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ABSTRACT

Exploring dual-functional metal-based hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) electrocatalyst with high activity and stability
is an indispensable strategy to effectively utilize hydrogen energy and alleviate
energy crisis. Herein, a series of dual-functional NiFe-MOF@FeOOH-based
composites with different electrodeposition intervals were synthesized via a
solvothermal method and subsequent electrodeposition process. It was noted
that when the electrodeposition time was set as 300 s, the corresponding com-
posites exhibited the most effective OER catalytic activity with a low overpo-
tential of 303 mV at 40 mA cm™2. The optimal composites also displayed fast
reaction kinetics with a small tafel plot of 36 mV dec™' and superior durability
for 20 h. Meanwhile, the composite only required 137 mV for HER to reach a
catalytic current density of 10 mA cm ™ under the same condition. Clearly, the
obtained composites depicted excellent dual-functional electrocatalytic perfor-
mance which can be ascribed to its unique 3D hierarchical structure, larger
electrochemical surface area, strong synergistic effect as well as improved
electrical conductivity. Besides, the adopted FeOOH was favorable for the
transformation from Ni%* to Ni®*, which acted as the active centers of catalytic
reaction to advance the OER process. All in all, this study provided a novel
insight to design bimetallic MOF based electrode materials with both excellent
HER and OER properties.
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Introduction

Nowadays, serious energy crisis and dramatic envi-
ronment pollution caused by aggressive fossil fuel
depletion arose widespread public concern [1, 2]. To
tackle the issue above, electrochemical water splitting
has been demonstrated as one of the most promising
methods for large-scale production of clean hydrogen
and oxygen, which is conducive to alleviating energy
crisis and environmental pollution. Generally, it
refers to HER at the cathode and OER at the anode
[3]. However, the lethargic kinetics of the two crucial
half-reactions result in low water splitting efficiency,
which required much higher decomposition voltage
than the theoretical voltage(1.23 V) [4]. At present,
although traditional precious metal-based electrocat-
alysts such as Pt [5], Ir [6] and Ru [7] had shown
effective behaviors for HER or OER, their high cost,
scarce resources and extraction difficulty greatly
limited their large-scale application [8]. Thus, it is
highly desirable to exploit low-cost and high-perfor-
mance bifunctional electrocatalysts to reduce the
large overpotential and eventually to improve water
decomposition efficiency [9, 10].

Recently, a large number of transition metal-based
catalysts (such as transition metal phosphates [11],
sulfides [12], carbides [13], hydroxides [14], etc.) have
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been explored in depth for the preparation of HER
and OER dual-functional materials to replace
expensive rare Pt-based HER and Ir-based OER cat-
alysts. Especially, transition metal-organic frame-
works (MOFs) have stimulated huge attentions and
are considered as one of the optimal precursors for
efficient HER and OER electrocatalysts benefiting
from their high porosity and adjustable specific sur-
face area [15-17]. In contrast to single-metal MOFs,
bimetallic MOFs were proved to exhibit stronger
coupling effect and became the current research
hotspot [18]. Among various bimetallic MOFs, Fe/Ni
bimetallic MOFs displayed state-of-the-art catalytic
performance and the most extensive application
prospect by virtue of high specific surface area, sig-
nificant structural complexity and flexible characters
with versatile coordination chemistry of metal cations
[19]. For instance, Sun et al. synthesized 3D bimetal
MIL-53(FeNi) /NF with extraordinary OER of 233 mV
to reach 50 mA cm ™2, 76 mV lower than single-metal
Ni-MOFs. The introduction of Fe was demonstrated
effectively to increase the electrochemical active
region [20]. Then, NiFe-MOF-74 was prepared by
Xing et al. as an OER electrocatalyst with an over-
potential of 223 mV at 10 mA cm 2. The advanced
performance was attributed to the synergistic effect
of Ni and Fe [21]. Thereafter, Chen et al. synthesized
two-dimensional NiFe-MOF-74 nanosheets, which
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exhibited fascinating bifunctional performance with a
lower overpotential 208 mV for OER, 195 mV for
HER and 158 V for overall water splitting at
10 mA cm 2 [22]. Although bimetallic Fe/Ni MOFs
had made some progress, the relatively low conduc-
tivity and poor stability in alkaline solutions severely
hampered their further applications [23, 24].

