–Fe based compounds should be developed for
commercial use.
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51 S. J. Gutić, A. S. Dobrota, E. Fako, N. V. Skorodumova,
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