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ABSTRACT

Efficient, durable and economic electrocatalysts are crucial for commercializing water electrolysis technology. Herein, we report
an advanced bifunctional electrocatalyst for alkaline water splitting by growing NiFe-layered double hydroxide (NiFe-LDH)
nanosheet arrays on the conductive NiMo-based nanorods deposited on Ni foam to form a three-dimensional (3D) architecture,
which exhibits exceptional performances for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER). In
overall water splitting, only the low operation voltages of 1.45/1.61 V are required to reach the current density of 10/500 mA-cm,
and the continuous water splitting at an industrial-level current density of 500 mA-cm shows a negligible degradation (1.8%) of
the cell voltage over 1000 h. The outstanding performance is ascribed to the synergism of the HER-active NiMo-based nanorods
and the OER-active NiFe-LDH nanosheet arrays of the hybridized 3D architecture. Specifically, the dense NiFe-LDH nanosheet
arrays enhance the local pH on cathode by retarding OH- diffusion and enlarge the electrochemically active surface area on
anode, while the conductive NiMo-based nanorods on Ni foam much decrease the charge-transfer resistances of both
electrodes. This study provides an efficient strategy to explore advanced bifunctional electrocatalysts for overall water splitting by
rationally hybridizing HER- and OER-active components.
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1 Instruction

Hydrogen (H,) is a prospective green energy carrier to replace
fossil fuels and achieve carbon neutralization. Electrocatalytic
water splitting is one of the most sustainable hydrogen production
methods due to high H, purity, high energy efficiency and zero
carbon emission especially when combined with renewable wind
and solar power [1-3]. In an electrolytic cell, the water splitting
process is comprised of cathodic hydrogen evolution reaction
(HER) and anodic oxygen evolution reaction (OER), which
usually bear large overpotentials [3,4]. To enhance the HER and
OER, efficient electrocatalysts are needed to reduce the activation
energy and boost the charge/mass transfer kinetics. To date, the
most active electrocatalysts for HER and OER are precious Pt- and
Ir/Ru-based materials, respectively [5-7]. The scarcity and high
price of precious metals restrict their large-scale deployment [8, 9].
Among various water electrolysis technologies, the alkaline water
splitting is attractive because of its advantage of employing earth-
abundant nonprecious metal electrocatalysts to reduce the cost
[10-14]. Recently, tremendous progress has been achieved in
exploring cost-efficient HER and OER catalysts working in
alkaline electrolytes [15-17]. However, most electrocatalysts could
only operate optimally for either HER or OER under specific

electrolytic conditions. The nonnegligible mismatch between the
optimal working environments for HER and OER catalysts is
unfavorable to the overall efficiency of water electrolysis systems.
In contrast, bifunctional electrocatalysts active to both HER and
OER can improve overall water splitting (OWS) performance and
simplify the electrolysis system, showing great convenience in
practical applications [17-19]. Despite the great efforts and
progresses on this issue so far, most of the reported bifunctional
catalysts still exhibited the high cell voltage, limited current
densities and poor stability (Tables S1 and S2 in the Electronic
Supplementary Material (ESM)), which cant meet the
requirements of industrial water splitting. Hence, developing
efficient, durable and economic bifunctional catalysts for both
HER and OER is imperative but highly challenging.

An intuitive and feasible strategy to develop bifunctional
electrocatalysts for OWS is to hybridize two components with
respective HER and OER activity together [9]. For HER, NiMo-
based bimetallic catalysts have high conductivity and are highly
active in alkaline conditions with the Ni atoms as active centers for
water dissociation and Mo atoms responsible for hydrogen
adsorption, leading to the reduced energy barrier [20-22]. For
OER, transition metal-based layered double hydroxides (LDHs)

