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Cu nanowires shelled with NiFe layered double
hydroxide nanosheets as bifunctional
electrocatalysts for overall water splitting†

Luo Yu,ab Haiqing Zhou,b Jingying Sun,b Fan Qin,c Fang Yu,b Jiming Bao,c

Ying Yu, *a Shuo Chen*b and Zhifeng Ren *b

Developing highly active and low-cost electrocatalysts with superior durability for both the oxygen

evolution reaction (OER) and hydrogen evolution reaction (HER) is a grand challenge to produce

hydrogen by electrolysis of water. Here, we report on a facile and scalable approach to fabricate highly

efficient three-dimensional (3D) bulk catalysts of core–shell nanostructures, in which few-layer NiFe

layered double hydroxide (LDH) nanosheets are grown on Cu nanowire cores supported on Cu foams,

toward overall water splitting. Remarkably, benefiting from the 3D hierarchical nanoarchitecture with large

surface areas, fast electron transport, and open-channels for effective gas release, the resulting 3D self-

standing catalysts exhibit outstanding OER activity as well as excellent HER performance in an alkaline

medium. Using them as bifunctional catalysts for overall water splitting, a current density of 10 mA cm�2

was achieved at a voltage of 1.54 V, and 100 mA cm�2 at 1.69 V with excellent durability, which is much

better than the benchmark of IrO2(+)//Pt(�) electrodes. Our 3D core–shell electrocatalysts significantly

advance the research towards large-scale practical water electrolysis.

Broader context
Hydrogen is a clean, efficient and renewable energy carrier. Electrochemical water splitting, in which two important half reactions, the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), are involved, is an environmentally-benign and economic route to generate H2 on a large scale. At present,
considerable efforts are being devoted to fabricating robust catalysts that are monofunctional for one of these two reactions, rather than bifunctional for both
the HER and OER, so it remains a great challenge to catalyze both the HER and OER efficiently in a base medium. Thus, it is very interesting to develop a robust
bifunctional catalyst that drives both the HER and OER with high efficiency simultaneously. In particular, to realize the commercialization of water splitting,
high-current operation of the catalysts is more desirable. Here we develop a facile and scalable approach to fabricate a self-standing 3D core–shell Cu@NiFe
LDH electrocatalyst for highly efficient overall water splitting. Benefiting from the smart structure, the catalyst not only exhibits outstanding OER performance,
especially for high current densities, but also decent HER performance in an alkaline electrolyte, thus functioning as a versatile electrode for efficient overall
water splitting.

Introduction

The excessive consumption of fossil fuels produces too much
carbon dioxide, which necessitates searching for clean energy
sources.1 Hydrogen (H2) has high energy density and is environ-
mentally friendly, so it is an ideal alternative to fossil fuels.2,3

Electrochemical water splitting for H2 production is an appeal-
ing approach, in which two half reactions, the hydrogen evolu-
tion reaction (HER) and oxygen evolution reaction (OER), are
involved.4–6 However, both the HER and OER are inefficient,
and due to the high activation barrier and the sluggish four
proton-coupled electron transfer, OER is the major bottleneck
of the overall water splitting.7–10 Currently, the state-of-the-art
OER catalysts are iridium dioxide (IrO2) and ruthenium dioxide
(RuO2), which normally exhibit small onset potential, but their
overpotential to reach the current density of 100 mA cm�2

is still very large, not to mention the current densities of 500
and 1000 mA cm�2 for practical large-scale water electrolysis. In
addition, their high cost and low earth abundance further limit
their practical applications.11–15 Therefore, substantial efforts

a College of Physical Science and Technology, Central China Normal University,

Wuhan 430079, China. E-mail: yuying01@mail.ccnu.edu.cn
b Department of Physics and TcSUH, University of Houston, Houston, TX 77204,

USA. E-mail: schen34@uh.edu, zren@uh.edu
c Department of Electrical and Computer Engineering, University of Houston,

Houston, TX 77204, USA

† Electronic supplementary information (ESI) available: Experimental details and
results. See DOI: 10.1039/c7ee01571b

Received 7th June 2017,
Accepted 13th July 2017

DOI: 10.1039/c7ee01571b

rsc.li/ees

Energy &
Environmental
Science

PAPER

Pu
bl

is
he

d 
on

 1
3 

lu
gl

io
 2

01
7.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 2

3/
07

/2
02

5 
09

:1
4:

