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effective fabrication of 3D porous
core–shell Ni nanochains@NiFe layered double
hydroxide nanosheet bifunctional electrocatalysts
for overall water splitting†

Zhengyang Cai, ‡a Xiuming Bu,‡b Ping Wang, *ac Wenqiang Su,a Renjie Wei, b

Johnny C. Ho, *b Junhe Yangac and Xianying Wang*ac

Highly efficient, durable and cost-effective electrocatalysts are highly desired for overall water splitting

(OWS). Herein, we report the easy fabrication of 3D porous core–shell Ni nanochains@NiFe layered

double hydroxide (LDH) nanosheets with extraordinary oxygen evolution reaction (OER), hydrogen

evolution reaction (HER) and OWS performance. In specific, a simple magnetic field-assisted method is

used for the in situ growth of Ni nanochain cores with large surface areas, allowing the subsequent

vertical growth of few-layered NiFe LDH nanosheets to form densely packed shells. Benefiting from the

meticulously designed nanoarchitecture, the electrocatalyst possesses rich exposed active sites, plentiful

charge transfer channels and high porosity for the release of gas bubbles. The OER performance and

durability of the electrocatalyst are far better than those of both commercial RuO2 and IrO2, while its

HER performance is competitive with the performance of the benchmark Pt/C electrode in alkaline

electrolytes. When these catalysts are further employed as anode and cathode electrodes, small cell

voltages of 1.53 and 1.78 V can be achieved at current densities of 10 and 100 mA cm�2 for a long-term

OWS reaction. Towards the commercial use, we design an electrolytic overall-water-splitting cell pack,

which demonstrates a linear relationship between the numbers of packing cells and the increase of

current density under a given voltage.
Introduction

In the past decades, electrochemical water splitting has attrac-
ted tremendous attention as a clean and sustainable way for
hydrogen production and renewable energy conversion;1,2

however, both cathodic hydrogen evolution reaction (HER) and
anodic oxygen evolution reaction (OER) are still not efficient
enough to support the overall water splitting (OWS). In general,
OER is the major bottleneck of the uphill OWS, particularly due
to the high activation barrier and the sluggish four proton-
coupled electron transfer.3–5 Although many noble metals are
widely employed as electrocatalysts, such as Pt-group materials
for HER and Ru/Ir-based materials for OER, the required over-
potentials to achieve high current densities (e.g. 100 and 500mA
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cm�2) are inevitably quite large. Importantly, the pH-dependent
performance of HER and OER imposes another substantial
challenge such that the system integration into the same elec-
trolyte being inaccessible.6–8 As a result, the low earth abun-
dance of noble metals and the high cost associated with the
inefficient system integration would strictly limit the practical
utilization of large-scale water electrolysis.9,10

Until now, signicant research has been devoted to devel-
oping efficient and low-cost bifunctional electrocatalysts for
OWS, including transition metal-based (Ni, Co and Fe) catalysts
and others.11–16 Taking advantage of their unique 2D layered
structure, transition metal-based layered double hydroxide
(LDH) nanosheets are considered as one of the promising
bifunctional electrocatalysts for OWS.17–24 It is noted that the
exposure of catalytically active sites of these 2D nanosheets is
much more intensive as compared to those of the 0D and 1D
structures, in which the diffusion of water molecules and
release of gaseous products can be accelerated. In addition, the
relatively low cost and ease of large-area fabrication of these
LDH nanosheets would make them attractive for large-scale
applications. For example, Song and Hu studied the OER
activities of bulk and exfoliated CoCo, NiCo and NiFe LDHs,
where it was demonstrated that the single-layer LDH
This journal is © The Royal Society of Chemistry 2019
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nanosheets had increased active site density, higher conduc-
tivity and greater activity than the bulk ones.25 Nevertheless, for
these exfoliated LDHs, the use of conductive adhesives (e.g.
Naon polymer binder) was required for the conductivity
improvement, which would give rise to an increase of the
associated ohmic drop. Besides that, the complicated and slow-
throughput exfoliation process would greatly restrict the
deployment of those LDHs for industrial use.26