Address correspondence to Qiang Wu, wqchem(@nju.edu.cn; Zheng Hu, zhenghu@nju.edu.cn

it % £ 2wt

Tsinghua University Press

@ Springer




3770

exhibit the most attractive performances in alkaline media but
usually with low conductivity, leading to poor activity at high
current density [23]. Experimental and theoretical studies revealed
that nickel and iron are two favorable metals in transition metal-
LDH to catalyze OER [23-25]. In addition, we notice that the
porous metal foam as substrate favors rapid mass transport and
high conductivity, beneficial to the high-current-density
electrocatalysis for industrial application [26, 27]. In this study, we
have constructed a bifunctional electrocatalyst for OWS by
growing NiFe-LDH nanosheet arrays on the NiMo-based
nanorods deposited on Ni foam (NF) to form a hybridized three-
dimensional (3D) architecture, denoted as NiFe-LDH@NiMo-
H,@NF. The synergism of the HER-active NiMo-based nanorods
and the OER-active NiFe-LDH nanosheet arrays of the hybridized
3D architecture leads to the self-enhanced local pH on cathode
side, the enlarged electrochemically active surface area (ECSA) on
anode side, as well as the ultra-small charge-transfer resistances of
both electrodes. As a result, the NiFe-LDH@NiMo-H,@NF hybrid
exhibits extraordinary electrocatalytic performances for both HER
(26 mV@1l0 mA-cm? 74 mV@500 mA-cm? and OER
(172 mV@10 mA-cm? 239 mV@500 mA-cm™?). With NiFe-
LDH@NiMo-H,@NF bifunctional catalyst, the overall water
electrolyzer achieves the low initial cell voltage of 1.61 V at an
industrial-level current density of 500 mA-cm™ with an excellent
durability of only 1.8% degradation after over 1000 h continuous
test, demonstrating the great potential applications.

2 Experimental

2.1 Materials

Nickel(II) nitrate hexahydrate (Ni(NO;),-6H,0O, analytical reagent
(AR)), sodium molybdate dihydrate (Na,MoO,2H,O, AR),
ferrous sulfate heptahydrate (FeSO,7H,O, AR), potassium
hydroxide (KOH, AR), hydrochloric acid (HCl, AR,
36.0%-38.0%), and ethanol (C,HsOH, AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Pt/C (20 wt.%), iridium
oxide (IrO,, 99.9%), ruthenium oxide (RuO,, 99.9%), and Nafion
117 solution (5 wt.%) were purchased from Sigma-Aldrich. Ni
foam (thickness: 1.7 mm) was purchased from Shanghai Tankii
Alloy Material Co., Ltd.

2.2 Synthesis

2.2.1 Synthesis of NiMoO,zxH,0O@NF

NiMoO,xH,O nanorods (x is the quantity of crystal water) were
grown on NF by a simple hydrothermal process. Ni(NOs),-6H,O
(1 mmol) and Na,MoO,2H,0 (1 mmol) were dissolved in 30 mL
of ultra-pure water under continuous magnetic stirring for
20 min, and then the solution was transferred into a 50 mL Teflon-
lined stainless-steel autoclave. A piece of pretreated NF (2 cm x
4 cm) was placed into the solution as substrate, which was etched
in HCl solution (1 M) for about 15 min to remove the oxide layer
on the surface, and washed with acetone, ultra-pure water and
ethanol under ultrasonic condition in turn. Subsequently, the
autoclave was heated at 160 °C for 6 h. The product was obtained
by filtration, washing with deionized water and ethanol for several
times, and drying at 60 °C for 10 h, denoted as
NiMoO,xH,0@NF. NiMoO,xH,O powder was obtained from
the same hydrothermal process without NF.

2.2.2 Synthesis of NiMo-H,@NF

The NiMoO,xH,0@NF was placed into a tubular furnace and
heated to 450 °C with a heating rate of 3 °C:min™ under H,/Ar
atmosphere (10 vol.% H, + 90 vol.% Ar). After thermal reduction
for 2 h, the resulting product was denoted as NiMo-H,@NF. For
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optimizing the reduction temperature, the NiMoO,:xH,O samples
were thermally treated at different temperatures by the similar
process, donated as NiMo-H,-n@NF (n = 350, 400, 500, 550, and
600 °C). NiMo-H, powder was obtained from the same thermal
reduction process with NiMoO,.xH,O powder.