04
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-7680-7180
http://orcid.org/0000-0001-8233-3332
http://crossmark.crossref.org/dialog/?doi=10.1039/c7ee01571b&domain=pdf&date_stamp=2017-07-20
http://rsc.li/ees
https://doi.org/10.1039/c7ee01571b
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE010008


This journal is©The Royal Society of Chemistry 2017 Energy Environ. Sci., 2017, 10, 1820--1827 | 1821

have been devoted to developing efficient and low-cost OER
catalysts to replace the noble metal catalysts, leading to new
catalysts better than RuO2 and IrO2.16–18 However, most of them
are good for the OER in an alkaline medium, but not good at
all for the HER in the same electrolyte. Clearly, bifunctional
catalysts for overall water splitting are necessary and have been
reported, but the performance, especially for high current
densities is not satisfactory for practical applications. Therefore,
it is highly imperative to develop better bifunctional catalysts to
make large-scale water splitting practical.

Two dimensional (2D) layered materials have attracted
increasing interest in the field of catalysis and energy storage
due to their novel structural features.19–21 Layered double
hydroxides (LDHs) are promising 2D layered materials because
of their low cost, abundance, and ease of scale-up.22–24 Benefiting
from the unique layered structures, which are favorable for
diffusion of water molecules and fast release of gaseous products,
LDH-based materials have been studied for efficient OER as well
as bifunctional catalysts for water splitting. For instance, Hou
et al. reported cobalt selenide and NiFe LDH nanosheets (NSs)
grown on exfoliated graphene foil as a 3D electrode for overall
water splitting, which achieved a current density of 20 mA cm�2

at 1.71 V in a base electrolyte.25 Subsequently, LDH-based
catalysts including NiFe LDH/NiCo2O4

26 and NiFe LDH/NiCo2S4
27

have been fabricated for overall water splitting. However, the
performance is still not good enough, and the voltage for a high
current density (100 mA cm�2) is still very high, which is far from
the requirements of practical applications.28,29 It has been proved
that the active sites of layered materials are at the edges of the
2D materials, rather than the basal planes.30,31 Therefore, it is
coveted to grow LDH-based catalysts with abundant exposed
edges. Recently, Jia et al. adopted an exfoliation method to
fabricate single layered NiFe LDH NSs on defective graphene
for overall water splitting.32 Benefiting from the numerous
exposed edges of single layered nanosheets and synergetic
effects of the composites, this bifunctional catalyst can achieve
a current density of 20 mA cm�2 at a voltage of 1.5 V, which is
the best for overall water splitting to date. Regrettably, the
exfoliation method is complicated and costly, which makes it

unsuitable for practical application on a large scale. Besides,
conductive substrates with a polymer binder to immobilize the
active materials are required to prepare the electrodes, which
further increases the cost.33 Hence, developing an alternative
approach to fabricate NiFe LDH with more active sites on
the self-standing conductive skeletons for water splitting is of
great significance.

Rational design of the electrode architecture is a powerful
method to promote the ultimate catalytic activity. Particularly,
3D core–shell nanoarchitectures grown on conductive substrates
are of great interest owning to their large surface areas, efficient
electron transfer, and intimate access to the electrolyte.34,35

Recently, Liu et al. reported a hierarchical core–shell catalyst of
CoMoO4@CoMoS supported on N-doped reduced graphene
oxide toward efficient HER.36 Feng et al. developed Co@FeOOH
core–shell nanotube arrays supported on Ni foams as efficient
self-standing 3D electrodes for the OER.37 The inner Co metal
cores served as highly conductive layers to provide reliable
electron transmission, and overcame the poor electrical con-
ductivity of FeOOH; thus the hybrid can lower the energy
barriers of intermediates and promote the catalytic reactions.
In comparison with Co metal cores, Cu nanowires (NWs) are
much more conductive, cheaper, and easier to synthesize. We
think a 3D structure of NiFe LDH NS shells on Cu NW cores
(designated as Cu@NiFe LDH) supported on Cu foam should
be highly favorable for overall water splitting. Furthermore, as
illustrated in Fig. 1, we can see that these 3D core–shell
Cu@NiFe LDH catalysts have better mechanical integrity
since the Cu NWs are directly grown on the Cu foam, and the
Cu NWs firmly grasp the shell of NiFe LDH NSs, ensuring good
electronic transport. In addition, the NiFe LDH NSs are mostly
vertically grown on the Cu NWs, leaving lots of exposed edges,
and the ultrathin feature with few-layer nanosheets further
offers more active sites. Clearly, the 3D core–shell nanostruc-
tures can provide large surface areas with increased exposure of
active sites, efficient electron transport from the inner Cu NWs
to the surrounding NiFe LDH NSs, and fast release of gaseous
products. Consequently, this 3D core–shell catalyst should yield
outstanding OER activity as well as excellent HER performance