The design of 3D core–shell structured LDHs self-supported
on conductive substrates is of great interest both from scientic
and practical points of view. Also, we have witnessed great
successes in the electrocatalytic applications of 3D core–shell
structured LDHs.23,27–31 For instance, Feng et al. developed
Co@FeOOH core–shell nanotube arrays supported on Ni foams
as 3D self-standing electrodes for OER.27 The inner Co metallic
cores could serve as the highly conductive layer to facilitate
reliable electron transfer and to improve the electrical
conductivity of FeOOH. The energy barriers of intermediates
were then decreased accordingly, which promoted the corre-
sponding catalytic reactions. However, they commonly suffer
from the complex multi-step synthesis procedure, which could
hardly meet the practical requirements. Furthermore, there are
still many substantial challenges needed to be tackled in order
to utilize these 3D core–shell structured LDH catalysts. These
challenges include four main areas as listed as follows: (i)
Precisely controlling the structure of LDHs, such as achieving
more uniformly aligned LDH nanoarrays, hierarchically porous
LDH nanosheets, and ultrathin few-layer LDHs. (ii) Optimizing
the quantity of active sites in LDH materials. It is necessary to
unambiguously clarify the possible origins of these active sites,
which reduce the energy barrier of the rate-determining step
during chemical reactions. It is also important to elucidate the
catalytic mechanism of LDH-based electrocatalysts for water
splitting at the atomic or molecular level. (iii) Optimizing the
conductivity of the supports of LDHs. (iv) Decoupling the
performance dependence of most LDHs on alkaline electrolytes.
These alkaline media can cause severe corrosion of electrodes
and cell components; therefore, a long-term durability of these
LDH materials in electrolytes must be considered.

Herein, we design and successfully fabricate Ni nanochains
(NCs)@NiFe LDH nanosheet (NS) bifunctional catalysts (deno-
ted as Ni@NiFe LDH) with a 3D porous core–shell architecture
Fig. 1 Schematic illustration of the fabrication procedure of self-suppor

This journal is © The Royal Society of Chemistry 2019
for highly efficient OER, HER and OWS. To be specic, the
obtained electrode exhibits outstanding OER performances
with a small Tafel slope of 66.3 mV dec�1, which gives low
overpotentials of 218, 269 and 315 mV at current densities of 10,
100, and 300 mA cm�2, respectively. For HER, the electrode also
yields remarkably low overpotentials of 92 and 233 mV at
current densities of 10 and 100 mA cm�2, accordingly. It is
important that when these Ni@NiFe LDH electrodes are
congured as both the anode and cathode in a single cell,
adequately small cell voltages of 1.53 and 1.78 V at current
densities of 10 and 100 mA cm�2 are observed for OWS. These
superior OWS performances exceed those of the state-of-the-art
IrO2 (+)//Pt/C (�) electrodes (1.55 and 1.84 V). Even aer the
stability test for 24 h, there is only a negligible increase of 38 mV
in the cell voltage. These excellent electrocatalytic characteris-
tics and durability of Ni@NiFe LDHNSs are mainly attributed to
the superiority of the 3D porous core–shell structure. This
unique structure does not only offer a large surface area,
enabling the generation of abundant active sites and mass
transfer channels, but also facilitates the release of gas mole-
cules. The in situ growth of Ni NC cores on Ni foam can also
rmly hold the NiFe LDH shells, ensuring good electron-
transfer ability and structural stability. In this case, the forma-
tion of few-layered NiFe LDH NSs can cause the active edge sites
to be fully exposed for efficient catalytic reactions.
Results and discussion

