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ABSTRACT: Assembling a heterostructure is an effective strategy for enhancing
the electrocatalytic activity of hybrid materials. Herein, CoFe-layered double
hydroxide and Co-metal−organic framework (CoFe-LDH/Co-MOF) hollow
heterostructure nanorod arrays are synthesized. First, [Co(DIPL)(H3BTC)-
(H2O)2]n [named as Co-MOF, DIPL = 2,6-di(pyrid-4-yl)-4-phenylpyridine,
H3BTC = 1,3,5-benzenetricarboxylic acid] crystalline materials with a uniform
hollow structure were prepared on the nickel foam. The CoFe-LDH/Co-MOF
composite perfectly inherits the original hollow nanorod array morphology after the
subsequent electrodeposition process. Optimized CoFe-LDH/Co-MOF hollow
heterostructure nanorod arrays display excellent performance in oxygen evolution
reaction (OER) with ultralow overpotentials of 215 mV to deliver current densities
of 10 mA cm−2 and maintain the electrocatalytic activity for a duration as long as
220 h, ranking it one of the non-noble metal-based electrocatalysts for OER.
Density functional theory calculations validate the reduction in free energy for the
rate-determining step by the synergistic effect of Co-MOF and CoFe-LDH, with the increased charge density and noticeable
electron transfer at the Co−O site, which highlights the capability of Co-MOF to finely adjust the electronic structure and facilitate
the creation of active sites. This work establishes an experimental and theoretical basis for promoting efficient water splitting through
the design of heterostructures in catalysts.

■ INTRODUCTION
The conversion of clean and renewable energy sources such as
solar energy and wind energy into electrical energy, applied in
the field of electrochemical water splitting, enables the large-
scale production of high heating value and pollution-free
hydrogen energy.1,2 However, the slow kinetics of the oxygen
evolution reaction (OER) at the anode hampers the energy
efficiency of electrochemical water splitting, impeding its
widespread application.3,4 To date, considerable endeavors
have been undertaken to fabricate low-cost, efficient, and
enduring electrocatalysts that do not consist of precious metals
for facilitating OER.5−8 Especially, there is still a significant
demand for the development of innovative approaches and
designs for the synthesis of non-precious metal-based electro-
catalysts that are highly efficient in promoting water splitting.
Heterojunctions with unique structures and properties have

gained significant attention for their interfacial synergy.
Compared to their individual components, heterojunctions
exhibit distinct traits that make them valuable in materials
science, catalysis, and energy research. The development of
nanoscience and technology has led to various synthesis
methods for heterojunctions, enabling more effective funda-
mental studies and practical applications.9−11 Metal−organic
frameworks (MOFs) possess inherent qualities such as facile
accessibility of channels, active metal nodes that are evenly
distributed, and a wide range of coordination environ-

ments,12−15 which render them immensely versatile frame-
works for fabricating transition metal-based electrocatalysts
characterized by exceptional levels of efficiency.16−19 Espe-
cially, Co-based MOFs have demonstrated great potential in
OER.20−22 Coincidentally, CoFe layer double hydroxide
(LDH) has been widely recognized as an exceptionally
efficient catalyst for OER, which can be attributed to the
synergistic effects between Co and Fe metals, which
significantly enhance the inherent reactivity of each active
site.23−26 The controlled and precise deposition of CoFe-LDH
onto the surface of Co-based MOFs represents a promising
strategy to enhance the catalytic activity for OER by
synergistically harnessing the advantageous properties of both
materials. However, the feasibility of fabricating CoFe-LDH/
Co-MOF heterostructures with a hollow morphology and
subsequently optimizing the local electronic structure to
significantly augment the OER activity remains challenging.
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Here, hollow CoFe-LDH/Co-MOF heterostructure nano-
rod arrays were constructed in situ on a nickel foam substrate.
Interestingly, Co-MOF presents uniform hollow nanorod
arrays with a transverse diameter of ∼100 nm grown on
nickel foam; the CoFe-LDH/Co-MOF composite perfectly
inherits the original hollow nanorod array morphology after
the electrodeposition process. Benefiting from the hollow
nanorod array structure, the synergistic effect of CoFe-LDH,
Co-MOF, and CoFe-LDH/Co-MOF exhibits excellent OER
intrinsic activity and stability in alkaline media. Density
functional theory (DFT) calculations show that the CoFe-
LDH/Co-MOF heterostructure can enhance the adsorption
Gibbs free energy of oxygen-containing intermediates during
OER, thereby facilitating electrocatalytic water splitting.