Fig. 1 Schematic illustration of the fabrication procedures of the self-standing 3D core–shell Cu@NiFe LDH electrocatalysts. (RT is the abbreviation for
room temperature.)
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in an alkaline medium, thus behaving as a bifunctional electrode
for efficient overall water splitting.

Results and discussion

The fabrication process for the Cu@NiFe LDH core–shell
composites is illustrated in Fig. 1. Cu foam was used as the
substrate, and Cu(OH)2 NWs were firstly synthesized through
chemical oxidation of the Cu foam, which was followed by
calcination in air to form CuO NWs. Cu NWs were obtained by
electroreduction of CuO, which is a facile, safe, and low-cost
approach compared with annealing in the presence of H2. Finally,
few-layer NiFe LDH NSs were electrodeposited on the Cu NWs,
leading to the formation of the self-supported 3D core–shell
Cu@NiFe LDH catalyst. It is worth mentioning that all the
preparation steps were completed in a short time and at room
temperature (except for the calcination), which led to low-cost.
More importantly, the preparation steps are easy to scale up, a basic
requirement for large-scale practical applications. Fig. S1 (ESI†)
shows optical pictures of the as-prepared samples, displaying
an apparent color change and uniformity during the process.

The morphology and core–shell nanostructure of the samples
were revealed by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The SEM images of the Cu
foam in Fig. S2 (ESI†) show its 3D porous structure with a
smooth surface full of grain boundaries. Fig. S3 and S4 (ESI†)
show SEM images of the Cu(OH)2 NWs and CuO NWs, respec-
tively. Both exhibit dense 1D structures and are roughly vertically
on the substrate. Fig. 2a is the SEM image of the Cu@NiFe
LDH at low magnification, which shows the 3D macroporous
structure covered by uniform nanomaterials on the surface.

Fig. 2b shows the SEM image of the Cu cores with a uniform
1D nanostructure. After electrodeposition, the NiFe LDH NSs
uniformly and vertically grew on the Cu NWs, achieving a typical
core–shell structure (Fig. 2c). The TEM image in Fig. 2d further
shows that the nanosheets are interconnected with each other,
forming a highly porous surface morphology, which offers many
channels for electrolyte diffusion and gaseous product release.
Fig. 2e displays a typical TEM image of an individual hybrid
nanostructure, which distinctly exhibits that NiFe LDH NSs
vertically grow on the Cu NWs, providing abundant exposed
edges. The diameter of the core–shell hybrid is B700 nm with an
B200 nm core of Cu NWs and B250 nm shell of NiFe LDH NSs.
Fig. 2f is a closer observation of the NiFe LDH NSs, in which the
thickness of the NSs is determined to be B3.2 to 4 nm. Since
the thickness of a single layer of LDHs is about 0.8 nm,38 the
NiFe LDH NSs are around 4 to 5 layers for our samples. Such a
3D core–shell nanostructure with few-layer NiFe LDH NSs will
maximize the surface area and enable more active edge sites to
be exposed, thus promoting the catalytic activity. A distinctive
lattice fringe with an interplanar spacing of 0.25 nm (inset in
Fig. 2f) was also identified, which can be assigned to the (012)
plane of NiFe LDH.25 Energy dispersive X-ray spectroscopy (EDS)
line scanning results (Fig. 2g) and EDS mapping analysis
(Fig. 2h) further identify the quintessential core–shell structure,
which clearly shows that copper is in the central part while both
nickel and iron are homogeneously distributed throughout the
whole composites. Pure NiFe LDH was also synthesized on the Cu
foam by the same method for comparison, and the SEM images
are displayed in Fig. S5 (ESI†), which shows that ultrathin and
uniform NiFe LDH platelets compactly grow on the substrate.