In order to address these problems mentioned
above, diverse strategies including the adoption of
different conductive substrates [25, 26], doping
engineering [27, 28] as well as coupling [29] had been
applied. Notably, combining NiFe-MOF with other
functional materials to form active MOF composites
was deemed as a more promising method to improve
their inherent electrocatalytic activity [30]. For
example, Li et al. prepared NiFe MOF/OM-NFH
composite by in-situ growth method. The resulted
composite demonstrated outstanding OER activity
with a small overpotential of 270 mV at 10 mA cm*2,
which can be derived from the more exposed NiFe
active centers and the improved electron transfer rate
[31]. Then, rGO@Fe,Ni MIL-88(1:1) composite was
fabricated by Reza Abazari with remarkable OER
performance: to drive 10 mA cm™?, its overpotentials
were only 264 mV. Moreover, FeNi Mil-88(1:1) was
uniformly deposited on the surface of the rGO
nanosheets, which effectively prevented the
agglomeration of rGO nanosheets and enhanced the
accessibility of catalyst surfaces for the aqueous
electrolyte [32]. Additionally, An et al. constructed
the composite CeO,@NiFe-MOF by coordinating
CeO, with NiFe-MOF. NiFe-MOFs were nonuni-
formly distributed on the surface of CeO, nanosheets,
which exposed more active sites and significantly
enhanced the OER activity [33]. All these researches
above can clearly prove that coupling NiFe-MOF
with other functional materials can effectively boost
the catalytic properties. Recently, FeOOH is consid-
ered to be a promising electrocatalyst for OER due to
its strong adsorption of hydroxyl species, low cost,
natural abundance, and environmental friendliness
[34, 35]. For instance, Li et al. reported the strong
synergistic effect between FeOOH and NiCo0,O4
could ensure efficient electron interaction at the
interface of NiCo0,0,@FeOOH and high charge
transfer rate, which induced the composite to display
marvelous HER and OER activity [36]. After that,
from Chen’s report, the oxidation of Ni** in the Ni-
Fe LDH could be promoted effectively by the highly
oxidative interfacial Fe ©™®* species from the
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defective FeOOH NPs, resulting in greatly enhanced
OER performance [37]. Moreover, Liang et al. elabo-
rated that the strong electron interaction between
FeOOH and NiFe-LDH from the stable FeOOH/
NiFe-LDH heterostructure profoundly promoted the
OER activity [38]. Nevertheless, to our best of
knowledge, there are no reports about the combining
FeOOH with NiFe-MOF to construct NiFe-MOF@-
FeOOH composites and their corresponding HER
and OER performance.

Inspired by the aforementioned considerations, in
this work, a series of 3D NiFe-MOF@FeOOH
bifunctional catalysts were constructed on nickel
foam (NF) via a solvothermal method and subse-
quent electrodeposition process. The effect of various
electrodeposition intervals on the electrocatalytic
performance was systematically investigated. Thanks
to the existence of a synergistic effect between NiFe-
MOF and FeOOH, the optimal sample illustrated an
excellent dual-functional activity with small overpo-
tentials both for OER and HER and maintained
remarkable stability. Furthermore, the intrinsic rea-
sons for the superior HER and OER performance
were discussed.

Experimental section
Materials and reagents

All reagents utilized are listed as follows: Nickel
nitrate hexahydrate (Ni(NO;),-6H,0), iron nitrate
nonahydrate (Fe(NOs),-9H,0), 1,3,5-triformic
acid(H;BTC), = N,N-dimethylformamide (DMBF),
potassium hydroxide (KOH), ethanol (C,HO). The
reagents are analytical-grade and used without fur-
ther purification.