■ RESULTS AND DISCUSSION
The synthesis process of bimetallic CoFe-LDH/Co-MOF
heterostructure nanorod arrays on the nickel foam substrate is
shown in Figure 1a, which mainly includes the fabrication of
CoO nanorod array templates, generation of hollow Co-MOF
nanorod arrays (CoO as a self-sacrificial template to provide
Co2+ ions and skeleton), and in situ conversion into CoFe-
LDH/Co-MOF heterostructure nanorod arrays by a simple
electrodeposition method (Figure S1, Supporting Informa-

tion). The microstructures of the CoFe-LDH/Co-MOF
heterostructure nanorod arrays were manifested by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). First, Co-MOF presents uniform hollow
nanorod arrays with a transverse diameter of ∼100 nm grown
on nickel foam (Figure 1b,c), the obvious difference between
the black shell and the lightful interior demonstrates the
formation of uniform hollow architecture (Figure 1d), and the
shell thickness of hollow nanorod Co-MOF is verified as ∼20
nm. The cavity size is about 70 nm, and none of the residual
species remains in the cavity. Interestingly, the formation of the
hollow interior can be also found as confirmed by a few broken
nanorods with the just exposure of openings (Figure 1e and
Figure S2). After the electrodeposition process is carried out,
the CoFe-LDH/Co-MOF composite displays well-preserved
hollow nanorod array morphology (termed as CoFe-LDH/Co-
MOF heterostructure nanorod arrays), but the surface of the
nanorod undergoes roughening and divides into numerous
small particles (Figure 1f,g). The ordered and uniform
structure of CoFe-LDH/Co-MOF can enhance the exposure
of additional active regions and contact sites. The lattice
spacing of 0.261 nm, observed in the high-resolution TEM
(HRTEM) image (Figure 1h), agrees with the (012) crystal
facet of CoFe-LDH. Additionally, the SAED patterns captured
in the inset image of Figure 1h were examined and interpreted,
indicating the presence of the (110) and (101) planes of
CoFe-LDH. Simultaneously, (111) lattice fringes are observed
at the outer edge, with an interplanar spacing of 0.403 nm,
attributed to the interlayer distance of Co-MOF (the
crystallographic data indicate a 0.403 nm interlayer distance).
To acquire more comprehensive morphology information, the
high-resolution TEM images clearly show the existence of
many black nanoholes (marked by the green arrows), which
confirm that the synthesized CoFe-LDH/Co-MOF nanostruc-
ture contains abundant defective sites (Figure 1i).27 Mean-
while, energy-dispersive X-ray (EDX) spectroscopy elemental
mapping analysis (Figure 1j) provides evidence that the Co,
Fe, O, C, and N elements are evenly distributed throughout
the CoFe-LDH/Co-MOF hollow nanorod arrays.
To investigate the growth mechanism of the hollow Co-

MOF and CoFe-LDH/Co-MOF heterostructure nanorod
arrays, TEM measurements were further conducted (Figure
2). Surprisingly, the core of CoO and the shell of the MOF are
well observed at the beginning of the reaction, but as time
prolonged, the CoO core interior collapsed obviously, yielding

Figure 1. (a) Schematics of the formation of bimetallic CoFe-LDH/
Co-MOF hollow heterostructure nanorod arrays on the NF substrate.
(b, c) SEM and enlarged SEM images of the hollow Co-MOF
template. (d) TEM images for the hollow Co-MOF template. (e) A
few broken nanorods with the just exposure of openings for the Co-
MOF template. (f) SEM image of the CoFe-LDH/Co-MOF
heteronanotube array. (g) TEM image of the CoFe-LDH/Co-MOF
heteronanotube array. (h) High-resolution TEM images of the CoFe-
LDH/Co-MOF heteronanotube array. (i) High-resolution TEM
image of the CoFe-LDH/Co-MOF nanostructure with abundant
defective sites. (j) The distribution of elements within the CoFe-
LDH/Co-MOF heteronanotube array was examined using energy-
dispersive spectroscopy (EDS) and elemental mappings.

