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As the demand for clean and renewable energy increases, high-efficiency multifunctional electrocatalysts
for water cracking have become a research hotspot. In this study, a NiCo,0O,4/NiFe/Pt composite with
a hierarchical structure was successfully constructed by combining a hydrothermal growth and
electrodeposition method with nickel foam as the scaffold material, and its overall water cracking
reaction was studied. The laminar-structured NiCo,O4/NiFe composite exhibits an improved number of

electrochemically active sites and shorter electron transport pathways, while the Pt particles deposited

Received 3rd September 2019 ) . . . . . . .
Accepted 24th October 2019 on the NiCo,04/NiFe composite are conducive to improve the hydrogen evolution reaction without
affecting the efficiency of the oxygen evolution reaction of the intrinsic material. The NiCo,0O4/NiFe/Pt

DOI: 10.1039/c9ra07012e composite shows an excellent overall water cracking performance under alkaline conditions with

rsc.li/rsc-advances a current density of 10 mA cm™2 at an applied potential of 1.45 V, indicating a promising research prospect.

1. Introduction

With the rapid development of the global economy, energy
dilemmas and environmental pollution have become increas-
ingly prominent.’ Environmental pollution is worsening due to
the over-reliance on fossil energy such as oil, coal, and natural
gas. Hydrogen has become an ideal alternative to fossil fuel
energy, because it is environmentally friendly, abundant, and
has a high energy density, and it can also be used for large-scale
storage and transportation. However, it is an intermittent
renewable source of energy.>* Electrocatalytic water cracking, as
a new kind of hydrogen energy technology, has been widely
considered as a clean, sustainable and promising hydrogen
production method from aqueous solution.*® Water cracking
reactions generally include two half-reactions. The hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER)
need a large overvoltage.®”
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In recent years, big progress has been made for commonly
used transition metal oxides, hydroxides, phosphates, transi-
tion metal selenides, sulfides and nitrides.®*”'” However, the
optimal working conditions for these materials are often
inconsistent with OER catalysts, and OER is optimized in
alkaline or neutral solutions in acidic media, which requires
complex steps of overall water cracking. Therefore, it is
attractive but also challenging to develop a high-performance
dual-function electrocatalyst with better HER and OER
performance under the same conditions, which can improve
the integration and simplification of water cracking and
increase the feasibility of industrial applications. At present,
the commonly used methods to reduce the semi-reactive
overpotential include the vacancy method, doping method,
and tension method.*®*2° However, these methods often lead to
the contradictory combination of the two catalysts, resulting
in poor splitting performance.”*>* Heterogeneous structure
has many applications in the field of catalysis. In recent years,
many studies have attempted to improve water splitting by
using heterogeneous structure.**® Zhang et al.*” synthesized
MoS,/NizS, with a heterogeneous structure, which showed
good overall water splitting performance. Here, we success-
fully constructed a hierarchical NiCo,0,/NiFe/Pt complex with
nickel foam (NF) as the scaffold material by combining of
hydrothermal growth and electrodeposition method (Fig. 1),
and we used it as an effective bifunctional catalyst for HER and
OER reactions. NF usually has very large pores (>200 m).
NiCo,0, is abundant and environmental friendly. It has
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excellent electrochemical activity, and has twice the electrical
conductivity of a single nickel or cobalt oxide based material,
making it a suitable substrate material.”® Moreover, it has
more specialized nanostructured multi-layered porosity can be
created by selecting appropriate preparation methods and
optimization. NiFe is one of the best known OER catalysts in
alkaline solutions, and the synthesized sheet structure
provides more OER reaction interfaces with abundant catalytic
sites.?® On the basis of the electrodeposition of Pt, ensuring
a close contact and strong coupling interface not only greatly
improves the overall performance of HER and its excellent
conductivity but also facilitates electronic transmission,
improving the performance of mixed electrodes in alkaline
KOH electrolyte. Only 1.45 V split water performance can be
achieved at 10 mA cm > current.