Synthesis of leaves-like bimetal NiFe-MOF
on NF

In this work, leaves-like NiFe-MOF nanosheets were
grown on NF via one-step solvothermal route. The
specific steps are as follows: Firstly, a piece of
NF(2 cm x 3 cm) was cleaned through immersing in
40 ml ethanol under ultra-sonication for 30 min, then
cleaned for several times with deionized water and
ethanol. Then, 1 mmol Ni(NO3),-6H,O and 1 mmol
Fe(NO5);-9H,0O were dispersed to 40 ml absolute
alcohol, which was called the solution A. Meanwhile,
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1 mmol H3BTC was dispersed into 10 ml DMF,
which was named as the solution B. Thereafter, the
solution B was poured slowly into the solution A,
which was stirred at 550 rev min~' continuously for
30 min to form a clear brown-yellow solution. Sub-
sequently, the brown-yellow solution and one piece
of treated NF were transferred to a 100 ml Teflon-
lined high-pressure stainless-steel autoclave and
heated at 150 °C for 12 h. After the autoclave was
cooled down to room temperature naturally, the
resulted NF was taken out and washed with deion-
ized water and ethanol for several times, and dried at
60 °C for 12 h. The obtained material was labeled as
NiFe-MOF.

Preparation of NiFe-MOF@FeOOH
nanocomposites

FeOOH was further electrodeposited on the surface
of NiFe-MOF in a typical three-electrode system,
where the NiFe-MOF was regarded as a working
electrode and platinum wire and KCl-saturated Ag/
AgCl were used as the counter electrode and refer-
ence electrode, respectively. The electrolyte solution
consists of dissolving 1 mmol Fe(NO;);-9H,O and
1 mmol NaySO4 in 50 ml water. Amperometric I-T
curve was used for electrodeposition at a deposition
potential of -1.0 V at room temperature. After elec-
trodeposition, the obtained products were carefully
cleaned with water and anhydrous ethanol, eventu-
ally dried in a vacuum furnace at 60 °C for 12 h. In
order to study the effect of different electrodeposition
intervals on the electrocatalytic performance, the
electrodeposition time was set as 100 s, 300 s and
500 s, and the corresponding samples were named as
NiFe-MOF@FeOOH(100 s), NiFe-MOF@-
FeOOH@B00s) and  NiFe-MOF@FeOOH(500 s),
respectively. For comparison, the pristine FeOOH on
NF under the same condition was prepared, which
was labeled as FeOOH. Since the accumulation of
OH™ in local areas could lead to the deposition of
FeOOH, the possible formation of FeFOOH during the
electrodeposition process can be expressed by the
following formulas [36]

NO; + 7H,O + 8¢~ — NH; + 100H" (1)
Fe’" + 30H — Fe(OH), (2)
Fe(OH),— FeOOH + H,O (3)
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Characterization

The morphology and microstructure of the catalysts
were observed by scanning electron microscopy
(SEM; Thermo VEG 3 TESCAN). Transmission elec-
tron microscopy (TEM, FEI Tecnai G2 F20 S-Twin)
was obtained to further explore the internal structure
of the material under 200 kV voltage. X-ray diffrac-
tion (XRD) was applied to study the crystallization
catalyst properties and the composition and types of
the synthesized crystal materials at an accelerating
voltage of 40 kV and a current of 40 mA. X-ray
photoelectron spectroscopy (XPS, EscalLab 250 Xi)
was conducted to analyze the chemical bonds and
elemental valence states of the active materials.

Electrochemical test of materials

The electrochemical tests of the catalysts were carried
out in a three-electrode system using a CHI 660E
electrochemical workstation analyzer with 1 M KOH
as the electrolyte. The standard Ag/AgCl electrode
was utilized as the reference electrode, the Pt wire
served as the counter electrode, and the prepared
NiFe-MOF@FeOOH was used as the working elec-
trode. Electrochemical tests such as linear sweep
voltammetry (LSV), electrochemical impedance (EIS),
chronoamperometry test (i-t) and cyclic voltammetry
(CV) were performed on the synthesized samples to
explore the activity, conductivity, stability and cat-
alytic efficiency. The charge transfer kinetics of the
catalysts were also investigated with the corre-
sponding Tafel slopes derived from LSV curves.
Moreover, the double layer capacitance (Cq4) was
measured by CV at different scanning rates in the
non-Faraday potential range of -0.10-0 V. All mea-
sured potentials were converted to RHE: Egrpg.
= Eag/agal + 0.059 x pH + 0.197(V). The area of
electrode material immersed in KOH electrolyte is
about 1 cm?.

