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The rational design of electrocatalysts with well-designed compositions and structures for the oxygen
evolution reaction (OER) is promising and challenging. Herein, we developed a novel strategy — a one-
step double-cation etching sedimentation equilibrium strategy — to synthesize amorphous hollow Fe-
Co-Ni layered double hydroxide nanocages with an outer surface of vertically interconnected ultrathin
nanosheets (Fe-Co-Ni-LDH), which primarily depends on the in situ etching sedimentation equilibrium
of the template interface. This unique vertical nanosheet-shell hierarchical nanostructure possesses
enhanced charge transfer, increased active sites, and favorable kinetics during electrolysis, resulting in

R d1stN ber 2003 superb electrocatalytic performance for the oxygen evolution reaction (OER). Specifically, the Fe-Co-Ni-
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Accepted 22nd December 2023 LDH nanocages exhibited remarkable OER activity in alkaline electrolytes and achieved a current density
of 100 mA cm™2 at a low overpotential of 272 mV with excellent stability. This powerful strategy provides
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1. Introduction

The oxygen evolution reaction (OER) is important in various
energy storage and conversion systems, such as water splitting
devices and metal-air batteries."* However, its sluggish kinetics
owing to the intrinsic four-step proton-coupled electron trans-
fer process is regarded as the bottleneck in the development of
these technologies.”® Although Ir- and Ru-based catalysts are
the most efficient OER electrocatalysts, their large-scale appli-
cation has prodigiously suffered from their high cost and
scarcity.'>'* Therefore, exploring non-noble metal OER catalysts
with high activity, excellent stability, low cost, and feasible
operation is particularly essential for developing energy
conversion technologies.”>™”

“School of Sciences, Henan University of Technology, Zhengzhou 450001, China.
E-mail: 85liyuanyuan@haut.edu.cn

*Interdisciplinary Research Center for Sustainable Energy Science and Engineering
(IRC4SE2), School of Chemical Engineering, Zhengzhou University, Zhengzhou
450001, China

°School of Materials Science and Engineering, Henan Polytechnic University, Jiaozuo
454003, China

“Department of Applied Physics, School of Physics and Electronics, Hunan University,
Changsha 410082, China

“Institute of Physical Properties for Quantum Functional Materials, School of Sciences,
Henan University of Technology, Zhengzhou 450001, China
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3na00949a

638 | Nanoscale Adv, 2024, 6, 638-647

First-row transition-metal oxides, hydroxides, sulfides,
nitrides, and phosphides exhibit great potential for OER in view
of their earth abundance and high catalytic activity.’*** Among
them, Fe-Ni-Co layered double hydroxide (LDH) is currently
deemed to be the most promising OER catalyst in alkaline
solution owing to the visibly enhanced catalytic activity, which
is derived from the synergistic interactions between Ni, Co, and
Fe species.”*® As is well known, active sites for the OER catalytic
process are principally located on the surface of the catalyst and
have a positive influence on the catalytic performance of
materials.>**> Therefore, the delicate engineering of nano-
structures for Ni-Co-Fe LDH-based electrocatalysts by
increasing the number of their exposed active sites is of
significant importance in enhancing their OER performance.

Hollow nanostructures have displayed distinct advantages as
OER catalysts owing to their structure-dependent features, such
as a large surface area, multiple interfaces, and short distances
for the transfer of charges.***” Compared with smooth-faced
hollow structures, nanocages assembled with ultrathin nano-
sheets possessing large surface area and short diffusion
distance for mass transport exhibit apparent superiority in
catalysis.*®* As a representative method, hard templating has
been demonstrated to be effective for the fabrication of complex
hollow structures. However, the tedious and complex synthetic
procedure makes it inconvenient and unfavorable for the
practical application of complex hollow catalysts.**** Most
recently, a cation-exchange synthetic approach, which provides
easy control for the fabrication of well-defined hollow

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structures, has been used as a self-templating method to tune
the dimensionality and morphology of materials.>**** Ordered
hollow LDH structures have been synthesized by a cation-
exchange method using metal-organic framework precursors
as starting materials. However, the preparation of multi-metal
LDH-based nanocages as electrocatalysts is realized by
methods including hydrothermal and multi-step synthesis,
which have inherent limitations, including high cost and being
time-consuming. Therefore, a facile one-pot self-templating
approach is highly desirable for the preparation of novel
multi-metal LDH structures catalysts from a metal-organic
framework.