2.2.3 Synthesis of  NiFe-LDH@NiMo-H,@NF,
LDH@NiMoO xH,0@NF, and NiFe-LDH@NF

NiFe-

The electrodeposition of NiFe-LDH was carried out in a three-
electrode system, with the as-prepared NiMo-H,@NF, a graphite
rod, and an Ag/AgCl electrode as the working, counter, and
reference electrodes, respectively, and 100 mL solution containing
0.015 mol Ni(NO;),6H,0 and 0.015 mol FeSO,7H,0O as
electrolyte. The electrodeposition was carried out under the N,
atmosphere at a constant potential of —1.0 V vs. Ag/AgCl for
different time (30, 60, and 90 s). The obtained samples were
labelled as NiFe-LDH-y@NiMo-H,@NF (y = 30, 60, and 90). For
comparison, NiFe-LDH was electrodeposited directly on the
pretreated Ni foam and NiMoO,xH,O@NF by the same method
for 60 s, denoted as NiFe-LDH@NF and NiFe-
LDH@NiMoO,xH,0@NF. All samples were washed with ultra-
pure water and ethanol, and vacuum-dried overnight. The mass
loading of NiFe-LDH@NiMo-H, on Ni foam was ~ 4.0 mg-cm™.
NiMoO,xH,0, NiMo-H,, and NiFe-LDH@NiMo-H, were
obtained by ultrasonic treatment of corresponding materials on Ni
foam for TEM test.

2.2.4 Synthesis of NiMo-H,/NiFe-LDH@NF

20 mg NiMo-H, powder, 100 pL Nafion, and 900 pL ethanol were
ultrasonicated for 120 min to obtain a homogeneous ink. Then,
04 mL of the ink was coated onto a piece of NiFe-LDH
electrodeposited Ni foam (1 cm x 2 cm), followed by drying at
60 °C for 12 h in air. The mass loading of NiMo-H, and NiFe-
LDH on Ni foam was controlled to be ~ 4.0 mg-cm™

2.3 Characterizations

X-ray diffraction (XRD) patterns were recorded on a Panalytiacl:
X’Pert Pro using a Cu Ka radiation at 40 kV and 40 mA. The
micromorphology and structure were characterized by scanning
electron microscopy (SEM, Hitachi, S-4800) at 5 kV and 10 pA,
high-resolution transmission electron microscopy (HRTEM, JEM-
2100), and high-angle annular dark-field scanning TEM (HAADF-
STEM, Talos F200S G2) equipped with energy dispersive X-ray
spectrometer (EDS, SUPER X) at 200 kV. The surface species were
analyzed by X-ray photoelectron spectroscopy (XPS, VG
ESCALAB MKII) with an Al X-ray source worked at 150 W.