Results and discussion

Synthesis and characterization
of the electrocatalysts

The procedure for fabricating the NiFe-MOF@-
FeOOH electrode was vividly depicted in Fig. 1.
Initially, the precursor with Ni** and Fe’* was
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Figure 1 Flow charts of the
synthetic process.
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dissolved in mixed solution containing ethanol and
homo-triformic acid. Then, a certain amount of DMF
and a piece of clean nickel foam were transferred to
the above solution and heated at 150 °C for 12 h to
form leaf-like NiFe-MOF nanosheets, which was then
utilized as the substrate for further modification.
Subsequently, FeOOH nanospheres were uniformly
grown on the surface of NiFe-MOF nanosheets via a
facile one-step electrodeposition route. What is more,
the effect of various electrodeposition intervals on the
electrochemical performance had been investigated
and the optimal electrodeposition time was
determined.

Figure 2 FE-SEM images of a NiFe-MOF b pristine FeOOH and
¢, d NiFe-MOF@FeOOH(300 s) with different magnifications.

As exhibited in Fig. 2, the surface morphologies of
NiFe-MOF, pristine FeOOH and NiFe-MOF@-
FeOOH(300 s) were characterized by FE-SEM. Fig-
ure 2a depicted leaf-like NiFe-MOF nanosheets were
crimped and grown on the porous NF. From the high
magnification inserted in the upper right corner of
Fig. 2a, it can be found that the average thickness of
the nanosheets is about 20 nm. Moreover, it can be
anticipated that the intertwined formation of multiple
small gaps among nanosheets could facilitate the
infiltration and mass transfer of electrolyte and pro-
vide a large number of active sites for FeOOH
attachment thereafter. For comparison, the solely
electrodeposited FeOOH on NF via the same elec-
trodeposition procedure is depicted in Fig. 2b. It can
be noted that numerous FeOOH nanoparticles with
average size about 100 nm were aggregated on the
surface of NF. Figure 2c depicted tight growth and
stacked high-density spherical FeFOOH nanoparticles
covering NiFe-MOF nanosheets on a large scale.
From a larger magnification(Fig. 2d), it can be
observed that the average diameter of the FeOOH
nanospheres is approximately 700 nm. Undoubtly,
the FeOOH nanospheres were successfully adopted
and attached closely to the surface of the leaf-like
NiFe-MOF nanosheets after electrodeposition.

Moreover, the crystallographic structure and phase
purity of NiFe-MOF and NiFe-MOF@FeOOH(300 s)
were examined by XRD in Fig. 3a. It is notable that
there were no other XRD peaks except the Ni foam
substrate based characteristic peaks can be observed
in the two samples. The absence of corresponding
characteristic diffraction peaks can be attributed to
the small size and low crystallinity of the resulted
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Figure 3 a XRD patterns of
NiFe-MOF and NiFe-
MOF@FeOOH(300 s);b,

¢ TEM images of NiFe-
MOF@FeOOH(300 s); d,

e HRTEM images of NiFe-
MOF@FeOOH(300 s)(Inset
depicted the corresponding
SAED pattern).
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materials, which expressed the same tendency as
previous reported works [36, 39]. Besides, the
microstructure of NiFe-MOF@FeOOH(300 s) was
further investigated by TEM and HRTEM. Figure 3c
revealed a intertwined and stacked nanosheet mor-
phology and the thickness of the nanosheets focused
on 20 nm from the magnified image(Fig. 3b). The
observed results were totally consistent with SEM
results. From the HRTEM in Fig. 3d, there were
multiple tiny nanoparticles decorated on the surface.
And it can be obtained from Fig. 3e that the lattice
gap is about 0.22 nm, corresponding to the (220)
crystal plane of NiFe-MOF [40]. However, there was
no obvious lattice fringe referred to FeOOH, indi-
cating its low crystallinity. The corresponding SAED
pattern inserted demonstrated the same tendency.
The observed relatively low crystallinity of the pro-
duct from HRTEM characterization was coincident
with the XRD analyses referred above.

