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Developing high-performance and cost-effective electrocatalysts for oxygen evolution reaction (OER) is
crucial to renewable energy conversion and storage technologies. Herein, bimetallic N-doped carbon
electrocatalysts with various morphologies are derived from Hofmann-type metal-organic frameworks
by carbonization and oxidization. Notably, the flower-like nano-catalyst FeNi@OCNF exhibits core@shell
structure, hierarchical pore network and large specific surface area (331.3m?g '), leading to tunable
electronic structure, efficient mass transfer as well as abundant exposed active sites. Moreover, the
formative FeCy, NiO and FeNi bimetal mutually optimize electronic structure of graphitic layer, conducing
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Nanoflower 281 mV at 10 mA cm 2, signally outperforming the other catalyst CONi@OCNP (373 mV) and commercial

Ir0, (308 mV), and also owns long-term stability. The result may inspire more design of MOF-derived
catalysts with multiscale structures and multi-components for various electrochemical energy conver-
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1. Introduction

To meet the challenges of fossil energy depletion and triggered
environmental pollution, considerable efforts have been devoted to
developing renewable energy conversion and storage technologies
[1-3]. Essentially, the oxygen evolution reaction (OER) is a
cornerstone of innovative technologies such as water electrolysis,
metal-air batteries and reversible fuel cells [4—6]. However, the
sluggish four-electron process of OER exhibits high overpotential
and low reaction rate, resulting in unsatisfied energy transfer effi-
ciency [7—10]. Currently, noble metal oxides such as IrO; and RuO,
exhibit prominent OER catalytic property, while the scarcity,
expensiveness and instability hinder their further application
[11—13]. Therefore, alternative catalysts with low cost and high
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performance are great demands.

Complicated nanostructure is a key indicator of high catalytic
performance. Unique constructions such as core@shell structures
[14], hollow structures [15], nanoflowers [16] and multilevel
structures [17] are widely applied in electrocatalytic field, which
thanks to the large specific surface area, uniform dispersion of
active sites, as well as high mechanical/chemical stability. Besides,
nanoporous structures not only expose vast active sites, but also
facilitate the penetration/diffusion of electrolyte and release of O,
thus accelerate mass transfer [18]. On the other hand, the earth-
abundant transition metal and derivative have shown enormous
OER catalytic potential [19]. For instance, metal oxides NiO and
Co304 exhibit comparable activity with noble metals [20], and
metal carbide Fe3C has shown ability for OER [21]. Besides, bimetal
compound such as FeNi reveals superior activity due to coupling
effect [22]. Furthermore, it is an available strategy to embed metal
nanoparticles into carbon shells to form metal-carbon composites,
thus achieve additional host-guest synergic effect and high catal-
ysis stability [23—25]. Therefore, synthesizing bimetal oxide/
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carbide@carbon composite with multiscale porous structure is an
advisable way to achieve notable electrocatalysts.

Metal-organic frameworks (MOFs), as a family of crystalline
porous materials, are the ideal precursors to prepare remarkable
electrocatalysts [26—31]. Firstly, MOFs are constructed with metal
centers and organic linkers, which can ideally transfer to custom-
ized metal-carbon composites by high-temperature pyrolysis.
Secondly, metal species can promote the degree of graphitization,
while the carbon layers keep metal nanoparticles from aggregation
[32], which result in high conductivity and uniform dispersion of
active sites. Moreover, MOFs derivatives can inherit unique nano-
structure from templates, and form hierarchical pore network [33],
which expose more active sites and accelerate the mass transfer.

Herein, we innovatively reported two excellent bimetallic
electrocatalysts (FeNi@OCNF and CoNi@OCNP) derived from MOFs
precursors (illustrated in Scheme 1). The catalysts show different
morphologies which notably influence the OER performance.
FeNi@OCNF exhibits rose-like nanostructure subtly composed of
core@shell and hollow structures, contributing to uniform disper-
sion of active sites, optimized electronic structure, and high sta-
bility. The unique pore size distribution also accelerates the
diffusion of reactants and release of O, bubbles, leading to more
efficient mass transfer. Moreover, the formation of metal oxides/
carbides, nitrogen doping and synergy mechanism of FeNi bimetal
mutually boom the OER activity. As a result, the optimized
FeNi@OCNF exhibits a better performance with an overpotential of
281 mV (10 mA cm2) and a Tafel slope of 36 mV dec™!, preceding
the commercial IrO; electrocatalyst, and also shows excellent long-
term durability.