24 Electrochemical measurements

The electrochemical measurements were conducted on Biologic
VMP3 electrochemical workstation in a three-electrode setup,
with Hg/HgO electrode (1 M KOH) and graphite rod (8 mm in
diameter) as a reference and counter electrodes, and the catalysts
on Ni foam (1 cm x 1 cm) as the working electrodes. The working
electrodes were first activated by cyclic voltammetry (CV) at a
scan rate of 50 mV-s™ for 30 cycles. The HER polarization curves
were performed in N,-saturated 1 M KOH solution by linear
sweep voltammetry (LSV) with a sweep rate of 5 mV-s™. Similarly,
the OER polarization curves were tested in N,-saturated 1 M
KOH solution by LSV at a scan rate of 5 mV-s™. To get ECSA, CV
curves were performed at different scan rates (20-200 mV-s™”) in
the potential window of 02-03 V (vs. Hg/HgO). The
electrochemical impedance spectroscopy (EIS) was measured at
—0.1 V (vs. reversible hydrogen electrode (RHE)) for HER and
1.53 V (vs. RHE) for OER from 0.1 Hz to 100 kHz with an
amplitude of 5 mV. The long-term durability was tested by
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chronopotentiometry (CP) measurements at a constant current
density. The OWS tests were conducted by a two-electrode setup,
and the polarization curves were measured at a scan rate of
5 mV-s™. All the measured potentials versus Hg/HgO (Epgugo)
electrode were converted to RHE (Epy) according to the equation
of Epyg = Enginigo + 0.059 pH + 0.098. All the polarization curves
in this study were corrected by 95% iR, compensation (i is current
measured by LSV. R, is internal resistance), i.e., Eip cormection = Erest —
0.95iR, (Egcomection 18 the potential (vs. RHE) with iR,
compensation. E., is the tested potential (vs. RHE) by
electrochemical workstation). The R, was measured by EIS tests at
0V vs. Hg/HgO.

3 Results and discussion

3.1 Synthesis and characterization of NiFe-LDH@NiMo-
H,@NF

The preparation and characterizations of NiFe-LDH@NiMo-
H,@NF are shown in Fig. 1. Specifically, NiMoO,xH,O nanorods
were firstly deposited on NF by a simple hydrothermal process
(denoted as NiMoO,xH,0O@NF), and transformed into NiMo-H,
nanorods by the subsequent thermal reduction in 10% H,/Ar
atmosphere at 450 °C for 2 h (denoted as NiMo-H,@NF). Then,
the NiFe-LDH nanosheets were grown on NiMo-H, nanorods
array via electrodeposition to form the hybridized 3D architecture
of NiFe-LDH@NiMo-H,@NF catalyst (Fig. 1(a)). Similarly, the
NiFe-LDH nanosheet arrays were grown on NiMoO,xH,0@NF
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and pristine NF to obtain NiFe-LDH@NiMoO,xH,0@NF and
NiFe-LDH@NF for comparison (see experimental section and
ESM for details).

SEM observations show that the NiMoO,xH,0O nanorods
densely stand on the surface of NF, with the diameters of 100-
200 nm and the length of dozens of micrometers, which transform
to the mixed-phase NiMo-H, nanorods mainly consisting of Ni
and MoO, with the same morphology and size (Figs. 1(b), 1(c),
and 1(g)). The dense and ultrathin NiFe-LDH nanosheet arrays
were then grown on the surface of NiMo-H, nanorods with the
height of ~ 150 nm through electrodeposition, leading to the
hybridized 3D architecture of NiFe-LDH@NiMo-H,@NF (Figs.
1(d) and 1(e)). An obvious interface exists between NiMo-H,
nanorods and NiFe-LDH nanosheets (Figs. 1(e) and 1(f)). The
lattice fringes with 0.201 and 0.340 nm interplanar distances in the
nanorod region correspond to Ni (111) planes and MoO, (110)
planes of NiMo-H,. The lattice fringes with 0.269 and 0.258 nm
interplanar distances in the nanosheet region correspond to the
(101) and (021) planes of NiFe-LDH (Fig. 1(f) and Fig. S1 in the
ESM). These results are in agreement with the XRD
characterizations (Fig.1(g) and Fig.S2 in the ESM). The
numerous interconnected NiFe-LDH nanosheets form a porous
network on NiMo-H, nanorods, which favors the gas release
during water electrolysis (Figs. 1(d) and 1(e), and Fig. S3 in the
ESM) [28]. This strategy can effectively increase the density of
NiFe-LDH nanosheets and the conductivity of the hybridized 3D
architecture. In contrast, NiFe-LDH@NF shows porous nanosheet
arrays with a much lower density and larger size of nanosheets
than NiFe-LDH@NiMo-H,@NF (Fig. $4 in the ESM).

