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NiCo-LDH/NiFe-BDC

Co diffusion—induced reconstruction of NiCo-LDH/NiFe-BDC forms Co-NiFeOOH
active phases, activating the lattice oxygen mechanism for enhanced OER

performance.
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Abstract:

Developing  highly active, cost-effective, and durable nonprecious
electrocatalysts is critical for advancing alkaline water electrolysis. However, the
origin of activity and reaction pathway are significantly influenced by anode
reconstruction effects, which remain unclear and expedite the further exploration.
Herein, we propose a hierarchical catalyst, composed of bimetallic metal-organic
framework (MOF) nanosheets supported on layered double hydroxide (LDH)
nanorods. During the oxygen evolution reaction (OER), Co ions diffuse to the surface
and accelerates the structural evolution, simultaneously inducing the transformation of
NiFeOOH from y-phase to B-phase and lowering the reconstruction voltage from 1.5
V to 1.3 V. The resultant catalyst Nickel—cobalt layered double hydroxide supported
on NiFe-BDC (BDC = 1,4-benzenedicarboxylate) metal-organic framework
(NiCo-LDH/NiFe-BDC). achieves ultralow overpotentials of 180 and 255 mV at 10
and 500 mA/cm?, respectively, and maintains stable operation at 500 mA/cm? over
500 h. The pH-dependent OER performance, molecular probe analysis, online
measurement of '30-labelled catalyst, and theoretical calculations collectively indicate
that the generated Co-NiFeOOH serves as the active species and the reduced
Ni—O-Fe bonding activates lattice oxygen mechanism (LOM). This work not only
offers an insightful view on OER-driven reconstruction process, but also correlates it
to the catalyst’s electronic structure and the reaction mechanism, which may inspire

innovative design of OER catalysts.

Keywords: oxygen evolution reaction, reconstruction, lattice oxygen mechanism,

metal-organic framework.

Introduction
Alkaline water electrolysis is an emerging energy conversion technology for

large-scale green hydrogen production However, its efficiency faces critical



bottlenecks due to the sluggish kinetics of oxygen evolution reaction (OER), which
involves four-electron transfer steps.[1-4] Thus, efficient and precious-metal-free
catalysts which accelerate the OER kinetics are highly anticipated to replace the
commercial RuO; or IrO, for widespread applications.[5] Nowadays, numerous 3d
transition-metal (Fe, Co, and Ni) materials, such as metal oxides,[6] metal
(oxy)hydroxides,[ 7] metal sulfides,[8] and metal-organic frameworks (MOFs)[9] have
emerged as promising alkaline OER catalysts. Nevertheless, most reported systems
exhibit overpotentials exceeding 200 mV at 10 mA cm™ and 300 mV at 500 mA cm™.
Optimizing the reaction process is an effective way to regulate the catalytic
performance, which needs deeper understandings on the reaction mechanisms[10-12]

In general, two possible reaction mechanisms are involved in OER, including the
adsorbate evolution mechanism (AEM) and lattice oxygen mechanism (LOM).[13]
AEM prevails when metal sites serve as redox centers and OER proceeds via multiple
adsorbed intermediates, such as *OH, *O, *OOH.[14] The adsorption energies of
these intermediates exhibit a linear scaling relationship, impeding the improvement of
OER performance. In contrast, LOM utilizes lattice oxygen sites as redox centers,
which empower the catalyst bypassing the scaling relation through the direct O-O
coupling.[15] Therefore, the activation of lattice oxygen can fundamentally present
higher OER performance.[16] State-of-the-art NiFe-based materials have been
already recognized as the most effective OER electrocatalysts in alkaline condition
due to their excellent activity and stability.[17-19] However, their reaction
mechanisms remain a hot debating topic. Rational design of NiFe-based materials to
trigger the LOM pathway can not only offer ideal models for unraveling the
structure-activity relationship, but also deliver outstanding OER performance for
industrial applications.[20]

Nowadays, researchers have reached a broad consensus that metal
oxyhydroxides, derived from structural evolution during alkaline OER process, work

as the real active species.[21, 22] For example, Qiu et al. demonstrated that a



Ni, P/Fe, P heterostructure with rich phosphorus vacancies undergoes deep
reconstruction to NiOOH/FeOOH, activating lattice oxygen participation and
enhancing activity.[23] Nevertheless, elucidating the evolution of active sites and
intermediates on NiFe-based catalysts is essential for identifying pathway.[24-26]
Qian et al. proposed that phosphorus doping in the NiFeP catalyst facilitates the
formation of active B-Ni(Fe)OOH phase, promoting the *OH deprotonation and the
O—0 coupling to generate *OO intermediates.[27] Despite these advances, precisely
regulating surface properties via structural design of the pre-catalysts remains
challenging.