2. Experimental section
2.1 The synthesis of the samples

Based on the previous report,* the NiCo,0,/NiFe/Pt composite
can be grown on NF by a two-step hydrothermal method fol-
lowed with the electrochemical deposition of Pt nanoparticles.
Firstly, the NF washed with 1.0 M of HCI solution, deionized
water, and anhydrous ethanol was immersed into a teflon-lined
stainless steel containing 67.5 mL of NiCl,-6H,O (4.5 mmol),
CoCl,-6H,0 (9 mmol), and urea (13.5 mmol) aqueous solution,
and then performed the hydrothermal reaction at 120 °C for 8 h
to obtain the precursor. The NF/NiCo,0, sample can be
prepared by annealing the precursor at 400 °C for 3 h in the air
atmosphere. Then, the obtained NF/NiCo,0, sample was
immersed into a aqueous solution containing 100 mL of
9 mmol Ni(NO3), -6H,0, 3 mmol Fe(NOj3);-9H,0, 20 mmol urea,
and 1 mmol Naz;C¢Hs0,-2H,0, and conducted the second
hydrothermal reaction at 150 °C for 48 h. After cooling to room
temperature, the NF was washed with deionized water and

Hydrothermal
—

Annealing

Ni Foam

NiCo,0,

View Article Online

Paper

NiCo O /NiFe/Pt

NiCo,0 /NiFe
i (400)

(220)
311>

(511)  (440)

Intensity/a.u

10 20 30 40 50 60 70 80
20/degree

Fig. 2 XRD patterns of the NiCo,0O4, NiCo,O4/NiFe, and NiCo,04/
NiFe/Pt nanostructures on NF.

ethanol several times to obtain the NF/NiCo,0,/NiFe sample.
Finally, NiCo,0,/NiFe/Pt was synthesized by an electrochemical
deposition method in the 1% H,PtCls solution at —0.2 V for
30 s.

2.2 Material characterization

The crystal structure and chemical composition of the samples
were characterized by X-ray diffraction (XRD) with 40 kV voltage,
30 mA current, Cu Ko radiation (k = 1.5406 A). The micro-
structure and morphology were observed on a JEOL-2100F
transmission electron microscope (TEM) equipped with an
energy dispersive X-ray spectrometer and a TESCAN MIRA3 field
emission scanning electron microscope (SEM). X-ray photo-
electron spectroscopy (XPS) was applied to study the surface
chemical composition and valence of the samples.

Hydrotherm:%

S

NiCo,0,/NiFe

Electrodeposit

NiCo,0,/NiFe/Pt

Fig. 1 Schematic of the facile synthesis of NiCo,0,4/NiFe/Pt heterogeneous structure nanowire arrays grown on NF substrate.
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Fig. 3 SEM images of NiCo,O4 arrays (a and d), NiCo,O4/NiFe arrays (b and e), and NiCo,O,4/NiFe/Pt arrays (c and f) on NF at different

magnifications.

2.3 Electrochemical measurements

All electrochemical experiments were carried out at room
temperature by a VMP-300 electrochemical workstation in 1 M
KOH aqueous electrolyte. The saturated calomel electrode (SCE)
was used as reference electrode, the platinum wire was served as
the counter electrode, and the synthesized NiCo,0,/NiFe/Pt
complex was utilized as working electrode. To assess the HER
performance of the samples, linear sweep voltammetry (LSVs)
were measured from —0.5 V to —1.4 V versus saturated SCE with
a scan rate of 5 mV s '. To evaluate the OER performance
samples, LSVs were measured from 0 V to 0.7 V versus SCE at
a scan rate of 2 mV s~ '. Chronopotentiometry measurements
were performed at current densities of 10, 30, and 50 mA cm >
for 30 h, and the potential was converted to RHE scale by the
formula Egyg = Esce + 0.059 x pH +0.245, where Eryg is the
potential versus RHE and Escg is the measured potential refer to
the SCE reference electrode. The overpotentials were obtained
through the intersection point of the tangent lines of LSV
current and the polarization curve baseline.

3. Results and discussion

To further investigate the phase structures of NiCo,0,/NiFe/Pt,
the XRD patterns of the as-prepared own in Fig. 2. It could be
seen in Fig. 2 that the peaks at 19.5°, 31.1°, 36.7°, 44.6°, 59.0°,
and 64.8° corresponded to the (111), (311), (400), (511), and
(440) planes of the spinel NiCo,0,, respectively (JCPDS card no.
20-0781).*>** The lack or very low reflection intensity of NiFe in
the hybrid products were mainly due to its low crystallinity and
ultrathin property. In this hydrothermal system, after NiCo,0,
surface reaction for a period of time, NiFe crystallization degree
was relatively low without annealing treatment. Herein, the

This journal is © The Royal Society of Chemistry 2019

reflections corresponding to stratification would be very weak or
even could not be detected in the observation process.