2. Results and discussion

The synthesis process of FeNi@OCNF is illustrated in Scheme 1
(as for CONi@OCNP, replace Fe?* with Co?*) and minutely
described in the experimental section (supporting information).
Primarily, bimetal ions coordinate with CN~ and pyridine to form
MOFs template M(py)2[Ni(CN)4] (M refers to Fe?*/Co®*), while
adding surfactant PVP aims to control distinct morphologies [34].
The X-ray diffraction (XRD) patterns of the Hofmann MOFs were
supported in Fig. S1, matched with the simulated curve. Subse-
quently, MOFs were pyrolyzed at 800 °C under N, atmosphere to
obtain metal-carbon composites, and 0.5 M H;SO4 was used to
remove unstable metal species from surface. The ultima catalysts
were acquired by 350 °C oxidation, which formed available metal
oxides.

The morphologies of FeNi@OCNF and CoNi@OCNP were inves-
tigated by scanning electron microscope (SEM). As shown in Fig. 1a
and e, two precursors exhibited dramatically different
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morphologies. FeNi-MOFs showed a rose flower-like construction
with a diameter around 800 nm, which was assembled by a dozen
petals with thicknesses about 100 nm. Whereas CoNi-MOFs pre-
sented as nanoparticles with size of about 150 nm, which partly
reunited. As Fig. 1b displays, after pyrolysis and oxidation,
FeNi@OCNF inherited the complicated nanoflower morphology,
and also acquired rough and porous surface, which contribute to
additional exposed sites and fast diffusion of electrolyte [35].
However, CoONi@OCNP aggregated together after annealing, with
metal nanopaticles dispersed irregularly, as Fig. 1f shows.

Transmission electron microscope (TEM) was conducted to
further investigate the construction of catalysts. As Fig. 1c and
d shows, FeNi@OCNF nanoflower was composed of tiny core@shell
cells as well as hollow structures. The metal nanoparticle cores
(10—20nm) were encapsulated in spherical graphite shells
(5—10 nm), which availably protect the metal species from elec-
trolyte corrosion and self-aggregation [36,37]. Additionally, the
hollow nanostructures with low density and thin shells provide
extra triple-phase interface and ensure high permeation of reactant
[38]. Nevertheless, as shown in Fig. 1g and h, CoNi@OCNP nano-
particles exhibited ruleless organization, for which metal particles
(10—20nm) were imperfectly wrapped by carbon layers. The
HRTEM in Fig. S3 exposed the (002) plane of graphitic carbon in
both catalysts, (220) plane of Co304 in CoONi@OCNP, and (010) plane
of FeCy in FeNi@OCNF, respectively. Moreover, energy dispersive X-
ray spectroscopy (EDS) elemental mapping was conducted to exam
the elemental distribution of FeNi@OCNEF. As shown in Fig. 1i-1, Fe,
Ni and O were uniformly dispersed in cores, while appropriate
distance was maintained between cores, which lead to synergistic
effect between metal/oxides and carbon shells. The large distribu-
tion of C and N can be clearly observed in Fig. S4.