In order to reveal the specific surface chemical
elements composition and valence state of NiFe-
MOF@FeOOH(300 s), XPS was proceeded. Obvi-
ously, four distinct elements such as Fe, Ni, C and O
can be seen in the full spectrum(Fig. 4a). In Fig. 4b,
the high resolution XPS spectrum of C 1s can be
deconvoluted into three peaks at approximately
288.6 eV, 285.5 eV and 284.7 eV, belonging to the
three carboxyl bonds O-C = O, C-O and C-C = C of
the aromatic ring of H3BTC, respectively [19, 41, 42].
The O 1 s XPS spectrum in Fig. 4c simulated the three
peaks around 532.2 eV, 531.4 eV and 529.7 eV, which
represented O-H, O = C-O and Fe-O, respectively
[43]. This may be related to the formed Fe-O-Fe and
Fe-O-H bonds, which can preliminarily prove the
existence of FeOOH. Figure 4d showed the Fe 2p
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nuclear level spectrum. Clearly, it presented two
main peaks at Fe 2p;,,(711.5eV) and Fe 2p;,
(725.1 eV), accompanied by two satellite peaks at
about 718 eV and 733.2 eV, separately. The Fe 2p, ,»
peak could be assigned to two peaks around 724.4 eV
and 726 eV representing the presence of Fe’' and
Fe’*, respectively. The Fe 2ps,, peak could be divi-
ded into two peaks centered at 710.8 eV and 712.4 eV,
corresponding to Fe** and Fe®*, separately. It can be
speculated that Fe’' was partially reduced to Fe*"
[42, 44] during the electrodeposition process.
According to previous studies, the existence of Fe*"
was more favorable for absorption of H;O molecule,
thus boosting the OER performance activity [45, 46].

The high resolution XPS spectrum of Ni 2p in
Fig. 4e displayed the fitting peaks of the two valence
states of nickel ion and two satellite peaks. There
were two major spin—orbit peaks (Ni 2p;,, and Ni
2p3/2) besides two shakeup satellite peaks located at
861.8 and 879.5eV. 855.6 eV(2p;,,) and 873.1 eV
(2p1/2) near the main peak Ni 2pj;,, can be ascribed to
the formation of Ni-O bond, which was assigned to
NiZ* [47, 48]. 856.3 eV(2p3/2) and 873.9 eV(2p1,2)
near the main peak Ni 2p;,, were attributed to the
presence of Ni-OH, which indicated the formation of
a link-effect between the nickel ion and hydroxyl
group in the MOF and also corresponded to high
valence of Ni®" [49]. The presence of Ni’* was ben-
eficial to rapidly induce the deprotonation of OOH
species and thereby facilitate the production of oxy-
gen due to its lower coordination number and higher
adsorption energy of H,O [39]. Meanwhile, a small
peak appeared at around 852.6 eV, representing the
zero-valent nickel Ni® derived from NF [50]. All these
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Figure 4 a XPS full survey spectra of NiFe-MOF@FeOOH(300 s); The detailed XPS spectra of C 1 s (b), O 1 s (c), Fe 2p (d) and Ni 2p

(e).

results above confirmed that NiFe-MOF@FeOOH
composites had been successfully synthesized.

OER catalytic activity

In 1 M KOH solution, the OER performance of the
obtained catalysts were evaluated by LSV at a scan
rate of 5 mV s, Figure 5a displayed the LSV curves
of NiFe-MOF and NiFe-MOF@FeOOH composites
with different deposition intervals, and the histogram
in Fig. 5b demonstrated the corresponding concrete
overpotential values at 40 mA cm 2 It can be noted
that the NiFe-MOF@FeOOH(300 s) based electrode
exhibited remarkable OER activity with the smallest
overpotential of 303 mV at a current density of
40 mA cm~?, which was much lower than those of
NiFe-MOF@FeOOH(100 s)(353.1 mV) and  NiFe-
MOF@FeOOH(@00 s)(374.1 mV). In contrast, NiFe-
MOF(441.1 mV) exhibited a fairly high overpotential
to afford 40 mA cm ™2 The insert in Fig. 5a exhibited
the OER performance of FeOOH, which expressed a
high overpotential of 400.1 mV at 40 mA cm 2. It can
be verified that the optimal deposition time to
achieve the best OER performance for NiFe-MOF@-
FeOOH is 300 s. From the whole LSV curves, it can be