Figure 2. Model representation of the proposed mechanism of CoFe-
LDH/Co-MOF formation (top). TEM images at different stages of
Co-MOF formation (bottom) and graphical representation of the
CoFe-LDH/Co-MOF heterostructure.
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an interior mesoporous arrangement (5 min); with the
reaction time increased to 1 h, the internal collapse became
more obvious, and finally, a clear hollow structure formed at 2
h. It is worth mentioning that in the solvothermal reaction
process, 1,3,5-benzenetricarboxylic acid must be in excess to
generate hollow morphology, as excess 1,3,5-benzenetricarbox-
ylic acid can regulate the acidity of the solution and control the
effective release of Co2+ ions in the CoO nanorod array and
the collapse of the interior CoO nanorod (CoO is acid-labile in
an acidic medium), which leads to an increasing number of
Co2+ ions gathering on the surface of the CoO nanorod for
coordination reactions.28 The optimized amount of 1,3,5-
benzenetricarboxylic acid to format the hollow structure is ca.
0.07 mmol, and the optimal pH range is 6.1−6.4. Based on the
aforementioned findings and the disparity in stability between
Co-MOF and CoO, our hypothesis revolves around an in-
diffusion etching mechanism. Specifically, the formation of the
hollow structure was attributed to the in-diffusion etching
process induced by the dissociation of 1,3,5-benzenetricarbox-
ylic acid, resulting in the release of H+.29,30 The CoO nanorod
cores, sensitive to acid, undergo etching as H+ ions accumulate
and diffuse inwardly within the confined space, driven by the
concentration gradient. In fact, the insufficient concentration
of H+ will not induce any etching of the Co-MOF (Figure S3).
For the hollow CoFe-LDH/Co-MOF with a rough surface,
during the electrodeposition process, the formation of a CoFe-
LDH/Co-MOF heterogeneous nanotube array occurs on the
surface of the Co-MOF nanorod array, which will not change
the hollow structure of the Co-MOF nanorods, and thus, the
hollow structure is naturally preserved. Notably, the hollow
structure can provide more active sites and contact areas,
thereby improving the catalytic performance.31−34

Single crystal X-ray diffraction reveals that Co-MOF
[Co(DIPL)(H3BTC)(H2O)2]n crystallize in the monoclinic
C2/c space group. Notably, Co-MOF is a novel single crystal,
which has been synthesized for the first time with CCDC
reference number 2301027.35−38 The asymmetric units contain
one deprotonated HBTC2− ligand (H3BTC = 1,3,5-benzene-
tricarboxylic acid), one DIPL ligand (DIPL = 2,6-di(pyrid-4-
yl)-4-phenylpyridine), and one free water molecule. Co-MOF
forms a two-dimensional layer (Figure S4) and a three-
dimensional network supramolecular structure by intercon-
necting with Co2+ ions, H3BTC, and DIPL ligands (Figure
3a,b). The detailed bond length and angle parameters of Co-
MOF are shown in the Supporting Information (Tables S1 and
S2). The structure of CoFe-LDH is presented in a ball-and-
stick model in Figure 3c. X-ray diffraction (XRD) analysis was
utilized to determine the phase characteristics of the CoFe-
LDH/Co-MOF composite. The XRD patterns demonstrated a
high degree of correlation between the signals observed for Co-
MOF and CoFe-LDH (JCPDS no. 14-0235), with the
exception of a prominent diffraction peak attributed to the
nickel foam substrate; X-ray photoelectron spectroscopy
(XPS) was employed to investigate the chemical valence
states of the elements present in the CoFe-LDH/Co-MOF
material (Figure S5), and the results confirmed the successful
synthesis of the Co-MOF and CoFe-LDH composites, as
further evidenced by the data presented in Figure 3d. As
exhibited in Figure 3e, the deconvolution results of Fe 2p can
be resolved into three distinct peaks, one obvious peak located
at 706.5 eV can be assigned to Fe3+, the peaks at 718.9 and
713.3 eV are attributed to Fe2+,39−41 and no evidence of Fe−O
bond formation between iron atoms and 1,3,5-benzenetricar-

boxylic acid was detected, suggesting a low concentration of
iron species in the Co-MOF structure, which is in agreement
with the results obtained from the XRD analysis. The binding
energy at 532.4 eV corresponds to the surface-adsorbed H2O,
while the peak at 529.4 eV is indicative of the M−O bond
characteristic.27 Two evident peaks at 780.6 eV (Co 2p3/2) and
796.5 eV (Co 2p1/2) and two small peaks at 779.4 and 795.6
eV [Co(0)] of the Co 2p XPS spectrum are the typical
characteristics of Co2+ and Co(0) species, respectively (Figure
3g).42,43 Four fitting peaks of the deconvoluted XPS spectrum
for C 1s located at 282.7, 285.6, 288.2, and 286.4 eV
correspond to C−C/C�C, C�N, carboxyl, and carbonyl,
respectively (Figure 3h),44−47 and two peaks of the high-
resolution N 1s spectrum appeared at 395.6 and 397.6 eV
corresponding to pyridinic N and Co−N (Figure 3i).48,49