The X-ray diffraction (XRD) patterns of electrocatalysts were
shown in Fig. 2, confirming the presence of metal/metal oxide/
metal carbide composition. For FeNi@OCNF, the peak located at
about 26° is assigned to (002) plane of graphitic C (PDF#75—1621),
while diffraction peaks at 35.9° and 43.9° are attributed to (010)
and (111) planes of FeCy alloy (PDF#03—0400), which are consis-
tent with the HRTEM data above mentioned. The peak at 37.2° can
be indexed as (101) plane of NiO species (PDF#44—1159). While for
CoNi@OCNP, no obvious graphitic peak was found, implying the
poorer crystalline of graphite C. The main peaks at 31.3°, 37.0°,43.3°
and 44.2°, are respectively indexed to (220) and (311) planes of
Co304 (PDF#74—1656), (012) plane of NiO (PDF#44—1159), and
(111) plane of cubic Co (PDF#15—0806). It's well known that Co304
and NiO demonstrate the comparable OER activity with precious
metals [20].

The surface chemical properties of FeNi@OCNF were further
dissected by X-ray photoelectron spectroscopy (XPS), which
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Scheme 1. An illustration of the fabrication of FeNi@OCNF (Oxydic Carbon NanoFlowers).
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Fig. 1. SEM images of (a) FeNi-MOFs, (b) FeNi@OCNF, (e) CoNi-MOFs, (f) CoNi@OCNP; TEM images of (c-d) FeNi@OCNF, (g-h) CoNi@OCNP; EDS mappings of FeNi@OCNF (i) HAADF

image, (j-1) elemental mappings of Fe, Ni and O.
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Fig. 2. The XRD patterns of FeNi@OCNF and CoNi@OCNP.
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revealed the presence of Fe (0.77%), Ni (2.23%), O (13.09%), N
(4.75%) and C (79.16%). The slightly detected content of Fe and Ni
confirmed that metal species were well capsulated by carbon shells.
As shown in Fig. 3a, the Fe 2p spectrum exhibited Fe 2p,,; and Fe
2p3)2 peaks respectively. The Fe 2p3j; can be deconvoluted to Fe?*
and Fe>* oxidation state at 710.0 and 712.3 eV, and the peaks at
724.0 and 725.4 eV account for the Fe?* 2pyj; and Fe** 2p;; [16],
which can be attributed to the formation of oxides and carbides.
The fitted peaks of Ni%* (situated at 854.5 and 872.3 eV) are due to

NiO species, and the peak at 855.9 eV is ascribed to Ni>* [39], along
with two satellite peaks at 861.0 and 878.7 eV. As shown in Fig. 3c,
the deconvolution of O 1s spectrum declared the existence of
metal-oxygen bond (529.3 eV), oxygen vacancy (530.75eV) and
carbon-oxygen bond (532.6 eV) [40,41], in which the oxygen va-
cancy was dominant. Oxygen vacancy is known to promote the
conductivity of catalysts [42]. Furthermore, the peaks of N 1s
located at 398.1, 399.5 and 401.0 eV corresponded to pyridinic N,
pyrrolic N and graphitic N respectively [43,44]. Previous study has
confirmed that most nitrogen dopants especially pyridinic N
contribute to electrocatalytic activity [20]. As shown in Fig. S5, the
binding energies of C—C and C—N shifted negatively to 283.8 and
284.6 eV, which indicated that electronic structure of carbon layer
was modulated by iron doping [45]. Consequently, the heteroatom
and optimized carbon frameworks mutually promoted the charge
transfer efficiency.

The pore structure and specific surface area are essential to
performance, which were characterized by BET method. As shown
in Fig. 4, a typical type-IV sorption isotherm with overt hysteresis
loop indicates the well-developed micro/mesoporous in
FeNi@OCNF [36]. Furthermore, the nested figure showed hierar-
chical distribution of pore sizes (mainly at 2.64 nm and 11.24 nm),
which not only facilitated the permeation and adsorption of ions,
but also prevented O, bubbles blocking channels, thus leading to
efficient mass transfer [20,46]. Besides, FeNi@OCNF possessed ul-
trahigh specific surface area (331.3m?g"!) as well as large pore

volume (0.882cm>g~1), contributing to more accessible sites.
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Fig. 3. XPS spectra of FeNi@OCNF (a) Fe 2p, (b) Ni 2p, (c) O 1s, (d) N 1s.
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Fig. 4. The nitrogen sorption isotherm and pore size distribution curve of FeNi@OCNF.