noted that there were conspicuous oxidation peaks
around 1.4 V(vs RHE) for NiFe-MOF, NiFe-MOF@-
FeOOH(100 s) and NiFe-MOF@FeOOH(300 s). This
can be ascribed to the Ni**/Ni’* transformation to
form *OOH(NiOOH), which can act as active centers
for intermediate transformation from OOH?* to O, in
the catalytic process, and thus showing dramatic
OER catalytic performance [51-53]. Moreover, the
observed improved OER activity of NiFe-MOF@-
FeOOH composites compared with NiFe-MOF
proved that the electrocatalytic performance of NiFe-
MOF could be effectively boosted through depositing
with FeOOH. However, since the relatively short
deposition time(only 100s) led to possibly low
loading amount and incomplete coating, the
improvement of catalytic performance was finite.
With further increasing the deposition time to 300 s,
the corresponding composite depicted the best OER
property. What is more, the Ni*"/Ni’* redox
potentials for NiFe-MOF@FeOOH(100 s) and NiFe-
MOF@FeOOH(300 s) gradually declined, which
demonstrated that the adopted FeOOH could lower
and adjust the energy barrier for the conversion of
Ni** to Ni** [54, 55]. Nevertheless, when prolonging
the deposition time to 500s, the NiFe-
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Figure 5 a OER polarization curves of obtained catalysts. The
inset exhibited the OER performance of FeOOH; b The
corresponding overpotential histogram; ¢ Tafel plots obtained
from the OER curves in Fig. 5 a; d EIS impedance diagram. The
inset showed the magnified image of EIS focused at a high

MOF@FeOOH(500 s) exhibited a deteriorated OER
activity, which was close to that of NiFe-MOF. The
possible explanation could be attributed to the thick
layer of FeEOOH on the surface derived from the
extended deposition duration would cover the NiFe-
MOF substrate totally, which blocked the numerous
reactive sites thus degrading the electrocatalytic
property [56]. Moreover, the kinetic parameters such
as the Tafel slope of the above electrocatalysts [57]
were then conducted to explore the constitutive
reaction mechanism of OER. As depicted in the
Fig. 5¢, the Tafel slope of NiFe-
MOF@FeOOH(300 s)(36 mV dec™')  depicted the
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frequency; e Schematic illustration of the unique 3D hierarchical
structure of NiFe-MOF@FeOOH(300 s) composites and the
possible distribution of ionic among them; (f) i-t cycle diagram
at 1.533 V vs RHE. The EIS diagram (g) and LSV curves (h) of
NiFe-MOF@FeOOH(300 s) before and after 20 h circles.

smallest value which was significantly lower than
that of NiFe-MOF@FeOOH(100 s)(59 mV dec™}),
NiFe-MOF@FeOOH (500 s)(80 mV dec™") and NiFe-
MOF (97 mV dec ™). In general, electrocatalysts with
smaller Tafel slopes illustrated faster charge transfer
kinetics, which was favorable for accelerating the
OER process [58, 59].

Thereafter, the kinetics of the reaction process of
the catalysts and the electron transfer rate in the
electrolyte were further investigated by EIS in
Fig. 5d[60]. Clearly, it can be found that the NiFe-
MOF@FeOOH(100 s) exhibited improved conductiv-
ity compared with that of pristine NiFe-MOF. When
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further increasing the deposition interval to 300 s, the
NiFe-MOF@FeOOH(300 s) exhibited the most out-
standing conductivity. Conspicuously, the Warburg
straight line slope of NiFe-MOF@FeOOH(300 s) was
the lowest among all four materials, elucidating that
the diffusion resistance of electrons in NiFe-MOF@-
FeOOH(300 s) was the smallest. Moreover, from the
inserted image in Fig. 5d, it was noted that NiFe-
MOF@FeOOH(300 s) also illustrated the lowest con-
nection resistance(Rs)(1.2 Q), which was less than
that of NiFe-MOF@FeOOH(100 s)(1.9 Q), NiFe-
MOF@FeOOH(500 s)(2 Q) and NiFe-MOF(2.1 Q). As
vividly depicted in Fig. 5e, the excellent conductivity
can be ascribed to the resulted 3D hierarchical
structure of NiFe-MOF@FeOOH(300 s) with plentiful
crevices could supply fast diffusion channels to
guarantee efficient mass transfer of electrolyte to the
active centers [61] and the closely intimate contact
and possible synergistic effect between NiFe-MOF
and FeOOH. There is no doubt that NiFe-MOF dec-
orated with FeOOH can effectively improve the
electrical conductivity. Nevertheless, when the
deposition time prolonged to 500 s, the correspond-
ing composite illustrated the deteriorated electrical
conductivity. The obtained EIS results matched well
with the OER tests.