Electrodeposition
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Figure1 Preparation and characterizations. (a) Schematic preparation route of NiFe-LDH@NiMo-H,@NF. SEM images of (b) NiMoO,xH,O nanorods, (c) NiMo-
H, nanorods, and (d) NiFe-LDH@NiMo-H, grown on NF. Insets in ((b) and (c)) are corresponding HRTEM images and inset in (d) is local enlargement of SEM
image. (e) TEM and (f) HRTEM images of NiFe-LDH@NiMo-H,. (g) XRD patterns of the samples scratched from the NF.
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The elemental valences of as-prepared materials were measured
by XPS, as shown in Fig.2. Ni, Mo, and O signals exist for
NiMoO,xH,0@NF and NiMo-H,@NF. As expected, additional
Fe signal appears for NiFe-LDH@NiMo-H,@NF, and Ni, Fe, and
O signals exist for NiFe-LDH@NF (Fig. 2(a)). For
NiMoO,xH,0@NF, the Ni species exist in Ni** and Ni** with the
respective binding energy (BE) of 855.8/873.5 and 857.4/875.1 eV
for 2p;,/2p,,, and the Mo species exists in Mo* (BE = 232.2/
2354 eV for 3ds;,/3ds),) [29]. After thermal reduction in H,/Ar to
NiMo-H,@NF, the Ni species are reduced to Ni* (BE =
852.5/870.2 eV) and Ni* (BE = 856.0/873.7 eV), and the Mo
species are reduced to Mo* (BE = 229.4/232.6 eV), trace Mo™ (BE
=230.3/233.5 eV), and residual Mo (BE = 232.2/235.4 eV) (Figs.
2(b) and 2(c)) [29-31]. The Mo* species comes from the MoO,
(Figs. 1(f) and 1(g)). In contrast, for NiFe-LDH@NiMo-H,@NF,
the relative intensities for Ni° and Mo* signals decrease,
accompanied by the appearance of Fe* (BE = 711.8/725.1 eV) [32,
33] and increase of Ni** signal as expected due to the cover of NiFe-
LDH nanosheets on the NiMo-H, (Figs. 2(b)-2(d), and Table S3
in the ESM). Relative to NiMo-H,@NF, NiFe-LDH@NiMo-
H,@NF shows a positive shift of BE for Ni° signal (from 852.5 to
852.7 eV) and Mo* signal (from 229.4 to 229.7 eV). Meanwhile,
relative to NiFe-LDH@NF, NiFe-LDH@NiMo-H,@NF shows a
negative shift of BE for Fe* signal (from 712.2 to 711.8 eV) [33,
34]. The work functions (W;) and charge density difference also
indicate the electrons transfer from the NiMo-H, nanorods to the
NiFe-LDH nanosheets (Fig.S5 in the ESM). The strong
interaction between NiMo-H, and NiFe-LDH favors the reaction
dynamics of water dissociation and the adsorption/desorption of
intermediates, thus could boost the water electrolysis [33, 35, 36].