The OER electrocatalytic activities of the CoFe-LDH/Co-
MOF heterostructure nanorod arrays, Co-MOF, CoFe-LDH,
Ni@CoO, and the benchmark RuO2/NF, nickel foam were
evaluated in 1 M KOH electrolyte using a standard three-
electrode system. From the polarization curves shown in
Figure 4a, it can be observed that CoFe-LDH/Co-MOF
exhibits the lowest overpotential of 215 mV at a current
density of 10 mA·cm−2. Conversely, to achieve the same level
of current density, it is necessary to apply 246, 285, 310, and
372 mV for CoFe-LDH, Co-MOF, Ni@CoO, and the
benchmark RuO2, respectively. Furthermore, the CoFe-
LDH/Co-MOF electrode exhibits a significantly lower Tafel
slope of 43 mV·dec−1 compared to CoFe-LDH (65 mV·dec−1),
Co-MOF (83 mV·dec−1), RuO2 (112 mV·dec−1), and Ni@
CoO (148 mV·dec−1) (Figure 4c). Various scanning rates were
utilized to measure the double-layer capacitance (Cdl) via
cyclic voltammetry (CV)50−52 (Figure 4d and Figure S6). The
Cdl value of CoFe-LDH/Co-MOF is 9.45 mF·cm−2, much
greater than those of CoFe-LDH (7.65 mF·cm−2) and Co-
MOF (4.57 mF·cm−2) (Figure 4e). In addition, electro-
chemical methods were employed to measure and calculate the
quantity of active sites in CoFe-LDH/Co-MOF and compare
the turnover frequency (TOF) values of each distinct active
site.53,54 In general, a larger ECSA value suggests a greater
number of exposed active sites. Consequently, the normal-
ization of Cdl differential polarization curves can be useful in

Figure 3. (a) Coordination environments for Co(II) ions in Co-
MOF. (b) View of the 3D structure for Co-MOF. (c) Crystal
structure of CoFe-LDH. (d) XRD patterns of Co-MOF, CoFe-LDH,
and CoFe-LDH/Co-MOF. (e−i) XPS spectra of Fe 2p, O 1s, Co 2p,
C 1s, and N 1s of CoFe-LDH/Co-MOF.
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assessing intrinsic activity.55,56 The ECSA-normalized LSV
curves illustrate that CoFe-LDH/Co-MOF exhibits lower
overpotentials compared with Co-MOF and CoFe-LDH
(Figure S7), further confirming the superior intrinsic activity
of CoFe-LDH/Co-MOF in the OER process. For comparison,
CoFe-LDH/Co-MOF was prepared by varying the molar ratio
of bimetal sources (named as CoxFe-LDH/Co-MOF, where x
is the molar ratio of Co(NO3)2·6H2O/Fe(NO3)3·9H2O). Note
that among all the bimetallic CoxFe-LDH/Co-MOF catalysts,
CoxFe-LDH/Co-MOF exhibits the highest OER catalytic
activity (Figure S8).
It should be noted that the highest number of active sites

was observed in CoFe-LDH/Co-MOF (4.053 × 10−7 mol),
and its TOF value (0.195 s−1) surpasses those of Co-MOF
(0.132 s−1) and CoFe-LDH (0.143 s−1) at a 300 mV
overpotential, which indicates that CoFe-LDH/Co-MOF
exhibits the highest OER intrinsic activity. In addition, the
representative Nyquist plots attribute the smallest charge
resistance to the CoFe-LDH/Co-MOF heterostructure, which
is considered to be the most suitable structure for efficient
mass transfer and charge transfer kinetics with a minimum
interfacial barrier, as depicted in Figure 4f. Long-term stability
for the CoFe-LDH/Co-MOF heteronanotube array on the NF
substrate was evaluated. After the 24 h durability test, the LSV
curve indicated that the material retained about 98% of its
activity (Figure 4g), and the catalytic stability was even
maintained for 220 h with no appreciable deactivation (Figure
4h). The XRD spectra for the initial CoFe-LDH/Co-MOF
after OER demonstrate similar peaks, indicating that the main
framework of CoFe-LDH/Co-MOF is retained after electro-
chemical treatment (Figure S9). In comparison to similar
catalysts, CoFe-LDH/Co-MOF exhibits outstanding superi-
ority in terms of OER activity (as shown in Table S3), which
signifies that the heterostructured CoFe-LDH/Co-MOF can
function as a highly efficient catalyst for the oxygen evolution
reaction in alkaline electrolytes. The distinctive heteronano-
tube array, enriched with plentiful defects, provides accessible