Fig. 1 illustrates the fabrication procedure of the 3D porous
core–shell Ni@NiFe LDH nanocomposite, which comprises
only two simple steps. Firstly, vertical Ni NCs are grown directly
on the Ni foam substrate (cross-sectional view in Fig. S1d and
e†) by a modied magnetic eld-assisted chemical reduction
method. As compared with the multi-step and complicated
synthesis procedure of metallic nanowires as cores, such as Co27

or Cu,29 the one step in situ growth of Ni NCs cores in our work is
much more easier and controllable on the conductive Ni foam
substrate. Subsequently, the NiFe LDH catalysts are electro-
deposited onto the self-supported Ni NCs within less than
a minute. As shown in the optical images (Fig. S1a–c†), there is
an obvious color change associated with the as-synthesized
samples taken right aer different steps, indicating the
ted 3D porous core–shell Ni@NiFe LDH.

J. Mater. Chem. A, 2019, 7, 21722–21729 | 21723
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successful formation of yellow-green colored and uniform
Ni@NiFe LDHs. The uniform growth of Ni NCs on Ni foam is
shown in the top view of Fig. S1d.† It is worth mentioning that
the entire preparation process can be completed in a relatively
short time (<2 h), while all the reactions take place at room
temperature without utilizing any high-temperature treatment.
In this regard, this fabrication method can be considered as
a cost-effective and easy route for many industrial scale
applications.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) are employed to evaluate the
morphology and to verify the core–shell nanostructure of as-
synthesized samples. The representative SEM image of the
rough Ni foam is presented in Fig. S2a.† Fig. S3† shows the SEM
images of ultrathin and homogeneous NiFe LDH NSs directly
electrodeposited on Ni foam over the NiFe LDH sample.
Importantly, Fig. 2a and b show the low-magnication and
high-magnication SEM images of the obtained Ni NCs,
respectively. The Ni NCs mainly composed of reduced Ni
nanoparticles possess a bead-chain-like structure and grow
uniformly on Ni foam. However, without the employment of the
magnetic eld, only the formation of reduced Ni nanoparticles
is observed on the surface of the Ni foam (Fig. S2b and c†),
instead of in situ growth of Ni NCs. As presented in Fig. 2c,
vertically standing NiFe LDH nanosheets are distributed
homogenously and densely on the surface of Ni NCs and a 3D
porous core–shell architecture is indeed formed, which would
greatly facilitate the electrolyte diffusion and release of gas
products.23,29 Fig. S4† presents the inuence of
Fig. 2 Representative SEM images of Ni NCs at low (a) and high (b)
magnification, SEM images of Ni@NiFe LDH (c), TEM images of
Ni@NiFe LDH (d and e), HRTEM image of Ni@NiFe LDH (f), the inset
shows the corresponding lattice fringe of the (012) crystal facet in NiFe
LDH, EDS line scans (g), and DF-STEM image of Ni@NiFe LDH with the
corresponding elemental mappings of Ni and Fe (h).