We then carried out X-ray diffraction (XRD) measurements
to identify the phase of the samples. As shown in Fig. 3a, three
strong peaks located at 43.341, 50.481, and 74.171 all corre-
spond to the cubic-structured Cu (PDF#65-9026). No peaks
assigned to CuO or Cu2O are found for the Cu NWs, meaning

Fig. 2 Morphology and structure characterizations. SEM images of Cu@NiFe
LDH at (a) low and (c) high magnification. (b) SEM image of Cu NWs. (d and e)
TEM images of Cu@NiFe LDH. (f) Detailed image of the squared part in (e) and
HRTEM image of Cu@NiFe LDH to show the lattice fringe (inset). (g) EDS line
scan results, and (h) DF-STEM image of Cu@NiFe LDH with the corres-
ponding elemental mapping.

Fig. 3 (a) XRD patterns of Cu NWs and Cu@NiFe LDH. (b) XPS full
spectrum, and high-resolution XPS spectra of (c) Ni 2p, and (d) Fe 2p for
Cu@NiFe LDH.
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the successful transformation from CuO to Cu. After electro-
depositon of NiFe LDH, four small peaks show up on the XRD
pattern of the composites, all of which are indexed to the
LDHs.39 X-ray photoelectron spectroscopy (XPS) measurements
were further performed to probe the elemental composition
and chemical valence states of the Cu@NiFe LDH. As shown in
Fig. 3b, the full spectrum demonstrates the presence of Cu, Ni,
Fe, O, and C (for calibration) elements in the composites.
Fig. 3c and d are the high-resolution XPS spectra of Ni 2p
and Fe 2p, respectively. In Fig. 3c, the two peaks located at
binding energies of 855.6 and 873.3 eV correspond to Ni 2p3/2

and Ni 2p1/2, respectively,27 along with two satellite peaks. For
the XPS spectra of Fe 2p (Fig. 3d), two prominent peaks located
at 712.7 and 725.9 eV are assigned to Fe 2p3/2 and Fe 2p1/2,
respectively,40 and two satellite peaks are located at 718.3 and
733.4 eV. All these features indicate that the Ni and Fe are
present in the form of Ni2+ and Fe3+ oxidation states in the
composites.25

The OER activity of the 3D core–shell electrode along with
the pure NiFe LDH and commercial IrO2 (on the Cu foam) was
firstly assessed in 1 M KOH aqueous electrolyte using a standard
three-electrode system. The polarization curves in Fig. 4a show
that the Cu@NiFe LDH exhibits a much higher activity than the
pure NiFe LDH and commercial IrO2. Specifically, this 3D core–
shell electrode can yield current densities of 10 and 100 mA cm�2

at overpotentials of 199 and 281 mV, respectively. In contrast,
233 and 307 mV overpotentials are required for the pure NiFe
LDH, and 219 and 375 mV for the state-of-the art IrO2 electrode
to achieve the corresponding current densities. The OER

performance of the Cu NWs and bare Cu foam is displayed in
Fig. S6 (ESI†), and the activities are much worse than the pure
NiFe LDH. For commercial applications, we also investigated
the performance of high current densities. We found that a very
small overpotential of 311 mV can drive a high current density
of 500 mA cm�2, and 315 mV for 1000 mA cm�2 for the
Cu@NiFe LDH electrode, which is extremely superior to the
pure NiFe LDH and IrO2 catalysts. The Cu@NiFe LDH electrode
also shows a very small Tafel slope of 27.8 mV dec�1 among the
three catalysts (Fig. 4b), representing the inherent excellent
OER activity. These results strongly demonstrate that our 3D
core–shell Cu@NiFe LDH electrode is a highly efficient OER
catalyst, especially for high current densities, which is much
better than any reported data except for that reported by
Zhou et al.,48 as compared in Fig. 4c and Table S1 (ESI†).
Additionally, the OER activity of Cu@NiFe LDH with different
electrodeposition time of NiFe LDH was also studied and
shown in Fig. S7 (ESI†); Cu@NiFe LDH-90 (the one labeled as
Cu@NiFe LDH in the text) is better than Cu@NiFe LDH-60 and
Cu@NiFe LDH-120. Notably, the Cu@NiFe LDH electrode
exhibits remarkable durability as well during the OER test. As
shown in Fig. 4d, the overpotentials to achieve current densities
of 10 and 100 mA cm�2 do not seem to increase at all after
48 hours, which makes our samples very promising for large-
scale commercial utilization. It is worth pointing out that the
slight variation observed in Fig. 4d is reasonable, since the
long-time stability test is a dynamic process, and many factors
including bubble absorption on the surface of the electrodes
will lead to slight potential variations.