3.2 HER performance of NiFe-LDH@NiMo-H,@NF

The HER electrocatalytic performances of NiFe-LDH@NiMo-
H,@NF, NiMo-H,@NF, NiFe-LDH@NF, and commercial Pt/C
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(20 wt.%) were examined in 1 M KOH aqueous electrolyte by a
standard three-electrode system, as shown in Fig.3. The NiFe-
LDH@NF exhibits a high overpotential of 191 mV to deliver a
current density of 10 mA-cm™, indicating the inert HER activities.
The optimal NiMo-H,@NF with reduction temperature of 450 °C
presents a quite low overpotential of 46 mV at 10 mA-cm™ (Fig.
3(a), and Figs. S6 and S7 in the ESM). Surprisingly, by
electrodepositing the NiFe-LDH nanosheets on the NiMo-H,
nanorods, the NiFe-LDH@NiMo-H,@NF presents a much lower
overpotential of 26 mV at 10 mA-cm?, ie., the HER-inert cover
much improves the HER performance (Fig. S8 in the ESM). Even
at the high current densities of 100 and 500 mA-cm? the
overpotentials are only 53 and 73 mV, respectively (Fig.3(a)).
Worthy to notice is that NiFe-LDH@NiMo-H,@NF and Pt/C
exhibit comparable HER performances in terms of overpotential
(26 vs. 28 mV) at 10 mA-cm™ and Tafel plots (35.6 vs.
359 mV-dec!), while the former exhibits much lower
overpotentials at high current densities of 2100 mA-cm™ (Figs.
3(a)-3(c)). These results demonstrate that NiFe-LDH@NiMo-
H,@NF owns the best HER performance at all the current
densities among the examined catalysts (Figs. 3(a) and 3(c), and
Fig. S9 in the ESM), and outperforms most of Ni-, Mo-, Fe-based
catalysts so far (Tables SI and S2 in the ESM). The CP test
indicates that NiFe-LDH@NiMo-H,@NF also shows an
extraordinary long-term durability in HER with a small
overpotential increase of only 8 mV at an industrial-level current
density of 500 mA-cm™ after 400 h (Fig. 3(d)), in agreement with
the negligible change of the polarization curves (Fig.3(e)). The
Nyquist plots show that NiFe-LDH@NiMo-H,@NF has the
smallest charge transfer resistance (R) of 0.79 Q among all the
catalysts, suggesting the best HER kinetics (Fig. S10 in the ESM).

As known, increasing pH value of electrolyte favors the water
splitting reaction in the strong alkalinity [30, 37, 38]. Moreover,
the HER performance of NiFe-LDH@NiMo-H,@NF in 1 M KOH
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Figure2 XPS spectra for NiMoO,xH,0@NF, NiMo-H,@NF, and NiFe-LDH@NiMo-H,@NF. (a) Survey spectra; (b) Ni 2p spectra; (c) Mo 3d spectra; (d) Fe 2p
spectra. Notes: (1) Ni (A) and O (A) in (a) refer to corresponding element Auger peaks. (2) The XPS spectra for NiFe-LDH@NF in ((a), (b), and (d)) are presented for
comparison. (3) In (b), the Ni’ signal from nickel foam in NiMoO;xH,O@NF can’t be detected due to complete cover of NiMoO,xH,O. The Ni’ signals in NiMo-
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Figure 3 HER performances of NiFe-LDH@NiMo-H,@NF, NiMo-H,@NF, NiFe-LDH@NF, and commercial Pt/C catalyst in 1 M KOH solution. (a) Polarization
curves and (b) corresponding Tafel plots. (c) Overpotentials at the current densities of —10, —100, and =500 mA-cm™. (d) CP curve of NiFe-LDH@NiMo-H,@NF at
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on catalysts and (h) the corresponding data on NiFe-LDH@NiMo-H,@NF and NiMo-H,@NF. (i) Illustration of structure—performance correlation in HER. Note: The

curve of blank NF in (a) indicates its negligible contribution in all the catalysts.