21724 | J. Mater. Chem. A, 2019, 7, 21722–21729
electrodeposition time on the morphology of the obtained
products. With the optimal electrodeposition time of 50 s, the
most uniform distribution of NiFe LDH nanosheets is obtained.
A shorter electrodeposition time of 10 s will cause an insuffi-
cient coverage of Ni NCs, giving rise to a serious loss of the
effective surface area, while an extended time of 90 s would
result in agglomerated LDH nanospheres with a size of 300 to
360 nm, which would be detrimental for charge conduction and
exposure of active sites. The argon adsorption/desorption
measurement was carried out to determine the surface area
and porous structure of the Ni@NiFe LDH electrodes, according
to the Brunauer–Emmett–Teller (BET) method. Fig. S5† pres-
ents the argon adsorption/desorption isotherm curves of the
Ni@NiFe LDH, showing the characteristic of the porous struc-
ture.32 The BET surface area of Ni@NiFe LDH was greatly
enhanced to be about 6.5 m2 g�1 (normalized by the total mass
of the electrode: 37.9 mg), compared with that of commercial Ni
foams (1.9 m2 g�1). Taking the amount of active NiFe LDH (2.3
mg) into consideration, the specic surface area of NiFe LDH
reaches up to 106.5 m2 g�1. The inset in Fig. S5† displays pore
size distribution measured from the adsorption isotherm
branch using the Barrett–Joyner–Halenda (BJH) method. The
pore size distribution of the Ni@NiFe LDH ismainly centered in
the range of 2–10 nm. In order to evidently conrm the 3D
porous core–shell structure, detailed TEM studies are per-
formed and the images are shown in Fig. 2d–f. It is clear that the
structure is composed of Ni NC cores with diameters in the
range of 500 to 900 nm and NiFe LDH NS shells with a thickness
of around 90 nm. The average layer thickness of the NiFe LDH
NSs can be estimated to be about 10 nm, which is equal to 12
atomic layers.25 Such a 3D porous core–shell architecture can
enlarge the surface area and provide abundant active edge sites
and improve charge transport at the nanoscale. The well-
resolved high-resolution TEM (HRTEM) image in Fig. 2f
further reveals lattice fringes with a spacing distance of
�0.25 nm, corresponding to the (012) plane of NiFe LDH.19 The
energy dispersive X-ray spectroscopy (EDX) results in Fig. 2g and
h can again conrm the core–shell nanostructure, where the
inner core is composed of Ni elements and the LDH shell
contains uniformly distributed Ni and Fe elemental
components.

The powder X-ray diffraction (XRD) patterns of the Ni NCs
and Ni@NiFe LDH are shown in Fig. 3a. Two sharp diffraction
peaks located at 44.51� and 51.84� can be assigned to the cubic-
structured Ni (JCPDS no. 04-0850) and no other diffraction
peaks are observed, indicating the complete reduction of Ni
NCs. Aer the electrodeposition process, intense diffraction
peaks of the (003), (012), (110) and (113) planes of the NiFe
LDHs can be clearly observed at 11.5�, 34.8�, 60.4� and 61.5�,
which are in accordance with the corresponding standard card
(JCPDS no. 51-0463).17,33 The Raman spectra of the Ni@NiFe
LDH before and aer OER are shown in Fig. S6a.† Before the
OER test, two main Raman peaks located at 453 cm�1 and
527 cm�1 can be assigned to the Ni hydroxide and Fe oxy-
hydroxide species.19,34 Aer the OER test run and stability test
for 24 h, the same peaks located at 475 cm�1 and 552 cm�1 can
be attributed to the OER active phase of g-NiOOH, which is in
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta07282a


Fig. 3 (a) XRD patterns of Ni NCs and Ni@NiFe LDH. (b) Wide-scan XPS
spectra and high-resolution XPS spectra of (c) Ni 2p and (d) Fe 2p for
Ni@NiFe LDH.
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good agreement with the literature.19,33,34 As shown in Fig. S6b,†
the FTIR spectrum of the Ni@NiFe LDH aer the OER test
shows that the bands at around 600 cm�1 are related to the
metal–oxygen–metal lattice vibrations of the layer cations of
NiFe LDH,35,36 The stretching modes of the hydroxyl groups,37,38

the bending modes of free water molecules19 and antisymmetric
stretching vibration of nitrate anions35,39 are also observed,
which are located at 3400–3600, 1636.3 and 1384.2 cm�1,
respectively. The X-ray photoelectron spectroscopy (XPS)
measurements are also carried out to study the surface
elemental composition as well as the oxidation states. As dis-
played in the wide-scan XPS spectrum in Fig. 3b, the existence of
Ni, Fe, C, and O elements is obviously demonstrated in
Ni@NiFe LDHs. The binding energies at 856.3 eV and 874.0 eV
along with their shake-up satellites peaks at 861.9 eV and
880.0 eV are attributed to Ni 2p3/2 and Ni 2p1/2, respectively
(Fig. 3c), indicating that there is only one chemical state of Ni2+

species.40 Similarly, the deconvoluted Fe 2p peak comprises Fe
2p3/2 and Fe 2p1/2 spin–orbit peaks at 712.7 eV and 725.9 eV with
the corresponding shake-up satellites at 718.8 eV and 732.6 eV,
respectively.41 This implies the oxidation state of Fe3+ (0d).19 All
these results can clearly conrm the chemical composition,
morphology and core–shell architecture of the Ni@NiFe LDHs.