Here, we present a facile one-pot double-cation etching
strategy to synthesize Fe-Co-Ni-LDH hierarchical nanocages
assembled by ultrathin nanosheets. Transforming from the
plate-like structure of Co-MOF (a metal-organic framework),
hollow hierarchical Fe-Co-Ni-LDH nanocages are obtained
through the simultaneous etching and coprecipitation reac-
tions in a double cation salt solution. By adjusting the quality
ratio between the two metallic salts, the density of ultrathin
nanosheets on the nanocages could be further tailored. The
hierarchically hollow superstructures with excellent accessi-
bility and optimized chemical composition make Fe-Co-Ni-LDH
nanocages with significantly enhanced electrocatalytic activity
toward OER. The new synthetic strategy opens a new way to
design highly stable and active OER electrocatalysts.

2. Experimental section

2.1. Fabrication of the crystals

2.1.1. Synthesis of Co-MOF crystals. The cobalt-based
metal-organic framework supported on nickel foam (Co-MOF)
was synthesized using a previously reported method.** Two
solutions were prepared by dissolving 0.291 g of Co(NOs),-6H,0
and 0.6586 g of 2-methylimidazole in 20 mL of deionized water.
The 2-methylimidazole solution was quickly mixed with the
Co(NO3),-6H,0 solution, after which a piece of clean NF (2.5 X
3.5 cm?) was immersed into the mixture solution. The resultant
mixture was placed at rest at room temperature for 4 hours.
Finally, the as-obtained Co-MOF crystals were cleaned with
deionized water, and vacuum dried overnight.

2.1.2. Synthesis of hollow Fe-Co-Ni-LDH nanocages. The
as-fabricated Co-MOF was immersed in 20 mL of deionized
water solution containing 100 mg of urea, 50 mg of FeSO,-
-7H,0, and 150 mg of Ni(NOs), 6H,0. After the reaction for
20 min at 70 °C using an oil bath, the resulting product was
washed with ethyl alcohol and deionized water at least three
times, and then dried at 60 °C to provide a Fe-Co-Ni-LDH
sample. Similarly, the Fe-Co-Ni-LDH samples obtained with
different FeSO,-7H,0 content (25, 50, 75, 100, and 150 mg were
denoted as Fe-Co-Ni-LDH-1, Fe-Co-Ni-LDH-2, Fe-Co-Ni-LDH-3,
Fe-Co-Ni-LDH-4 and Fe-Co-Ni-LDH-5, respectively).

2.1.3. Synthesis of hollow Ni-Co-LDH nanocages. Hollow
Ni-Co-LDH nanocages were prepared by a similar process of Fe-
Co-Ni-LDH by adding only urea and Ni(NO3),-6H,0.

2.1.4. Synthesis of the Fe-Co-LDH nanosheets. Fe-Co-LDH
nanosheets were prepared by a similar process of Fe-Co-Ni-
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LDH by adding only urea and FeSO,-7H,O. Similarly, Co-Fe-
LDH samples obtained with different FeSO,-7H,O contents
(50, 100, and 150 mg were denoted as Fe-Co-LDH-2, Fe-Co-LDH-
4, and Fe-Co-LDH-5, respectively).

2.2. Characterization

The morphologies of samples were evaluated using SEM
(Hitachi S-4800). X-ray powder diffraction (XRD) patterns were
obtained on an X-ray diffractometer at 40 kV and 40 mA with Cu
Ko radiation. X-ray photoelectron spectroscopy (XPS) was
recorded using a model of Thermo Scientific Escalab 250Xi
spectrometer.

2.3. Electrochemical measurement

The electrocatalytic activities of the catalysts (1 x 1 cm?) for the
oxygen evolution reaction (OER) were studied at room temper-
ature using a standard three-electrode system in the 1.0 M KOH
aqueous electrolyte. A saturated Ag/AgCl electrode and Pt plate
were used as reference and counter electrodes, respectively. The
polarization curves were measured at 2 mV s~ ' and iR corrected,
and all potentials measured were calibrated to a reversible
hydrogen electrode (RHE) using the following equation: Egyg =
Engiagc1 T 0.197 + 0.059 x pH. Overpotential (1) was calculated
using the following formula: 5 (V) = Egye — 1.23 V. Electro-
chemical impedance spectroscopy (EIS) was performed in
a frequency range of 0.01 Hz and 1000 kHz.