is equivalent to that of NiMo-H,@NF in 6 M KOH (Fig. S11 in
the ESM). Hence, for NiFe-LDH@NiMo-H,@NF, the boosting of
the HER-inert NiFe-LDH cover to the HER performance of NiMo-
H, nanorods can be attributed to the local pH increase at the HER
active sites due to the retarded the diffusion of OH" ions generated
during HER by the NiFe-LDH nanosheet arrays. To verify this
point, the pH variations near the surface of NiFe-LDH@NiMo-
H,@NF and NiMo-H,@NF are monitored during the CP test (Fig.
S12 in the ESM). It is observed that more time is needed to
achieve the stable pH with lower pH value for NiFe-LDH@NiMo-
H,@NF than NiMo-H,@NF, i.e., 175 s@pH = 13.12 vs. 105 s@pH
= 13.17 (Fig.3(f)). With the same amount of OH™ generated
within the same time in CP test, this situation indicates the slower
diffusion of OH™ and higher local OH" concentration near active
sites for the former, which leads to the lower overpotential for
NiFe-LDH@NiMo-H,@NF (57 mV@30 mA-cm™) than NiMo-
H,@NF (70 mV@30 mA-cm™) (Fig. 3(f)). The higher local OH"
concentration is confirmed by directly measuring the OH-
accumulations on catalysts. Specifically, after 10 min CP test, the
working electrode was directly moved from the electrolyte to 5 mL
ultra-pure water with the applied potential. After turning off the
applied potential, the accumulated OH" on catalyst was released
into the ultra-pure water and measured by pH meter (Fig. 3(g)).
NiFe-LDH@NiMo-H,@NF accumulated much more OH" than
NiMo-H,@NF (4.43 vs. 0.54 pmol) as expected (Fig. 3(h)). These

results demonstrate that the NiFe-LDH nanosheet arrays much
increase the local pH near the HER-active sites of NiFe-
LDH@NiMo-H,@NF, leading to the much enhanced HER
performance (Fig. 3(i)).

3.3 OER performance of NiFe-LDH@NiMo-H,@NF

The OER electrocatalytic performances of NiFe-LDH@NiMo-
H,@NF, NiMo-H,@NF, NiFe-LDH@NF, and commercial noble-
metal catalysts are shown in Fig.4. The NiFe-LDH@NiMo-
H,@NF shows an ultralow overpotential of 172 mV to deliver the
current density of 10 mA-cm™, much lower than 277, 226, and
251 mV for NiMo-H,@NF, NiFe-LDH@NF, and IrO,,
respectively (Fig. 4(a)). Low overpotentials of 218 and 239 mV are
needed even for high current densities of 100 and 500 mA-cm?,
respectively. The Tafel slope for NiFe-LDH@NiMo-H,@NF is
only 31.2 mV-dec”, much smaller than 70.2 mV-dec” for NiMo-
H,@NF, 67.2 mV-dec™ for NiFe-LDH@NF, and 80.1 mV-dec™ for
IrO,, indicating the best OER kinetics (Fig. 4(b)). Generally, the
NiFe-LDH@NiMo-H,@NF exhibits the lowest overpotentials at
all the current densities among the examined catalysts (Figs. 4(a)
and 4(c), and Figs. S13 and S14 in the ESM), and locates at the top
level of the Ni-, Mo-, Fe-based catalysts to date (Tables SI and S2
in the ESM). The CP test shows an outstanding durability with
only 11 mV increase in the overpotential at an industrial-level
current density of 500 mA-cm™ after 400 h, in agreement with the
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Figure4 OER performances of NiFe-LDH@NiMo-H,@NF, NiMo-H,@NF, NiFe-LDH@NF, and commercial noble-metal catalysts in 1 M KOH solution. (a)
Polarization curves and (b) corresponding Tafel plots. (c) Overpotentials at the current densities of 10, 100, and 500 mA-cm™. (d) CP curve of NiFe-LDH@NiMo-
H,@NF at the current density of 500 mA-cm™ and (e) corresponding polarization curves before and after 400 h durability test. (f) Illustration of structure-performance
correlation in OER. Note: The curve of blank NF in (a) is presented to indicate its negligible contribution in all the catalysts.

negligible change of the polarization curves (Figs. 4(d) and 4(e)).

The extraordinary OER performance of NiFe-LDH@NiMo-
H,@NF results from its large ECSA and small R, as learnt from
CV and EIS tests. The double-layer capacitance (Cy, proportional
to ECSA) and R, of NiFe-LDH@NiMo-H,@NF achieve
37.8 mF-cm™ and 0.38 (), respectively. The Cy (37.8 mF-cm?) is
the largest and R, (0.38 ) is the smallest ones among the
examined catalysts in this study (Fig. S15 in the ESM).