Fig. 3(a) and (d) revealed the SEM images of NiCo,0, arrays
on NF at different magnifications. Fig. 3(a) indicated a large
number of needle-like NiCo,0, arrays grown vertically along the
surface of the NF, with a large surface area and a stable porous
three-dimensional spatial structure. Fig. 3(d) showed that the
average diameter of the NiCo,0, arrays was about 100 nm.
While the NiFe was introduced with hydrothermal process,
core/shell structure was observed (Fig. 3(b)). Due to the growth
of a layer of interconnecting NiFe nanosheets on the thin
NiCo,0, array, the surface of the array turned very rough.
Apparently, the layer reflected a degree of folds (Fig. 3(e)), thus
increasing the surface area. Finally, Pt nanoparticles were
successfully deposited on the NiFe nanosheet by electrodepo-
sition, as is shown in Fig. 3(c), and the thickness of Pt nano-
particles was about several tens of nanometers (inset of
Fig. 3(f)). As a result, the surface area could be improved and
large amounts of active sites could be occurred for the Faraday
process.

The structure of hybrid products was further studied by
TEM. In Fig. 4(a) and (b), the diameter of NiCo,0, nanowire was
approximate 100 nm, which was resemble to the SEM image
(Fig. 3(d)). The nanowire was made up of numerous inter-
connected nanoparticles, which could be on account of the
release of gas during the calcination treatment. It could be seen
that the high-resolution TEM (HRTEM) image (Fig. 4(c))
demonstrated that the spacing of the lattice plane was about
0.25 nm, which could be ascribed to the (311) crystal planes of
the NiCo,0, phase. In Fig. 4(d) and (e), the NiCo,0, nanowires
were embellished with ultrathin NiFe nanosheets. The hierar-
chical core/shell nanostructure could not only guarantee
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Fig.4 TEM (a and b) and HRTEM images (c) of the NiCo,0O4 nanowire. TEM (d and e) and HRTEM images (f) of the NiCo,0O4/NiFe arrays. TEM (g

and h) and HRTEM images (i) of the NiCo,04/NiFe/Pt arrays.

powerful interaction with each other, but also supply a large
surface area and enough active sites for redox reactions. The
HRTEM image in Fig. 4(f) showed that the distance between two
adjacent lattices was approximately 0.21, 0.24, and 0.28 nm,
which were consistent with the (400), (311), and (220) planes of
NiCo,0, phase, respectively. In Fig. 4(g) and (h), the Pt nano-
particles were successfully deposited on the ultrathin NiFe
nanosheets, the diameter is about 100 nm. The energy disper-
sive X-ray spectra (EDS) for NiCo,0,/NiFe/Pt arrays are shown in
Fig. S2,7 demonstrates that the arrays are mainly constituted by
0, Fe, Co, Ni, and Pt elements. The EDS results confirmed the
formation of Pt nanoparticles and attachment on NiCo,O,/NiFe
with a weight fraction of about 7.64%. The HRTEM image in
Fig. 4(i) revealed that the measured distance between two
adjacent lattices was approximately 0.20 nm, which was
consistent with the (200) plane of Pt phase.

34998 | RSC Adv., 2019, 9, 34995-35002

The detailed elemental mapping images could be seen in
Fig. 5(a), which depicted the homogeneous distribution of Ni,
Co, Fe, and Pt atoms on the surface of the distinct hetero-
structures. XPS was tested to discuss the chemical states of
NiCo,0,/NiFe/Pt heterostructures and explore the bonding
state of elements and conceivable coupling between the
components. The XPS spectrum of Ni 2p (Fig. S1a, ESIt) man-
ifested that the Ni atoms in Ni 2p,,, and Ni 2p;/, electronic
configurations occurred at 873.0 and 855.2 eV, respectively,
which suggested the Ni*" in NiCo0,0,. Relatively, the peaks
located at 875.0 and 856.7 eV were geared to Ni**.>»32 As is seen
in Fig. 5(b), not only the peaks of Co 2p,/, located at 797.1 eV
and Co 2p3), located at 781.5 eV but also the spin-energy sepa-
ration of 15.6 eV could confirm the existence of both Co*" and
Co®".33 It could be seen in Fig. 5(c) that the XPS spectrum of Fe
2p exhibited two peaks located at 713.2 and 726.0 eV for

This journal is © The Royal Society of Chemistry 2019
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NiCo,0,4/NiFe, which corresponded to Fe 2ps, and 2pip,
respectively. But there was a difference for NiCo,0,/NiFe/Pt that
the XPS spectrum of Fe 2p exhibited two peaks located at 713.5
and 726.2 eV, existed a certain deviation. It can be seen that
chemical interaction, rather than physical adsorption, occurs
between Pt and the material. In addition, the peaks located at
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Fig.5 Elemental mappingimages (a). XPS characterization of NiCo,0O4/NiFe and NiCo,0O4/NiFe/Pt hybrid; high-resolution XPS spectra for (b) Co
2p. (c) Fe 2p, and (d) Pt 4f.