Apart from the material characterization, Fig. S6c† presents
the OER performance assessments of Ni foam, Ni NCs, and
Ni@NiFe LDH electrodes with different electrodeposition times
in 1 M KOH aqueous electrolyte using a standard three-
electrode system. The Ni@NiFe LDH with an electrodeposi-
tion time of 50 s (denoted as Ni@NiFe LDH hereaer) exhibits
the best OER activity, which can be attributed to the optimized
nanoarchitecture as discussed above. Notably, to eliminate the
interference of Ni2+/Ni3+ redox potential at around 1.43 V vs.
RHE,42 the cyclic voltammetry (CV) method is rstly used to
measure the overpotential of the Ni@NiFe LDH (Fig. S6d†).
Fig. 4a and b show the polarization curves and the corre-
sponding Tafel slopes of the Ni@NiFe LDH, pure NiFe LDH,
This journal is © The Royal Society of Chemistry 2019
commercial RuO2 and IrO2, respectively. The OER performance
is greatly enhanced on Ni@NiFe LDH, that is, the lowest over-
potentials of 218 and 269 mV at current densities of 10 and 100
mA cm�2, respectively. In contrast, the h10 and h100 values are
observed at 239 and 310mV for pure NiFe LDH, 246 and 355 mV
for RuO2 and 284 and 349 mV for IrO2, respectively. We are
surprised to note that higher h300 and even h500 can be realized
over the Ni@NiFe LDH electrode, only requiring the over-
potentials of 315 and 349 mV, respectively. Accordingly, the
Ni@NiFe LDH shows the smallest Tafel slope of 66.3 mV dec�1,
as compared to the pure NiFe LDH (99.4 mV dec�1), RuO2

(105.3 mV dec�1) and IrO2 (67.3 mV dec�1). These results
suggest that the fastest OER kinetics is greatly benecial for the
inherent OER activity of Ni@NiFe LDH.43 To further deepen the
insights into the OER performance evaluation, a detailed
comparison with recently reported data is given in Fig. 4f and
Table S1.† In these cases, we can evidently conclude that the
catalyst affords an extraordinary OER performance, out-
performing many state-of-the-art noble metal-free OER catalysts
in alkaline medium.

More importantly, the stability test at a constant current
density of 10 mA cm�2 can conrm the robust electrochemical
stability of the Ni@NiFe LDH for 24 h (Fig. 4c). Even aer 2000
CV cycles at 10 and 100 mA cm�2 as demonstrated in Fig. S7,†
the LSV curves show increases of only 2 and 12 mV in over-
potentials, respectively, over the Ni@NiFe LDH.