What is more, the stability of NiFe-MOF@-
FeOOH(300 s) was assessed by performing i-t test at
the potential of 1.533 V vs RHE, which is a vital
parameter to evaluate the catalytic performance in
the practical application [62]. As shown in Fig. 5f, the
stable current concentrated at 40 mA cm ™2 even after
20 h continuous operation revealed that the NiFe-
MOF@FeOOH(300 s) catalyst exhibited an extraordi-
nary durability for OER. Furthermore, the slightly
varied EIS and LSV curves after long-term stability
test as depicted in Fig. 5g, h further confirmed the
extraordinary durability of the composites.

It had been reported that the double-layer capaci-
tance(Cq;) determined by CV measurements in a non-
Faradaic region can be used to calculate the electro-
chemical surface area (ECSA), as the current pro-
duced in this region originated from the charging of
the electrical double layer and was proportional to
ECSA [42, 63]. Figure 6a, b depicted a series of scan
rates(from 20 mV s~ to 180 mV s™') with a range of
current densities CV curves of NiFe-MOF@-
FeOOH(300 s) and NiFe-MOF polar materials from -
0.10 V to 0.00 V.
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A Cq of 452 mF cm™2 was obtained for NiFe-
MOF@FeOOH(@300 s), while NiFe-MOF exhibited the
lower values of 3.87 mF cm 2 as shown in Fig. 6c.
According to the equation ECSA = A x Cg/Cs (A
represents the geometrical working area and C; is
estimated to be 0.04 mF cm™?) [44], the ECSAs for
NiFe-MOF@FeOOH(300 s) and NiFe-MOF were esti-
mated to be 113.00 cm® and 96.75 cm? respec-
tively(Fig. 6d). Obviously, it can be confirmed that
NiFe-MOF@FeOOH(300 s) can offer a larger electro-
chemical surface area and more catalytic active sites
for the energy conversion process than that of NiFe-
MOF, the adopted FeOOH can substantially modu-
late the surface electrochemical properties.

HER catalytic activity

Furthermore, the HER performance of NiFe-MOF@-
FeOOH(300 s) was explored. The polarization curves
obtained from the LSV test were displayed in Fig. 7a.
It can be noted that NiFe-MOF@FeOOH(300 s)
achieved the optimal HER catalytic activity under the
provided voltage range. Noteworthy, it delivered a
current density of 10 mA cm 2 with only overpo-
tential of 137 mV, which was superior than that of
prestine FeOOH(202 mV) as depicted in the inset of
Fig. 7a. This catalytic activity was also superior than
many recently reported iron- and nickel-based elec-
trocatalysts(as shown in Table 1), which could be
ascribed to the heterogeneous structure with strong
synergistic effect between NiFe-MOF and FeOOH
[35]. Figure 7b displayed the corresponding Tafel
slope gained from the LSV curves. Conspicuously,
NiFe-MOF@FeOOH(300 s) exhibited a tafel slope of
160 mV dec™'. Theoretically, when the Tafel slope is
close to 120mV dec!, 40mVdec! and
30 mV decfl, the responses follow the Volmer, Vol-
mer-Heyrovsky and Volmer-Tafel mechanisms,
respectively [64]. Clearly, since the Tafel slope of
NiFe-MOF@FeOOH(300 s) is close to 120 mV dec ',
there is no doubt that they follow the Volmer step. To
further investigate the charge/ion diffusion proper-
ties, the EIS tests were proceed and shown in Fig. 7c.
Obviously, the high slope of the Warburg straight
line revealed the low diffusion resistance of electrons
in NiFe-MOF@FeOOH(300 s), which confirmed that
the NiFe-MOF@FeOOH(300 s) electrocatalyst pos-
sessed an excellent conductivity.