Herein, we innovatively design a hierarchical NiCo-LDH/NiFe-BDC architecture,
where uniform NiFe-MOF nanosheets are supported on NiCo-LDH nanorods. Upon
anodic potential, rapid Co ions’ diffusion to the surface accelerates the surface
reconstruction, lowering the reconstruction voltage. In situ Raman study reveals that
the adaptive Co-doping induces the phase transformation of NiFeOOH from y-phase
to P-phase. Consequently, NiCo-LDH/NiFe-MOF demonstrates exceptionally low
overpotentials of 180 and 255 mV at current densities of 10 and 500 mA/cm?,
respectively, and exhibits excellent stability over 500 h at an industrial current density,
surpassing the commercial RuO;. The combination of pH-dependent performance,
molecular probe analysis, '*O-isotopic labelling mass spectroscopy, and theoretical
calculations prove that the lattice oxygen activated by the weakened Ni—O—Fe
participates in the reaction process, illustrate the LOM mechanism. Our results
highlight the role of hierarchical MOF/LDH nanoarrays and structural evolution in
modulating the OER pathway, providing guidance on the rational design of OER

electrocatalysts from design.

Results and Discussion
As illustrated in Fig. 1a, the hierarchical NiCo-LDH/NiFe-BDC nanoarrays were

successfully synthesized through a simple two-step hydro-/solvo-thermal reaction.



Initially, NiCo-LDH nanorods were uniformly grown on a nickel foam (NF) substrate.
Subsequently, Ni**, Fe**, and benzene-1,4-dicarboxylic acid (1,4-BDC) were
introduced to prepare the polymetallic NiFe-BDC nanosheets over the NiCo-LDH
surface. Upon subsequent cyclic voltammetry (CV) activation, NiCo-LDH/NiFe-BDC
undergoes a surface reconstruction process, while Co atoms migrate toward the
surface, leading to the formation of active Co-incorporated NiFeOOH (Co-NiFeOOH)
species. Notably, the color of the electrode darkens significantly after the surface
reconstruction (Fig. S1).

Scanning electron microscopy (SEM) images reveal that NiCo-LDH exhibits a
needle-like nanorod morphology, and some nanorods assemble into spherical
structures with a diameter of approximately 10 um (Fig. S2). Transmission electron
microscopy (TEM) images show that these nanorod have an average diameter of ~100
nm (Fig. S3a, b). High-resolution TEM (HRTEM) images display clear lattice fringes
with a spacing of 0.24 nm, which can be attributed to the (111) crystal plane of
NiCo-LDH (Fig. S3c, d). As shown in Fig. 1b, the NiFe-BDC nanosheets are more
uniform and smaller, densely coated on the nanorods. The thickness of the outer layer
NiFe-BDC is around 80 nm, and a distinct heterointerface between NiCo-LDH and
NiFe-BDC can be clearly identified (Fig. 1c, d). The characteristic lattice with a
spacing of 0.41 nm observed in the HRTEM image can be indexed to the (40-1)
crystal plane of NiFe-BDC, while NiCo-LDH retains its original morphology and

crystalline structure (Fig. S4).



Fig. 1 Preparation and structural characterization. (a) Schematic illustration of the
synthetic route and reconstruction for NiCo-LDH/NiFe-BDC. (b) SEM, (c) TEM and
(d) HRTEM images of NiCo-LDH/NiFe-BDC. (e) SEM, (f, gf HRTEM images and (h)

EDS elemental mapping of reconstructed NiCo-LDH/NiFe-BDC.

It is known that structural evolution commonly occurs during the OER process.
SEM image reveals a cross-linked network composed of hierarchical nanorods with
consistent widths, and the increased surface roughness indicates surface

reconstruction, which is beneficial for the exposure of active sites and the



electrolyte/bubble diffusion (Fig. 1e). In addition, a distinct interfacial boundary is
observed in the HRTEM image, showing the crystalline structure of NiCo-LDH
remains unchanged, while distinct lattices with spacings of 0.24 nm and 0.21 nm
emerge near the surface and interface, respectively, corresponding to the (101) and
(111) planes of orthorhombic NiFeOOH. This result confirms the successful structural
conversion from NiCo-LDH/NiFe-BDC to NiCo-LDH/Co-NiFeOOH (Fig. 1g and
S5). The N, adsorption—desorption isotherms were recorded to evaluate the pore
structure and specific surface area of as-prepared samples. As shown in Figure S6, the
isotherms can be classified as type II curves with an H3-type hysteresis loop,
indicating the presence of mesoporous structures in all catalysts. The abundant
mesopores and micropores endow the catalysts with relatively high specific surface
areas of 62, 104, and 89 m? g~ !, respectively (Table S1).