3. Results and discussion

3.1. Morphology and microstructure of the hollow Fe-Co-Ni-
LDH nanocages

The uniform hierarchical triangular Fe-Co-Ni-LDH nanocages
were prepared via the dication-exchange self-templating
strategy as depicted schematically in Fig. 1. First, uniform
plate-like Co-MOF with smooth surfaces growing on the NF
were synthesized as the sacrificial templates (Fig. 2a). After the
hydrolysis reactions of urea, nickel nitrate, and ferrous sulfate
in a solution of water, hierarchical triangular Fe-Co-Ni-LDH
nanocages were obtained. During this formation process, Co-
MOF templates can be gradually etched with the hydro-
lyzation reactions, and the released Co species were coprecipi-
tated with Fe*", Ni**, and OH "~ ions to form thin layered Fe-Co-
Ni-LDH nanocages.'® Meanwhile, Ni-Co-LDH and Fe-Co-LDH
are also prepared for comparison. Notably, the distinctly
different morphology between Fe-Co-Ni-LDH, Co-Ni-LDH, and
Fe-Co-LDH can be observed (Fig. 2). Compared with the Fe-Co-
Ni-LDH nanocages (Fig. 2f-j), the Fe-Co-LDH exhibits the
nanosheet structure (Fig. 2e), which may be attributed to the
faster etching rates than the coprecipitation rates. Interestingly,
as nickel nitrate is introduced, the morphology of Fe-Co-Ni-LDH
forms trigonal nanocages with ultra-thin folded nanosheets.
This morphology change suggests that the nickel nitrate can
slow down the etching rate. The Fe-Co-Ni-LDH morphology can
be steadily controlled by adjusting the etching and coprecipi-
tation rates by controlling the ratio of the two metal salts.
Specifically, more ferrous sulfate in the mixed solvent speeds up
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Fig.1 The preparation of hollow Fe-Co-Ni-LDH nanocages. The uniform hierarchical triangular Fe-Co-Ni-LDH nanocages are prepared via the
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Fig. 2 Morphology control of hollow Fe-Co-Ni-LDH nanocages. SEM images of (a and b) Co-MOF, (c and d) Ni-Co-LDH, (e) Fe-Co-LDH,
and (f—j) Fe-Co-Ni-LDH-2. (k—n) SEM-EDS elemental mapping of Fe-Co-Ni-LDH-2. (o) XRD patterns of Fe-Co-Ni-LDH-2.
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Fig. 3 SEMimages of (a and b) Fe-Co-Ni-LDH-1, (c) Fe-Co-Ni-LDH-2, (d and e) Fe-Co-Ni-LDH-3, (f and g) Fe-Co-Ni-LDH-4, and (h and i) Fe-
Co-Ni-LDH-5.

Fig. 4 SEM images of (a, d, and g) Ni-Co-LDH-1, (b and c) Fe-Co -LDH-2, (e and f) Fe-Co -LDH-4, and (h and i) Fe-Co-LDH-5.
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the etching of Co-MOF, which could decrease the number of
external nanosheets produced on the Fe-Co-Ni-LDH nanocages
owing to the fast etching of the template.

To reveal the structure-activity relationship, hollow Fe-Co-
Ni-LDH nanocages with interlocked nanosheets were verified
by SEM, as displayed in Fig. 1. As the Co-MOF sheet-like arrays
(Fig. 2a and b) acted as a sacrificial template for the in situ
growth of Fe-Co-Ni-LDH, the samples inherited similar sheet-
like arrays after the transformation in the presence of FeSO,
and Ni(NO;), (Fig. 2f). Furthermore, it can be observed that the
interlocked nanosheets were vertically standing in the whole
hollow skeleton rather uniformly, creating abundant straight
channels and pathways (Fig. 2g-j), obviously different from the
Fe-Co-LDH single nanosheet structure (Fig. 2e). Notably, SEM
(Fig. 2c and d) images show that Ni-Co-LDH has a similar
nanocage morphology assembled of more high-density ultra-
thin nanosheets compared with Fe-Co-Ni-LDH, indicating that
the addition of ferrous sulfate could accelerate the etching rate.
However, as shown below, this decrease does not lead to any
drop in the catalytic activity, which is sufficient to identify the
positive effect of the introduction of Fe. To investigate the
spatial distribution of different elements, elemental mapping
analysis in the scanning SEM mode was carried out on Fe-Co-Ni-
LDH. The SEM elemental mapping images showed the uniform
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distribution of Fe, Ni, Co, and O elements (Fig. 2k-n), sug-
gesting the expected high homogeneity of nickel and cobalt
hydroxides in this hierarchical micro-nano sheet structure. In
the XRD pattern of the sample, there were only two narrow
peaks at 45° and 53° assigned to the Ni nickel foam and a broad
peak from 15-35° suggesting that the original structure of Fe-
Co-Ni-LDH was destroyed and a new amorphous species
might have been formed (Fig. 20).*”*®* This particular
morphology, which generally enables high active-site density,
could greatly improve the electrocatalysis for the OER.
Furthermore, the surface nanosheet density of Fe-Co-Ni-LDH
nanocages gradually decreased with increasing mass of
ferrous sulfate (Fig. 3). The hollow structures with an outer shell
of rich ultrathin nanosheets of Fe-Co-Ni-LDH could not only
provide larger specific surface area, more exposed active sites,
and better access for electrolytes but also shorter diffusion
paths for mass and electrons.***°