Additionally, the i-t curve was measured at a
potential of 0.137 V vs RHE to further examine the

@ Springer
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Figure 6 CV curves of (a) . . (b) 15
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Table 1 Comparison of the
electrocatalytic properties of Electrocatalysts OER HER References
the NiFe-
NiFe-MOF@FeOOH (300 s) 303(1n40) 137(110) Our work
ggio@dzeig?i(iggri)with NiCo-300 320(10) 156(110) [65]
) NiFe@C 274(n10) 195(110) [66]
other related materials NG-NiFe@MoC,-2 320(10) 150(n10) [67]
FeNiP/NCH 250(m10) 216(n10) [68]
NiCoFeP/C 270(m10) 149(n10) [69]
Ni3S,@MoS,/FeOOH 234(n10) 95(110) [70]
Cu;P@NiFe-MOF 229(n10) 175(n10) [71]
N-FeP 440(m100) 226(n10) [72]
Ni/Co-MOF@CoO/NF 290(m10) 139(n10) [73]
CoP-NC@NFP 270(m10) 162(n10) [74]
electrochemical stability of NiFe-MOF@- Conclusion

FeOOH(300 s) as shown in Fig. 7d. Apparently, it
exhibited excellent stability for nearly 18 h without
obvious decay. Furthermore, the EIS and LSV curves
of NiFe-MOF@FeOOH(300 s) catalyst almost over-
lapped before and after 18 h(as depicted in Fig. 7e
and Fig. 7f), which verified the robustness of the
composites. Based on obtained results, it can be
found that the constructed  NiFe-MOF@-
FeOOH(300 s) expressed both excellent OER and
HER performance, which was also superior than
other related materials as exhibited in the Table 1.
There was no question that an excellent kind of dual-
functional electrocatalyst based on NiFe-MOF@-
FeOOH had been synthesized.

The prominent performance of the prepared NiFe-
MOF@FeOOH(300 s) can be possibly attributed to the
following factors: (1) In alkaline media, the abundant
FeOOH nanoparticles are closely attached to NiFe-
MOF nanosheets to form stable heterojunction
structure which can ensure strong synergistic effect
and efficiently promote the electron flow, showing
improved electrical conductivity. (2) As displayed in
Figs. 5e and 6, the formed novel three-dimensional
hierarchical structure of NiFe-MOF@FeOOH(300 s)
depicted larger electrochemical surface area and
could provide more active sites for electrochemical
reactions, thus boosting the overall performance. (3)
Moreover, the adopted FeOOH was proved to lower
and regulate the energy barrier of Ni**/Ni’** con-
version. The presence of Ni’* species could act as the
active centers of catalytic reaction, thus promoting
the OER process.

In summary, extraordinary types of dual-function
catalyst NiFe-MOF@FeOOH were successfully fabri-
cated by solvothermal route and subsequent elec-
trodeposition strategy. When the deposition time was
set as 300 s, NiFe-MOF@FeOOH(300 s) displayed the
most fascinating HER and OER performance with a
small overpotential of 137 mV at 10 mA cm 2 and
303 mV at 40 mA cm™?, respectively. Meanwhile, it
can be verified that the optimal sample NiFe-
MOF@FeOOH(300 s) exhibited higher kinetic rate,
superior conductivity and durability than that of
NiFe-MOF,NiFe-MOF@FeOOH(100 s) and NiFe-
MOF@FeOOH(500 s), attributing to the strong syn-
ergistic effects between NiFe-MOF and FeOOH.
Electrochemical tests also revealed that the decorated
FeOOH nanospheres can promote the transformation
of Ni**/Ni’* and advance electron transmission to
enhance the electrical conductivity. Moreover, the
constructed 3D hierarchical structure was believed to
provide numerous active sites and guarantee suffi-
cient infiltration of the electrolyte. As demonstrated
by ECSA calculation, the electrochemical specific
surface area of NiFe-MOF@FeOOH(300 s) can reach
up to 113.00 cm? thus depicting the remarkable
electrocatalytic performance. All in all, this work
renders a promising type of dual-function MOF-
based electrocatalyst for application in energy
conversion.
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