To shed light on the underlying catalytic mechanism
accounting for such extraordinary performances, CV measure-
ments are performed at different scan rates from 10 to 100 mV
s�1 (Fig. S8a–c†). The double-layer capacitance (Cdl) can then be
determined, which is proportional to the electrochemically
active surface area (ECSA). The ECSA is obtained by calculating
the slope through the linear relationship between scan rates
and capacitive current densities. As shown in Fig. 4d, the
Ni@NiFe LDH exhibits the highest Cdl (8.3 mF cm�2), as
compared to the ones of NiFe LDH (1.3 mF cm�2) and Ni foam
(0.5 mF cm�2). The larger Cdl value demonstrates an improved
ECSA, suggesting that more active sites are exposed on the
Ni@NiFe LDH. Next, electrochemical impedance spectroscopy
(EIS) is used to measure the charge transfer resistance (Rct) and
series resistance (Rs) of the samples. It is demonstrated that the
Ni@NiFe LDH possesses the smallest Rct among the as-
prepared samples (Fig. 4e). Such a small Rct can point to fast
electron transfer and favorable reaction kinetics, thus contrib-
uting to a small Tafel slope there.29 In addition, from the
enlarged EIS curves of the high frequency area (inset in Fig. 4e),
the lowest Rs of the Ni@NiFe LDH indicates an excellent elec-
trical contact between the NiFe LDH and Ni NCs. Undoubtedly,
all these observed phenomena benet from the advance of the
direct-growth synthetic process of Ni@NiFe LDH, avoiding the
use of any detrimental heating treatment. In other words, the Ni
NCs are directly grown in the nodal region of Ni foam, leading
to a strong adhesion. Consequently, the vertical LDHs are
directly electrodeposited onto the surface of Ni NCs, ensuring
structural stability and good electrical contact for the integrated
structure.
J. Mater. Chem. A, 2019, 7, 21722–21729 | 21725
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Fig. 4 OER activity measurements of the as-prepared samples in 1 M KOH aqueous electrolyte. (a) Linear sweep voltammetry (LSV) curves with
a scan rate of 0.5 mV s�1, the inset shows the overpotential required at 10 mA cm�2 (h10). (b) Corresponding Tafel slopes. (c) Chro-
nopotentiometry curves of Ni@NiFe LDH at a constant current density of 10 mA cm�2 (without iR compensation). (d) Calculations of Cdl for
Ni@NiFe LDH, NiFe LDH and Ni foam. (e) Nyquist plots at the overpotential of 250 mV, the inset shows enlarged EIS curves. (f) Comparison of
h100, h300 and the corresponding Tafel slopes with those of other recently reported high-performance OER electrocatalysts, the corresponding
references are listed in Table S1.†
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On the other hand, the electrochemical HER activities of as-
prepared samples are thoroughly investigated. Fig. 5a and S9†
show the polarization curves of the Ni@NiFe LDH, NiFe LDH,
20 wt% Pt/C, Ni NCs and Ni foam in 1 M KOH at a scan rate of
5 mV s�1. The advance of the Ni@NiFe LDH is much more
Fig. 5 HER performance of Ni@NiFe LDH in 1 M KOH aqueous solu-
tion. (a) LSV curves with a scan rate of 5 mV s�1, the inset shows the
overpotentials required for 10 mA cm�2. (b) The corresponding Tafel
plots. (c) The HER stability test of Ni@NiFe LDH at a constant current
density of 10 mA cm�2 for 24 h (without iR compensation). (d)
Comparison of HER performance with other recently reported HER
electrocatalysts, the corresponding references are listed in Table S2.†

21726 | J. Mater. Chem. A, 2019, 7, 21722–21729
obvious for high current densities. The overpotential to achieve
the low current density of 10 mA cm�2 for Ni@NiFe LDH is
about 92 mV, which is much smaller than that of NiFe LDH (216
mV) but higher than that of Pt/C (�33 mV). Interestingly, only
233 mV is required to achieve 100 mA cm�2 for the Ni@NiFe
LDH, which is a little higher than 197 mV for the Pt/C electrode
but far smaller than 336 mV for NiFe LDH. As depicted in
Fig. 5b, the Ni@NiFe LDH exhibits a Tafel slope of 72.3 mV
dec�1, which is higher than that of the Pt/C electrode (45.2 mV
dec�1) but much smaller than that of NiFe LDH (163.5 mV
dec�1). These results show that the Volmer–Heyrovsky mecha-
nism is responsible for HER, in which the hydrogen desorption
process can be considered as the rate limiting step.44 The
Ni@NiFe LDH was also found to be stable aer HER for 24 h
(Fig. 5c), and only a slight increase in the overpotential required
to drive a current density of 10 mA cm�2 was observed. Indeed,
as compared to the recently reported HER electrocatalysts
(Fig. 5d and Table S2†), the Ni@NiFe LDH exhibits highly
competitive HER performance except for that reported by Chen
et al.13