Fig. 4 OER performance of Cu@NiFe LDH conducted in 1 M KOH. (a) Polarization curves, and (b) corresponding Tafel plots. (c) Comparison of
overpotential required at 10 mA cm�2 (Z10) and Tafel slope with other recently reported high-performance OER electrocatalysts. (d) Chronopotentio-
metry curves of Cu@NiFe LDH at constant current densities of 10 and 100 mA cm�2. (e) Capacitive currents as a function of scan rate, and (f) Nyquist plots
(overpotential = 250 mV) for the samples. The inset in (f) is the enlarged EIS curves of the squared parts. References cited in panel (c): NiFe-OH/NiFeP,11

Co0.85Se/NiFe LDH,25 (Ni,Co)0.85Se/NiCo LDH,41 NiFe LDH/CNT (carbon nanotube),42 FexN/graphene,43 Ni3FeN,44 CoFePO,45 Co/CoP,46 exfoliated NiFe
LDH,38 and CoMnP.47
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In order to elucidate the possible origins of such extra-
ordinary performance, we carried out cyclic voltammetry (CV)
measurements to determine the double-layer capacitance (Cdl),
which is proportional to the electrochemically active surface
area (ECSA).11,43 Fig. 4e shows the capacitive currents as a
function of the scan rate obtained from the corresponding CV
curves (Fig. S8, ESI†) to calculate Cdl for the electrodes. The
Cu@NiFe LDH electrode possesses the highest Cdl of 59.8 mF
cm�2, which is nearly 4.5 and 5.5 times that of the pure NiFe
LDH (13.5 mF cm�2) and Cu NWs (11.2 mF cm�2), respectively,
demonstrating the improved ECSA and greater exposure of
active sites achieved by the rational design of the 3D core–shell
nanoarchitectures. The large ECSA is beneficial to water mole-
cule adsorption and intimate contact with the electrolyte, along
with rich active sites for catalytic reactions, which definitely
account for the intensified activity. Meanwhile, electrochemical
impedance spectroscopy (EIS) was utilized to study the electrode
kinetics of the catalysts. As shown in Fig. 4f, the Cu@NiFe LDH
electrode possesses a much smaller charge transfer resistance
(Rct) of B2.8 O, in contrast to the pure NiFe LDH (12 O) and Cu
NWs (15 O). The small Rct reveals desirable electron transport
and catalytic kinetics, leading to a small Tafel slope. In addition,
the inset in Fig. 4f shows the enlarged EIS curves of the small
resistance region, which exhibit that the Cu NWs and Cu@NiFe
LDH electrodes have smaller series resistances (Rs), suggesting
good electrical contacts with the substrate.30 This is because that
the Cu NWs are formed via direct reactions of Cu foam, leading
to stronger adhesion to the substrate. And the Cu NWs firmly

grasp the NiFe LDH NS shell, ensuring good electrical contacts
and mechanical stability for the composites, which contribute to
the superior stability as well.

To inspect the possibility of our 3D core–shell Cu@NiFe LDH
catalysts for overall water splitting, we further evaluated the HER
activity of the hybrid electrode in 1 M KOH. Surprisingly, the
Cu@NiFe LDH catalysts also showed decent HER activity in the
alkaline medium (Fig. 5a), which is much better than the pure
NiFe LDH, Cu NWs, and Cu foam (Fig. S9, ESI†). It resulted in
overpotentials of 116 and 192 mV to achieve current densities of
10 and 100 mA cm�2, respectively. Although they are inferior to
the commercial Pt wires, they are comparable to the NiMo alloy
catalyst (synthesized on the Cu foam, Fig. S10, ESI†), which
is reported to be a highly efficient HER catalyst in alkaline
media.49,50 Recently, Chen et al. pointed out that Pt may
dissolve in the electrolyte, leading to the redeposition on the
working electrode when using Pt as the counter electrode (CE),
which significantly contributed to the HER activity.51 There-
fore, we further took a graphite rod as the CE to inspect the
HER activity of our catalyst in the same conditions. As shown in
Fig. S11 (ESI†), the polarization curve is almost the same as that
of using Pt as the CE, eliminating the concern of Pt dissolution
in our system. The Tafel slope of the Cu@NiFe LDH electrode is
calculated to be 58.9 mV dec�1 (Fig. 5b), which is smaller than
that of the pure NiFe LDH. In addition, as shown in Fig. 5c, the
hybrid electrode is also very stable during the HER in 1 M KOH.
Table S2 (ESI†) presents a detailed comparison of the HER
performance for Cu@NiFe LDH with other recently reported