The surface elemental composition and chemistry of Fe-Co-
Ni-LDH nanocages were investigated via X-ray photoelectron
spectroscopy (XPS), as shown in Fig. 5. The survey spectra
confirmed that both Fe-Co-Ni-LDH samples were mainly
comprised Fe, Co, Ni, and O elements. The binding energies of
Co 2p at 780.8 and 796.9 eV and the satellite peaks at 785.9 and
802.6 eV can be assigned to Co>" species in Fe-Co-Ni-LDH
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Fig. 5 Microstructure of hollow Fe-Co-Ni-LDH nanocages. (a) XPS, (b) Ni 2p, (c) Co 2p, and (d) Fe 2p spectra of Fe-Co-Ni-LDH-2.
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nanocages.” The XPS spectra of Ni 2p indicate that the peaks in
2ps/» (855.8 €V) and 2p,,, (873.5 eV) regions with two shake up
satellite peaks at 861.5 and 879.6 eV are related to the presence
of Ni*" species (Fig. 5b)."> The Fe species of the sample are
found to be mostly in the +3 oxidation state according to the
high-resolution XPS spectra of Fe 2p (Fig. 5d).>* The above
results prove the introduction of the Fe element.

3.2. Relationship between component and morphology of
Fe-Co-Ni-LDH electrocatalytic oxygen evolution

To elucidate the effect of the optimization on catalysis in
general, the OER activities of Fe-Co-Ni-LDH nanocages were
studied using a three-electrode system in an alkaline solution
(1.0 m KOH) at a scan rate of 2 mV s '. The electrocatalytic
properties of Fe-Co-Ni-LDH, Ni-Co-LDH, Fe-Co-LDH, Ir/C, and
NF were also studied as references. Fig. 6a shows the iR-
compensated linear sweep voltammetry (LSV) curves of the
samples. One can see that the Fe-Co-Ni-LDH nanocages catalyst
showed a remarkably higher current density than the Ni-Co
LDH with a high Cgq;, Fe-Co LDH, Ir/C, and NF samples at the
same 7. To reach a current density of 50 mA cm ™2, the Fe-Co-Ni-
LDH nanocages catalyst required an 7 of only 246 mV, which is
122 mV lower than that of Ni-Co-LDH (Fig. 6b). Moreover, the
OER kinetics of Fe-Co-Ni-LDH is much faster than that of Ni-Co

View Article Online
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LDH. Specifically, the current density of Fe-Co-Ni-LDH could
reach 100 mA cm™? at the  of 272 mV, which is 133 mV lower
than that of Ni-Co LDH (Fig. 4b). As shown in Fig. 6c, the
catalytic kinetics of all samples were assessed using Tafel plots.
A smaller Tafel slope was observed for Fe-Co-Ni-LDH compared
to that of Ni-Co-LDH, Fe-Co-LDH, Ir/C, and NF. The Fe-Co-Ni-
LDH nanocages exhibited a low Tafel slope of 77.8 mV dec ™,
which was much smaller than that of Ni-Co-LDH nanocages
(111.5 mV dec™'). The OER performance of the as-prepared Fe-
Co-Ni-LDH was compared with those of the other reported LDH-
based electrocatalysts, as listed in Table S1.7 It can be found
that the OER activities of the hollow Fe-Co-Ni-LDH electro-
catalysts were better than those reported for most LDH-based
electrocatalysts (Table S1t). The enhanced activity of Fe-Co-Ni-
LDH-2 nanocages can be largely attributed to the increased
electrochemically active surface area and the decreased transfer
resistance owing to the fine-tuning of the electronic structure.*
Moreover, the Fe-Co-Ni-LDH samples developed higher OER
catalytic activity with increasing FeSO, (Fig. 4d). Upon
increasing the FeSO, content to 75 mg, the OER catalytic activity
of Fe-Co-Ni-LDH remained unchanged, indicating that the
enhanced activity was due to the combined effect of the
morphology regulation and the electronic structure change.
Furthermore, a relatively stable current density was observed at
a scan rate of 50 mV s~ ' during the durability test, indicating
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Fig.6 The OER activity of hollow Fe-Co-Ni-LDH nanocages. (a) Linear sweep voltammetry curves, (b) comparison of OER activity of the samples
at a current density of 50 mA cm™2, and (c) Tafel plots of the electrocatalysts in 1.0 M KOH solution of NF, Ir/C, Ni-Co-LDH, Fe-Co-LDH and Fe-
Co-Ni-LDH. (d) Linear sweep voltammetry curves of Fe-Co-Ni-LDH-1, Fe-Co-Ni-LDH-2, Fe-Co-Ni-LDH-3, and Fe-Co-Ni-LDH-4.
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Fig. 7