Based on the outstanding OER and HER activities of
Ni@NiFe LDHs in the alkaline electrolyte, we further investigate
the OWS ability of the Ni@NiFe LDH electrodes as both the
anode and cathode in a two-electrode single cell conguration
(Fig. 6a). Impressively, current densities of 10 mA cm�2 and 100
mA cm�2 are obtained at the cell voltages of 1.53 and 1.78 V over
the Ni@NiFe LDH, respectively, which are smaller than those of
1.55 and 1.84 V over the IrO2 (+)//Pt/C (�) electrodes. Aer
maintaining at 10 mA cm�2 for 24 h, there is only a negligible
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 OWS performance of Ni@NiFe LDH in 1 M KOH aqueous
solution: (a) Polarization curves of different numbers of coupled cells,
the scan rates are all kept at 5 mV s�1, (b) chronopotentiometry curves
of the Ni@NiFe LDH at a constant current density of 10 mA cm�2 in
a two-electrode configuration (without iR compensation), the inset is
the optical photograph showing the generation of O2 and H2 bubbles
on the electrodes, (c) comparison of the required voltage at a current
density of 10 mA cm�2 for the Ni@NiFeLDH with other recently re-
ported bifunctional catalysts, the corresponding references are listed
in Table S3,† (d) schematic of an electrolytic water-splitting cell pack
for commercial and research technologies.
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increase of 38 mV (equivalent to �2.4%) in the cell voltage
observed, presumably due to the dynamic process of bubble
absorption on surface of the Ni@NiFe LDH electrodes.45 These
results unambiguously reveal that the catalyst possesses a very
good stability (Fig. 6b). To conrm the gas evolution and fara-
daic efficiency of the Ni@NiFe LDH electrode, the experimental
evolved amounts of H2 and O2 are determined by gas chroma-
tography at a constant current density of 200 mA cm�2 in 1 M
KOH (Fig. S10†). The measured and theoretically calculated gas
amounts are observed to be in perfect agreement, suggesting
a nearly 100% faradaic efficiency with the stoichiometric ratio
of H2 and O2 being close to 2 : 1. As shown in Fig. 6c and Table
S3,† the overpotential of the Ni@NiFe LDH catalyst at 10 mA
cm�2 in 1 M KOH aqueous solution is signicantly reduced,
where its catalytic performance is superior to those reported by
other recently developed bifunctional electrocatalysts. This
substantial performance enhancement can be accounted for by
the following factors: rstly, the 3D porous core–shell structure
can offer a large surface area, not only enabling the generation
of abundant active sites and mass transfer channels, but also
facilitating the release of gas molecules during OER and HER
processes. Secondly, the direct growth of Ni NC cores on Ni
foam can rmly grasp the NiFe LDH NS shells, ensuring good
electron-transfer ability and structural stability. Lastly, the
formation of ultrathin NiFe LDH NSs down to a few layers can
cause the active edge sites to be fully exposed for the catalytic
reactions.

It is well known that using a single electrolytic water-splitting
cell to produce H2 and O2 in stationary applications is limited,
not only by the performance but also by the cost. The electrolytic
This journal is © The Royal Society of Chemistry 2019
water-splitting cell pack (EWSCP) is one of the most successful
portable devices for interconversion between electrical and
chemical energy; however, the use is limited to only small
electronic equipment. As shown in Fig. 6d, a viable EWSCP for
both commercial and research technologies is described,
mainly including serially coupled cells in a parallel congura-
tion for electrolytic water-splitting. In each cell, an ion exchange
membrane is equipped in the middle of the anodic and
cathodic Ni@NiFe LDH electrodes for gas separation, as well as
two interconnected gas pathways separately coupled to the
anodic and cathodic cells for gas extraction. To gain a funda-
mental understanding of the effect on electrochemical perfor-
mances, EWSCPs with different numbers of coupled cells are
tested, respectively (Fig. 6a). Very interestingly, a linear rela-
tionship is observed between the numbers of packing cells and
the increase of current under a given voltage. In this case, the
EWSCP has the unique advantage of being efficient because it is
more suitable in terms of the scalability, efficiency, and weight
and/or mobility of the system.