Fig. 5 HER and overall water splitting performance of Cu@NiFe LDH conducted in 1 M KOH. (a) HER polarization curves, and (b) corresponding Tafel
plots of the electrodes. (c) Time dependence of the current density for Cu@NiFe LDH under a constant overpotential of 162 mV to afford a current
density of 50 mA cm�2. (d) Polarization curves for overall water splitting with the Cu@NiFe LDH electrode as both the anode and cathode at a scan
rate of 2 mV s�1. (The benchmark electrodes of IrO2(+)//Pt(�) are tested the same way.) (e) Comparison of the required voltage at a current density of
10 mA cm�2 for the Cu@NiFeLDH catalyst in this work with other state-of-the-art noble metal free bifunctional catalysts. (f) Chronopotentiometry curves
of Cu@NiFe LDH at a constant current density of 10 and 100 mA cm�2 tested in a two-electrode configuration. References cited in panel (e): MoNi4,57

Ni/N doped graphene,58 NiCo2S4/NiFe LDH,27 NiFeOx,
59 NiSe,60 Ni/Mo2C/porous C,61 Co0.85Se/NiFe LDH,25 NiFe LDH,62 and CoSe2/CNT (carbon

nanotube).33
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catalysts in alkaline electrolytes, showing that our self-standing
3D core–shell catalyst is better than most of the non-noble
metal-based HER catalysts in base even though much better
performances have been reported for many catalysts for the
HER in acid.2,30,52–56

Both the outstanding OER activity and the encouraging HER
activity of the Cu@NiFe LDH in the alkaline electrolyte inspired
us to evaluate the overall water splitting performance by using
the Cu@NiFe LDH electrode as both the anode and cathode in
a two-electrode system. As shown in Fig. 5d, the Cu@NiFe LDH
electrodes can achieve a current density of 10 mA cm�2 at a
voltage of 1.54 V, and 100 mA cm�2 at 1.69 V, which are better
than the benchmark of IrO2(+)//Pt(�) electrodes. Notably, the
voltage of IrO2(+)//Pt(–) at 10 mA cm�2 (1.63 V) is larger than the
overpotential sums of IrO2 for OER and Pt for HER, and we
attribute the difference to the poor stability of IrO2 and flaccid
attachment between IrO2 and Cu foam (see discussion details in
the ESI†). The performance at the current density of 10 mA cm�2

also outperforms most non-noble metal bifunctional catalysts
for overall alkaline water splitting (Fig. 5e and Table S3, ESI†).
Impressively, to afford higher current densities of 200, 300, and
500 mA cm�2, the Cu@NiFe LDH electrodes just require voltages
of 1.78, 1.85, and 1.99 V (Fig. S12, ESI†). This performance at
higher current densities is even better than the aforementioned
catalyst of exfoliated NiFe LDH/defective graphene, which sets
a record of 20 mA cm�2 by a voltage of 1.5 V for overall water
splitting.32 At the same time, the Cu@NiFe LDH electrodes
exhibit very good stability upon long-term testing both at current
densities of 10 and 100 mA cm�2 (Fig. 5f). Moreover, a battery
with a voltage of 1.5 V can drive overall water splitting with
obvious gas bubble release, confirming the high efficiency of the
Cu@NiFe LDH electrodes (Fig. S13, ESI†). Finally, we used gas
chromatography to detect the gaseous products from the overall
water splitting by the Cu@NiFe LDH electrodes. As shown in
Fig. S14 (ESI†), H2 and O2 with a predicted ratio of 2 : 1 are
detected, and the amount of measured H2 and O2 matches well
with the calculated results, indicating a nearly 100% Faradaic
efficiency. The outstanding catalytic activity of the Cu@NiFe
LDH could be attributed to the following factors: (1) the Cu NWs
rooted into the Cu foam firmly grasp the shell NiFe LDH NSs, not
only ensuring good electrical contacts and mechanical stability,
but also avoiding the use of extra binders. (2) The few-layer NiFe
LDH NSs vertically grow on the Cu NWs, leaving abundant
exposed edges, which offers more active sites for catalytic reactions.
(3) The layered structure of NiFe LDH is favorable for diffusion of
water molecules, ensuring intimate contact between the catalyst
and electrolyte. And the interlayer spacing is propitious to gaseous
product release. (4) The unique 3D core–shell structures can
provide large surface areas with increased exposure of active
sites and rapid release of gaseous products. Also, it facilitates
the efficient electron transfer from the inner metallic Cu NWs
to the outer shell of the NiFe LDH layer.