active sites on the surface, thus facilitating mass transport and
subsequent charge transfer during the OER process.
To gain insights into the underlying mechanism of catalytic

reactions in CoFe-LDH/Co-MOF, thorough characterization
was conducted on the morphological structure and chemical
composition of CoFe-LDH/Co-MOF using a combination of
XRD, Raman, XPS, SEM, and TEM techniques subsequent to
the durability assessment. Continued research has been
conducted on the mechanism of the water oxidation reaction
in Co-based materials, with particular attention given to the
single-site mechanism.38,57,58 When exposed to alkaline
conditions, the Co and Fe active sites first attract and bind
OH− ions, leading to the formation of intermediates, such as
Co−OH and Fe−OH. This process is also accompanied by the
release of electrons. As a result, the Co−OH and Fe−OH
intermediates undergo oxidation, ultimately giving rise to the
creation of Co−O and Fe−O species. Subsequently, the Co−
O and Fe−O bonds are subjected to attack by additional OH−
ions, giving rise to the generation of CoOOH and FeOOH
intermediates. Subsequently, the −OOH groups undergo
further oxidation, resulting in the release of O2, which indicates
the successful culmination of the electrocatalytic oxidation
reaction. According to the XPS spectral analysis, there was an
observation of newly emerged Co3+ oxidation peaks and a
slight shift toward higher binding energy in the Co 2p and Fe
2p spectra.59 Additionally, the prominent peak observed in the
O 1s spectra located at 530.3 eV can be attributed to the
characteristic M−O bond present in oxyhydroxide compounds,
indicating the formation and accumulation of CoOOH and
FeOOH species (Figure 5a−c). Furthermore, Raman spec-

troscopy analysis (Figure 5d) revealed the presence of two
distinct peaks that closely correspond to CoOOH (570.1
cm−1) and FeOOH (476.3 cm−1). Notably, after OER testing
for 24 h, new lattice fringes were observed in the HRTEM
image with the identified d-spacing values of 0.231 and 0.332
nm attributed to the (111) crystal plane of CoOOH and (310)
lattice plane of FeOOH, respectively, which provide further
support and validation results of the Raman and XPS tests
(Figure 5e). These discoveries illustrate that Co2+ and Fe3+ of
CoFe-LDH/Co-MOF act as the catalytic active sites and
enhance the formation of CoOOH and FeOOH intermediates
for OER during the electrocatalytic oxidation process. Figure
5f shows that the original morphology can be maintained, even
after the electrocatalytic reaction is completed.

Figure 4. (a) OER polarization curves. (b) Overpotential diagram.
(c) Tafel slope plots and (d) CV curves of the CoFe-LDH/Co-MOF
heteronanotube array at different scan rates. (e) Electrochemical
impedance spectra. (f) Electrochemical impedance spectroscopy. (g)
LSV curves obtained for CoFe-LDH/Co-MOF. (h) Time over-
potential curve under 10 mA·cm−2 for 220 h.

Figure 5. (a−c) High-resolution XPS spectra of CoFe-LDH/Co-
MOF. (d) Raman spectrum, (e) high-resolution TEM image, and (f)
SEM image of CoFe-LDH/Co-MOF after the OER test.
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To obtain a more comprehensive comprehension of the
electrocatalytic behavior of CoFe-LDH/Co-MOF in the
oxygen evolution reaction (OER), we performed density
functional theory (DFT) calculations using Vienna Ab initio
Simulation Package (VASP) software.27 Previous research
published in the scientific literature has suggested that the
catalytic activity of CoFe-LDH in the oxygen evolution
reaction (OER) is heavily influenced by the cobalt−oxygen
(Co−O) sites, and the presence of additional species has been
demonstrated to enhance its electrocatalytic performance.60,61