Regardless, it is important to examine the morphological
and compositional variation in the recycled Ni@NiFe LDH,
especially on the anode side aer the OER stability test for 24 h.
In this work, additional SEM, TEM, XRD and XPS character-
ization experiments are further carried out accordingly. As seen
from the SEM images in Fig. S11,† the 3D porous core–shell
structure is maintained except for the existence of a trace
amount of NiFe LDH aggregated nanoparticles aer the OER
stability test for 24 h (Fig. S11a and b†). Aer the HER stability
test for 24 h, the layered structure of NiFe LDH can also be well
maintained without any signicant peel-off phenomenon
(Fig. S11d and e†). The HRTEM image in Fig. S11c† reveals an
interplanar spacing of 0.25 nm, corresponding to the (012)
plane of NiFe LDH, being the same as before and aer the
stability test (Fig. 2f). The crystalline phase of Ni@NiFe LDH is
also retained, as indicated in the XRD pattern (Fig. S12a†) and
Raman spectrum (Fig. S6a†). The surface chemical composition
of Ni and Fe elements in the recycled sample is also measured
by high-resolution XPS (Fig. S12b and c†). The Fe 2p spectrum is
almost unchanged, as compared to that of the fresh sample.
The atomic concentration of Ni is slightly increased from 18.4%
to 19.7%, which can be ascribed to the feeble oxidation of Ni NC
cores. In addition, two small new peaks at higher binding
energies of 875.8 eV and 857.8 eV can be assigned to the exis-
tence of Ni3+. It is probably due to the partial oxidation reaction
of Ni2+ to form NiOOH under alkali conditions during the long-
term operation, which is commonly witnessed in the litera-
ture.42,46,47 Importantly, all these do not deteriorate the electro-
chemical performance of the Ni@NiFe LDH catalysts. The 3D
porous core–shell Ni@NiFe LDH nanoarchitectures are
evidently conrmed as highly efficient and stable bifunctional
electrocatalysts toward OWS.

Conclusions

In summary, we have successfully synthesized a 3D porous
core–shell structure electrocatalyst composed of in situ grown Ni
NCs as cores and electrodeposited NiFe LDH NSs as shells. The
J. Mater. Chem. A, 2019, 7, 21722–21729 | 21727
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fabricated electrode possesses a large surface area, plentiful
exposed active edge sites, efficient charge and electron transfer
and excellent structural stability. The corresponding electro-
catalytic OER activity and durability, especially at high current
densities, are far higher than the ones of commercial RuO2 and
IrO2. This 3D porous core–shell catalyst only requires an over-
potential as low as 92 mV to deliver a current density of 10 mA
cm�2 towards HER, which is close to that of the benchmark
20 wt% Pt/C electrode (33 mV). Furthermore, a current density
of 10 mA cm�2 at a voltage of 1.53 V with excellent durability is
obtained on the electrocatalyst for OWS. Despite the high
electrocatalytic performance of our 3D porous core–shell
Ni@NiFe LDH catalysts for HER, OER and OWS, there is still
room for further improvement. Indeed, our ongoing work will
be continued on reducing the layer thickness of NiFe LDHs on
an atomic scale, the feasibility of a large-size production up to
the sub-meter-level with a uniform surface morphology and the
design optimization and microfabrication of EWSCPs.
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