718.7 and 733.7 eV confirmed the existence of Fe*" oxidation
state of NiFe nanosheets.”® In Fig. 5(d), the XPS spectrum
indicated that the Pt 4f in 4f ;/, and 4f 5, electronic configura-
tions appeared at 68.4 and 72.7 eV, respectively, and the spin-
energy separation occurred at 4.3 eV.** Herein, on the basis of
the XPS discussed above, the surface of the NiCo,0,/NiFe/Pt/NF
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Fig. 6 Bifunctional catalytic performance of NiCo,O4/NiFe/Pt hybrid electrode on NF in 1.0 M aqueous KOH electrolyte. OER: (a) anodic
polarization curves, (b) corresponding Tafel plots, and (c) chronopotentiometry curve. HER: (d) cathodic polarization curves, (e) corresponding

Tafel plots, and (f) chronopotentiometry curves.
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Fig.7 Overall splitting performance. (a) Polarization curves of overall water splitting for NiCo,O4/NiFe/Pt hybrid electrode compared with those
of the respective component and bare NF at a scan rate of 5mV s in 1.0 M aqueous KOH. (b) Chronopotentiometry curve of water electrolysis
for the hybrid electrode serving as both cathode and anode under a constant current density of 20 mA cm™2. Inset: photographic image of two-
electrode water electrolysis device and simultaneous evolution of H, and O, on cathode and anode.

sample was comprised of Co**, Co*", Ni**, Fe**, and Pt. There-
fore, Pt was successfully grown on the NiCo,0,/NiFe nanotube
arrays.

The catalytic activities of the NiCo,0,/NiFe/Pt electrode were
investigated for OER in 1 M KOH with a three-electrode system
while the scan rate was kept at 2 mV s~ . All potentials used to
investigate were adapted to reversible hydrogen electrode
(RHE). To evaluate the effect of heterostructures on the NF
substrate, NiCo,0, and NiCo,0,/NiFe were prepared at the
same time, and their OER activities were detected with the same
situation. The data which was shown in Fig. 6(a) revealed that
NiCo,0,/NiFe/Pt emerged a higher current density, attaining 50
mA cm 2 at a relatively lower overpotential (1) (310 mV), which
was lower than that of NiCo,0, (446 mV) or NiCo,0,/NiFe (327
mvV). Liner sweep voltammetry polarization curves indicated
a huge imparity of OER activities for multifarious electro-
catalysts. The Tafel slope in Fig. 6(b) was resulted from linear
fitting of Tafel plots (n vs. log () and reflected a low value of
45.2 mV dec ', additionally confirming the remarkable OER
reaction kinetics of NiCo,0,/NiFe/Pt. Due to the enhanced
catalytic activity and kinetics, the NiCo,0,/NiFe/Pt electrode
emerged greater current density than NiCo,0, (184.8 mV dec ™)
or NiCo,0,/NiFe (54.3 mV). Aside from the high OER activity,
the hybrid electrode exhibited superb stability under alkaline
conditions. The electrochemical durability for electrolysis of
water oxidation which was performed at constant catalytic
current densities revealed that stable overpotential was retained
with degradation which could ignored in oxygen evolution for at
least 90 h (Fig. 6(c)).

The HER evaluation were also discussed with a typical three-
electrode configuration. In comparison with NiCo,0O,/NiFe/Pt,
the LSV curve of both NiCo,0, and NiCo,0,/NiFe on NF was
also presented in Fig. 6(d). The NiCo,0,/NiFe/Pt electrode
demonstrated an apparent effect with an adequately low onset
potential of 13 mV, which was particularly lower than that of
NiCo0,0, (170 mV) and NiCo,0,/NiFe (175 mV). Furthermore,
scanning toward negative potential exhibited a prompt rise in
HER current density, which displayed that the NiCo,O,/NiFe/Pt