It is important to highlight that during our DFT simulations,
we opted to simplify the intricate periodic crystal structure of
the CoFe-LDH/Co-MOF hybrid by focusing on a single Co-
MOF monomer. The simplification was necessary due to the
challenges associated with identifying active sites within the
complex framework of the CoFe-LDH/Co-MOF hybrid,
which is a time-consuming and intricate process. Moreover,
the computational resources needed for such simulations are
constrained. Therefore, it is reasonable to streamline the model
by approximating the periodic crystal structure of Co-MOF as
a monomer of the Co-MOF sheet. Recent research has
presented compelling evidence to support the efficacy of this
simplified methodology. Consequently, a CoFe-LDH/Co-
MOF arrangement was established to examine the impact of
the CoFe-LDH and Co-MOF interaction on the OER
efficiency of the CoFe-LDH/Co-MOF hybrid. Our emphasis
centered on the oxygen atom positioned in close proximity to
the cobalt atom (referred to as the Co−O site), as depicted in
Figure 6a,b. Comparatively, structural optimizations were also
implemented for CoFe-LDH and Co-MOF (Figures S10 and
S11, Supporting Information).

To explore how the catalytic performance of CoFe-LDH is
affected by Co-MOF support, the CoFe-LDH/Co-MOF
configuration was set up. Figure 6c shows the reaction
pathway for the oxygen evolution reaction (OER) on the
Co−O site of CoFe-LDH/Co-MOF, and it offers a
comparison with CoFe-LDH and Co-MOF pathways. In the
OER process, the rate-determining step (RDS) is often
determined by identifying the step within the four-step
reaction sequence that exhibits the largest alteration in Gibbs

free energy (ΔG).62−64 As illustrated in Figure 6c, the rate-
determining steps (RDSs) for CoFe-LDH/Co-MOF, CoFe-
LDH, and Co-MOF all involve the transformation of H2O into
OH*. The RDS for CoFe-LDH features a significant barrier in
the initial reaction with a Gibbs free energy change of 9.53 eV.
On the other hand, OH* adsorption at Co sites in Co-MOF is
less strong than in CoFe-LDH, resulting in a decreased energy
barrier (4.23 eV) for the conversion from H2O to OH*, in
contrast to CoFe-LDH.
On the other hand, the rate-determining step (RDS) at the

Co adsorption site in the CoFe-LDH/Co-MOF heterostruc-
ture experiences similar modifications. The alterations in Gibbs
free energy account for 4.04 eV, suggesting that the
heterostructure with two-phase coupling can diminish the
energy barrier, enhance the RDS, and consequently enhance
the OER kinetics, which compellingly supports the existence of
a synergistic effect between Co-MOF and CoFe-LDH. The
analysis of differential charge density for CoFe-LDH-O/Co-
MOF, CoFe-LDH−OH/Co-MOF, and CoFe-LDH-OOH/
Co-MOF (as shown in Figure 6d−f) was performed, where
regions in yellow indicate charge accumulation and regions in
blue indicate charge depletion. The adsorption configurations
of CoFe-LDH-O/Co-MOF, CoFe-LDH−OH/Co-MOF, and
CoFe-LDH-OOH/Co-MOF can be found in Figure S12 of the
Supporting Information. The Co−O site exhibits increased
charge density and noticeable electron transfer, highlighting
Co-MOF’s ability to finely adjust the electronic structure and
facilitate the creation of active sites. The DFT findings
mentioned earlier offer proof that CoFe-LDH/Co-MOF
surpasses individual Co-MOF and CoFe-LDH in terms of
decreasing the adsorption Gibbs free energy of oxygen-
containing intermediates during OER, which led to a greater
enhancement of the OER activity.

■ CONCLUSIONS
In summary, novel CoFe-LDH/Co-MOF heterostructure
nanorod arrays with abundant defects were designed for
OER in alkaline media. CoFe-LDH/Co-MOF heterostructure
nanorod arrays inherit and integrate the advantages of both
CoFe-LDH and Co-MOF components such as abundant
surface metallic sites, a uniform hollow structure, and high
electrical conductivity for electrocatalysis. As a precatalyst
enriched with abundant defective structures, CoFe-LDH/Co-
MOF undergoes partial reconfiguration and generates
CoOOH and FeOOH active species during the OER process.
The unique behavior allows CoFe-LDH/Co-MOF to demon-
strate excellent intrinsic electrocatalytic activity for OER in
alkaline environments. The Co−O site exhibits increased
charge density and noticeable electron transfer of CoFe-LDH/
Co-MOF, highlighting the ability of Co-MOF to finely adjust
the electronic structure. Our study presents a strategic
approach for enhancing the efficiency of water electrolysis by
capitalizing on the advantageous attributes of CoFe-LDH and
Co-MOF materials, which establishes the foundation for direct
water electrolysis utilizing nonprecious metal-based materials.