The above results indicate that the hybridized 3D architecture
of NiFe-LDH@NiMo-H,@NF enables the high ECSA to provide
more OER-active sites by increasing the NiFe-LDH nanosheet
density (Figs. S13-S17 in the ESM), and also boosts the electron
transfer due to the high conductivity of NiMo-H, nanorods,
which synergistically improves the OER performance (Fig. 4(f)).
In addition, the electrode fabricated by loading the slurry of NiMo-
H, powder on NiFe-LDH@NF with Nafion binder exhibits much
worse OER performance than the NiFe-LDH@NiMo-H,@NF
(Fig. S18 in the ESM), again indicating the promotion of the
hybridized 3D architecture to OER.

34 OWS performance of NiFe-LDH@NiMo-H,@NF

The OWS performances of NiFe-LDH@NiMo-H,@NF, NiMo-
H,@NF, NiFe-LDH@NF, and commercial noble catalysts were
evaluated in 1 M KOH solution, which shows much lower cell
voltage of the electrolytic cell for NiFe-LDH@NiMo-H,@NF than
the others, as shown in Fig.5. This nonprecious bifunctional
catalyst only requires the low cell voltages of 1.45, 1.52, and 1.61 V
to deliver the current densities of 10, 100, and 500 mA-cm?,
respectively, much superior to the most reported bifunctional
catalysts (Figs. 5(a)-5(c), and Tables SI and S2 in the ESM). The
CP test at the industrial-level current density of 500 mA-cm™
presents a negligible degradation (only 1.8%) of the cell voltage
over 1000 h (Fig.5(d) and Fig.S19 in the ESM). NiFe-
LDH@NiMo-H,@NF is almost unchanged after HER test as
reflected by XRD and XPS characterizations, demonstrating its
excellent durability for HER. In OER, the NiFeOOH species were
in situ generated to act as active sites (Fig. S20 in the ESM). The
catalysts at cathode and anode maintain the hybridized 3D
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architecture without obvious changes (Fig. S21 in the ESM). All
these results demonstrate the great potential of NiFe-LDH@NiMo-
H,@NF as an efficient, durable and cheap bifunctional catalyst for
industrial water-splitting application.

4 Conclusions

In summary, we have successfully fabricated 3D-architectured
NiFe-LDH@NiMo-H,@NF  bifunctional electrocatalysts by
growing dense NiFe-LDH nanosheets on the conductive NiMo-
based nanorods array deposited on Ni foam. As cathodic catalyst,
the HER-inert NiFe-LDH nanosheet arrays retard the diffusion of
OH- ions generated during HER, leading to a self-enhanced local
pH on the HER-active sites of NiMo-H, and much boost HER
performance thereof (26 mV@l0 mA.cm” and 74 mV@
500 mA-cm™). As anodic catalyst, the dense NiFe-LDH nanosheet
arrays provide the abundant OER-active sites and the highly
conductive NiMo-H, nanorods effectively promote the electron
transfer, leading to an outstanding OER performance
(172 mV@10 mA-cm™ and 239 mV@500 mA-cm ). Benefitting by
the excellent bifunctional catalytic performance of NiFe-
LDH@NiMo-H,@NF, the OWS cell demonstrates the extreme
low voltages of 1.45 V@10 mA-cm™ and 1.61 V@500 mA-cm?,
much lower than the commercial noble metal-based catalysts. In
particular, at the industrial current density of 500 mA-cm?, the
catalyst exhibits excellent long-term durability with little
degradation (1.8%) of cell voltage for 1000 h, suggesting the great
potential applications. This study provides an efficient strategy to
develop advanced bifunctional electrocatalysts for OWS by
rationally hybridizing HER- and OER-active components. For
example, designing suitable 3D architectured catalysts to construct
a local high pH environment could achieve high-performance
OWS even in neutral medium.
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