(a) Time-dependent current density curves of Fe-Co-Ni-LDH-2.

(b) The electrochemical surface areas of Ni-Co-LDH and Fe-Co-Ni-

LDH-2. (c) Nyquist plots of impedance spectroscopy analysis of Ni-Co-LDH, Fe-Co-LDH, and Fe-Co-Ni-LDH-2. (d) Nyquist plots of impedance

spectroscopy analysis of the Ir/C sample.

the excellent long-term operating stability of Fe-Co-Ni-LDH
(Fig. 7a). These results show the high OER durability of Fe-Co-
Ni-LDH nanocage catalysts.

3.3. OER enhancement mechanism of Fe-Co-Ni-LDH

To investigate the possible reason for the enhanced electro-
catalytic activity of Fe-Co-Ni-LDH, the electrochemically active
surface area (ECSA) measurements were carried out using the
CV method in the non-faradic region at different scan rates. As
shown in Fig. 7b, the Cy, values of Ni-Co-LDH and Fe-Co-Ni LDH
were 2.4 and 1.4 mF cm ™2, respectively. The Cq of Ni-Co-LDH
(2.4 mF cm™?) is higher than that of Fe-Co-Ni LDH (1.4 mF
cm ™ ?), suggesting that more active sites are exposed in Ni-Co-
LDH since Cq; is usually applied as the indicator of electro-
chemically active surface area.>* However, Fe-Co-Ni LDH cata-
lysts have better catalytic performance than Ni-Co-LDH
catalysts. This result indicates that catalytic activity is not only
determined by the abundance of the active sites. To further
understand the explanations for the enhanced activity of Fe-Co-
Ni LDH, the electrochemical impedance spectroscopy charac-
terizations are shown in Fig. 7c and d. It is noteworthy that Fe-
Co-Ni-LDH nanocages showed a much smaller semicircle in
comparison with Fe-Co-LDH, Ni-Co-LDH, and Ir/C suggesting
its lower resistance for faster charge-transfer kinetics,> which
could be caused by the hollow structure and Fe element
implantation. Supporting the above results, it is deduced that
Fe-Co-Ni-LDH provided an excellent electrochemical activity for
enhanced charge transfer, more active sites, and favorable
kinetics during electrolysis by the synergistic effect of compo-
sition gradient and morphology. Benefiting from these features,
Fe-Co-Ni-LDH demonstrated outstanding capacity for the
oxygen evolution reaction.

4. Conclusions

In summary, the amorphous hierarchical hollow Fe-Co-Ni-LDH
C-doped CN nanocages with ultrathin nanosheets were
designed and fabricated by a novel one-step double cation
etching strategy with high-efficiency electrocatalytic oxygen
evolution reaction, compared to Co-Ni-LDH nanocages, among
the best reported non-precious OER electrocatalysts. This

644 | Nanoscale Adv, 2024, 6, 638-647

strategy ensures the controllable conversion of Co-MOF
precursors into a series of hollow Fe-Co-Ni-LDH nano-
structures with tunable structural topology as well as compo-
nents. The improved activity of the Fe-Co-Ni-LDH nanocages is
owing to the increased intrinsic activity, decreased transfer
resistance, and more exposed active sites. The double-cation
etching strategy proposed here sheds light on the importance
of controlling the structure and composition of high-efficiency
electrocatalysts for the energy and environment-associated
applications.
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