However, as supported in Fig. S6, CoNi@QOCNP merely owned
featureless pore structures, low specific area (71.3 m? g~ ') and pore
volume (0.586cm>g~'), showing weak competitiveness with
FeNi@OCNF.

The OER performance of bimetallic catalysts was tested in 1M
KOH using glass carbon electrode (GCE) as working electrode. The
linear sweep voltammetry (LSV) was conducted to gain polariza-
tion curves of catalysts with 90% iR compensation. As shown in
Fig. 5a, the overpotentials of FeNi@OCNF, CoNi@OCNP and com-
mercial IrO, at 10 mA cm 2 are 281 mV, 373 mV, 308 mV respec-
tively. Notably, FeNi@OCNF shows an ultra-low overpotential
which is superior to IrO; and most OER catalysts (Table S1) [47].
When the current density is larger than 46 mA cm—2, CONi@OCNP

requires a lower overpotential than IrO,, indicating its catalysis
advantage in high current density area. The metal oxide might be a
contributor to the performance, because the overpotential of both
catalysts decreased sharply after oxidation (supported in Fig. S7).
The electrocatalytic kinetics was further investigated by Tafel slope,
which was based on polarization curve. The Tafel slope of
FeNi@OCNF (36 mV dec™!) is smaller than that of IrO, (40 mV
dec™!) and CoNi@OCNP (75mV dec™ '), confirming its distin-
guished property. Moreover, electrochemical impedance spectros-
copy (EIS) was conducted to evaluate the charge transfer resistance
(Ret) of catalysts. As Fig. 5¢ shows, FeNi@OCNF owns a much smaller
Nyquist semicircle than CoNi@OCNP, indicating the small R of
FeNi catalyst. The electronic structure of graphitic layers can be
effectively optimized by encapsulated FeNi bimetal as well as FeCx
alloy, which leads to both efficient interfacial electron transfer and
high conductance [45,48]. Synthetically, FeNi@OCNF has a much
better OER activity than CoNi@OCNP, which thanks to its intricate
nanoflower morphology, hierarchical pore structure, and tunable
electronic structure. Furthermore, the long-time stability is a
crucial indicator for practical application. Fig. 5d showed the
chronopotentiometry curve of FeNi@OCNF tested at a constant
current density (10 mA cm~2). The voltage maintained well after
continuous working for 12 h, implying the excellent durability. The
spherical carbon shell could protect the metal nanoparticles from
electrolyte corrosion [5], and Fe—C bonds further stabilizes the
metal species [20], resulting in high stability. The morphology of
FeNi@OCNF after persistent operation remained well (Fig. S8),
confirming the structure stability of nanoflower.

3. Conclusion

To sum up, we successfully synthesized two MOF-derived
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Fig. 5. (a) Linear sweep voltammetry (LSV) curves of FeNi@OCNF, CoNi@OCNP and IrO, at a scan rate of 5mV s~ . (b) Tafel slope plots of FeNi@OCNF, CONi@OCNP and IrO,. (c)
Nyquist plots of FeNi@OCNF, CoNi@OCNP at a potential of 1.544 V. (d) Chronopotentiometric test (V-t curve) of FeNi@OCNF for 12 h.

electrocatalysts with distinct morphologies through a available
pyrolysis-oxidation strategy. Remakablely, FeNi@OCNF shows a
excellent OER activity with an overpotential of 281 mVat
10mA cm~2, notably preceding CoNi@OCNP (373 mV) and com-
mercial IrO, (308 mV), also demonstrates long-time stability in
alkaline media. The nanoflower and core@shell structures, hierar-
chical pore network and large specific area (331.1 m? g) contribute
to abundant exposed sites, high stability and efficient mass transfer.
While the formation of metal oxides/carbides as well as FeNi
bimetal synergistic effect signally activate neighboring N-doped
carbon shells, leading to high electrochemical activity. The present
study will inspire more design of MOF-derived catalysts with
intricate structures for various energy conversion and storage
technologies, such as metal-air batteries and reversible fuel cells.
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