35000 | RSC Adv., 2019, 9, 34995-35002

could be regarded as valid cathode which could be applied not
only in water reduction but also in hydrogen release. The hybrid
electrode attained a 10 mA cm™> current density at a negative
potential of 27 mV, which demonstrated best consequence
when compared with NiCo,0O, on NF (194 mV) and directly
grown NiCo,0,@NiFe (205 mV),** NiFe-LDH/NiCo0,0,,”” NiFe/
NiC0,04/NF (105 mV),?* TiO,@C0eSs (139 mV), and*” NiCo,-
Si@NiFe LDH/NF (200 mV).*® Furthermore, the NiCo,0,/NiFe
after electrodeposition of Pt nanoparticles reflected a tremen-
dous increase in reaction kinetics, which manifested a low Tafel
slope of 56.4 mV dec " (Fig. 6(e)). The Tafel slope for NiCo,0,
(115.8 mV dec ) and NiC0,0,4/NiFe (120.1 mV dec ') indicated
a doughty novel synergistic effect between Pt nanoparticles and
NiCo,0,4/NiFe for HER. The perfect HER stability of the fresh
hybrid at constant catalytic current densities revealed that
stable overpotential was retained which the degradation in
oxygen evolution was negligible for at least 90 h, as is shown in
Fig. 6(f).

On the basis of the catalytic activities of the NiCo,0,/NiFe/Pt
electrode toward OER and HER reaction, the hybrid electrode
could be served as an valid and steady bifunctional electro-
catalyst for not only overall water splitting but also integrated
HER and OER in alkaline media. Therefore, a two-electrode
device with the obtained hybrid electrode taken for electro-
catalysts for both anode and cathode was established, in which
a catalytic current was viewed while the applied potential was
higher than 1.45 V. Larger potential induced a prompt increase
in current; densities of 10 and 20 mA ecm > were quickly reached
at cell voltages of 1.45 and 1.51 V, respectively; and bubbles of
hydrogen and oxygen were gradually formed from cathode and
anode, respectively (Fig. 7(a)). Compared with NiCo,0, and
NiCo,0,4/NiFe, the requested potential was lower than both of
them. By contrast, the potential exceeded 1.78 V for Ni(OH),/
NiSe,//Ni(OH),/NiSe,,* 1.60 V for NiFe-LDH/NiC0,0,4,” 1.67 V
for NiFe/NiCo,0,/NF,* 1.56 V for TiO2@Co04Sg, and*” 1.60 V for
NiCo,S,;@NiFe LDH/NF.*® The chronopotentiometry curve at 20
mA cm™ > demonstrated that the overall water-splitting property
was jarless for at least 15 h while the electrode was loaded with

This journal is © The Royal Society of Chemistry 2019
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NiCo0,0,/NiFe/Pt (Fig. 7(b)). The results displayed that this
hybrid nanomaterial may be a very prospective candidate cata-
lyst which applied in water electrolysis.

Compared with other electrocatalysts, the hybrid electrode
manifested well. The 3D NF with macroporous structure
revealed well mechanical property, elevated surface area,
excellent electrical conductivity, which could improve the
diffusion between ion and electrolyte. The NiCo,0, nanorod
made up of interconnected nanoparticles guaranteed
commendable mechanical and electrical contact, which could
enlarge accessible active surface area. Meanwhile, it may supply
open channels so that electrolyte could be diffused into active
sites. Therefore, the formed H, or O, bubbles could be released
rapidly. The NiFe nanosheet increased large amount of catalytic
sites and decreased the reaction activation energy. Meanwhile,
the reaction efficiency was enhanced. Pt nanoparticles ensured
a strong coupling interface, which not only greatly improved the
overall performance of hydrogen generation reaction and its
excellent conductivity but also facilitated the electronic trans-
mission, improving the performance of mixed electrodes in
alkaline KOH electrolyte.

4. Conclusion

A novel hierarchical NiCo,0,/NiFe/Pt heterostructure for overall
water splitting was successfully synthesized via hydrothermal
growth and electrodeposition. The outstanding performance of
the NiCo,0,/NiFe/Pt electrode is due to the distinct multilevel
hierarchical catalyst architecture, including 3D NF, NiCo,0,
nanorods, NiFe double hydroxide nanosheets, and Pt nano-
particles. The hierarchical structure owed an improved surface
area and active sites for electrolytic water splitting. The
NiCo,0,/NiFe/Pt hybrid electrode exhibits high performance for
both OER and HER, which could attain a high current density of
10 mA cm ™ at a low cell voltage of 1.45 V in a two-electrode
system.
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