■ EXPERIMENTAL SECTION
Materials and General Methods. Cobalt nitrate hexahydrate

(Co(NO3)2·6H2O) (99.99%) was purchased from MACKLIN. NH4F
(96.0%), urea (99.0%), and 1,3,5-trimesic acid (H3BTC, 99%) were
purchased from J&K Scientific. 2,6-Di(pyrid-4-yl)-4-phenylpyridine
(98%), polyvinylpyrrolidone (PVP, Mw = 1,300,000), and potassium
hydroxide (KOH) were purchased from Aladdin Ltd. (China). Ni

Figure 6. Schematic representation of the predicted adjacent reaction
sites on CoFe-LDH/Co-MOF: (a) top view and (b) side view. (c)
Relative energy diagram illustrating the oxygen evolution reaction
(OER) on the cobalt−oxygen (Co−O) site on CoFe-LDH/Co-MOF,
CoFe-LDH, and Co-MOF. Differential charge density analysis of (d)
CoFe-LDH-O/Co-MOF, (e) CoFe-LDH−OH/Co-MOF, and (f)
CoFe-LDH-OOH/Co-MOF sites (yellow and cyan represent charge
accumulation and depletion, in which the Co, Fe, C, H, and N atoms
are in purple, green, gray, light white, and light blue, respectively).
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foam was purchased from CeTech Co., Ltd. A. All the chemicals and
materials were obtained from commercial sources and could be used
without further purification.
Synthesis of Ni@CoO. The Ni@CoO nanorod arrays were

synthesized as described previously without modifications.65 A
homogeneous solution was prepared by dissolving cobalt nitrate
hexahydrate (582 mg), urea (600 mg), and ammonium fluoride (296
mg) in 36 mL of deionized water. The resulting homogeneous
solution was then transferred into a stainless-steel autoclave with a
Teflon lining, with a nickel foam (4 cm × 3.5 cm) inserted into the
reaction solution. Subsequently, the autoclave was sealed and
maintained at 120 °C for 10 h, followed by gradual cooling to
room temperature. The resulting array sample was collected and
subsequently rinsed multiple times with distilled water.
Synthesis of Co-MOF Arrays. The Ni@CoO nanorod array (1

cm × 1.5 cm) was introduced into a solution comprising 5 mL of
deionized water containing homophenic acid (15 mg), 2,6-di(pyrid-4-
yl)-4-phenylpyridine (15 mg), and polyethylpyrrolidone (10 mg).
This mixture underwent a hydrothermal reaction at 120 °C for a
duration of 10 h. Subsequently, the resulting array samples were
collected, subjected to multiple rinses with distilled water, and
subsequently dried in an oven maintained at 85 °C, which yielded the
final product, named as Ni@CoO@Co-MOF.
Synthesis of CoFe-LDH/Co-MOF Arrays. CoFe-LDH nano-

particles were deposited onto Co-MOF array electrodes by using an
electrodeposition technique. Prior to the electrodeposition experi-
ments, a deposition solution was prepared by dissolving Co(NO3)2·
6H2O (20.95 mg) and Fe(NO3)3·9H2O (11.61 mg) in 20 mL of
deionized water. The electrodeposition process was carried out in this
solution at a potential of 1.0 V versus Ag/AgCl for a duration of 300 s.
The CoFe-LDH/Co-MOF electrode was then rinsed with deionized
water and ethanol, followed by drying under vacuum conditions.
CoFe-LDH/Co-MOF with different Co/Fe ratios was prepared as
follows. A series of mixtures of Co(NO3)2·6H2O and Fe(NO3)3·
9H2O (molar ratios of Co(NO3)2·6H2O/Fe(NO3)3·9H2O are 1:0.5,
1:1, and 1:1.5) were prepared, and the electrodeposition process was
carried out in the same process.
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