Lastly, the morphology and composition of the Cu@NiFe
LDH catalyst on the anode and cathode sides after stability test
for 24 h were examined. Fig. S15 (ESI†) shows the SEM images
of Cu@NiFe LDH after the OER stability test, which retains the

previous 3D porous structure with a little aggregation. The TEM
image in Fig. 6a reveals that the core–shell nanostructure of Cu
NWs and NiFe LDH NSs is well preserved. Moreover, the
interplanar spacing of 0.25 nm corresponding to the (012)
plane of NiFe LDH is still observed (Fig. 6b) after the OER
stability test. The EDS mapping images in Fig. 6c further
confirm the intact core–shell structure with a homogeneous
distribution of the elements. Fig. S16 (ESI†) shows the same
situation for the cathode (HER) after the stability test. The XRD
pattern of the Cu@NiFe LDH catalysts after the stability
test (Fig. S17a, ESI†) also matches well with the initial one,
indicating no phase change of NiFe LDH after OER and HER
tests. In Fig. 6d and e, the high-resolution XPS spectra of Ni 2p
and Fe 2p, along with the full spectra in Fig. S17b (ESI†) of the
Cu@NiFe LDH after the OER and HER stability test are almost
identical to that of the fresh sample, meaning no composition
change of Ni and Fe. Apparently, the peaks for the high-
resolution XPS spectrum of Cu 2p (Fig. S17c, ESI†) become
stronger after the OER stability test, and the two satellite peaks
confirm the existence of CuO,63 indicating the oxidation of Cu
to CuO. However, the EDS comparisons between before and
after the OER stability test (Fig. S18, ESI†) show that the content
of O just increases from 31.9% to 35.7%, which indicates that
the amount of oxidized Cu is very small. Additionally, the
thinner NiFe LDH layer on Cu after the stability test also makes
the signal of Cu stronger. Most importantly, this does not
weaken the OER and HER activities of the Cu@NiFe LDH
catalysts (Fig. 6f), since the 3D core–shell nanostructures and
compositions are mostly maintained. Therefore, our 3D core–
shell Cu@NiFe LDH nanoarchitectures are highly efficient and
stable bifunctional catalysts toward overall water splitting. In
addition, our facile method to fabricate this 3D core–shell
Cu@NiFe LDH catalyst on Cu foam can be effectively scaled up
from 2 cm2 to a larger size with a uniform surface morphology
(Fig. S19, ESI†), which meets the prerequisites for practical
applications. Even though the 3D core–shell Cu@NiFe LDH

Fig. 6 Characterizations after the stability test. (a) TEM, (b) HRTEM, and
(c) EDS elemental mapping of the Cu@NiFe LDH after the overall water
splitting stability test (anode for OER). High-resolution XPS spectra of (d) Ni
2p and (e) Fe 2p, and (f) polarization curves of Cu@NiFe LDH before and
after the overall water splitting stability test.
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catalysts are very good for the HER, the OER, and overall water
splitting, there is still room for further improvement, which will
be our focus for future work.

Conclusions

In summary, we have developed a facile and scalable approach to
fabricate a self-standing 3D core–shell Cu@NiFe LDH electro-
catalyst for highly efficient overall water splitting. The catalyst
not only exhibits outstanding OER performance, especially for
high current densities, but also decent HER performance in an
alkaline electrolyte. Thus, we have achieved a current density
of 10 mA cm�2 at a voltage of 1.54 V, and 100 mA cm�2 at 1.69 V
with excellent durability for overall water splitting, which has
significantly advanced the science and technology of large-scale
water splitting by electrolysis.
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