To further study the structure and composition of pristine and post-OER samples,
X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS) were
employed. As shown in Fig. S7a, the XRD pattern of NiCo-LDH exhibits main
diffraction peaks which can be well indexed to the Co(OH), structure (JCPDS No.
50-0827). Meanwhile, the XRD pattern of NiCo-LDH/NiFe-BDC shows additional
peaks at 8.9° and 18.1°, agreeing well with the (110) and (220) planes of the reported
MOF structure (CCDC No. 985792), consistent with the HRTEM observations (Fig.
S7b). The lattice constants obtained from the refinement of NiFe-BDC are consistent
with the indexed spectra (Fig. S7c). Furthermore, the elemental mappings in Fig. S8
confirm the uniform distribution of Co, Ni and O elements in a single NiCo-LDH
nanorod, while Ni, Fe, and O elements are homogenously distributed in the outer shell
of NiCo-LDH/NiFe-BDC (Fig. S9). After the alkaline OER process, outward Co
diffusion is evident, while other elements in NiCo-LDH/NiFe-BDC remains their
distribution, which is effectively supported by line-scan EDS analysis (Fig. S10).

Then, X-ray photoelectron spectroscopy (XPS) was employed to probe the

near-surface electronic states of NiCo-LDH/NiFe-BDC pre- and post- activation. The



XPS survey spectra confirm the presence of Ni, Fe, Co, and O elements (Fig. S11).
These elements in pre-catalysts present similar electronic states, suggesting the
successful preparation of LDH/MOF hybrid (Fig. S12). The high-resolution Fe 2p
XPS spectra of the initial NiCo-LDH/NiFe-BDC can be deconvoluted into three sets
of peaks, including Fe?* (710.0/722.6 ¢V), Fe** (713.3/726.1 eV), and satellite peaks
(717.1/730.8 €V). Ni 2p XPS spectra show peaks attributed to Ni** (855.6/873.2 V),
Ni** (857.0/875.7 V), and satellite peaks (861.9/880.0 eV) as well.[28] Noteworthily,
the binding energy of Fe 2ps. shifts to a higher value by 0.8 eV, and the similar
phenomenon is observed in the Ni XPS spectrum with a positive shift of 0.9 eV (Fig.
2a, b), implying the formation of high-valence metals sites, which may accelerate the
OER kinetics.[29] For pristine NiCo-LDH and NiCo-LDH/NiFe-BDC, the Co 2p
spectra show three sets of peaks, corresponding to Co*" (780.9/796.7 eV), Co**
(783.3/799.2 eV), and satellite peaks (787.1/803.1 eV). After the OER process, the
Co*" peaks disappeared, proving that Co element is completely oxidized into
high-valence Co** (Fig. 2¢), indicating its incorporation into the active species.
Additionally, the O 1s spectra of pristine samples show two peaks at 531.6 and 532.7
eV, corresponding to M-OH and adsorbed O species (Oaps) (Fig. S11d). After OER, a
new peak corresponding to lattice oxygen (OLr) appears at 529.8 eV, which is crucial

for modulating the LOM mechanism.[30, 31]
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Fig. 2 Surface reconstruction of NiCo-LDH/NiFe-BDC. High-resolution XPS spectra
of (a) Fe 2p, (b) Ni 2p, (c) Co 2p for NiCo-LDH/NiFe-BDC before and after OER.
In-situ Raman spectra of (d) NiFe-BDC, (e) NiCo-LDH@NiFe-BDC. (f) Schematic

1llustration of the structural evolution.

In-situ Raman measurements were conducted to capture the active catalytic
species and possible reaction intermediates (Fig. S13). As illustrated in Fig. 2d, e,
under open circuit potential (OCP) conditions, the characteristic peaks are consistent
with the ex-situ Raman spectra of NiFe-BDC and NiCo-LDH/NiFe-BDC. As the
applied potential increased from 1.2 V to 1.6 V (vs. Hg/HgO), the intensities of
characteristic peaks in the range of 300-700 cm™' were enhanced, in which the peaks
at ~466 and ~532 cm! can be assigned to the bending vibration (E,) and the stretching
vibration (A1g) of NiOOH, respectively, while the weak and broad peak around 690
cm! are ascribed to Fe—O species, indicating the generation of NiFeOOH upon the

surface reconstruction.[32] Simultaneously, the organic ligands are leached from the



MOF  lattice to release  uncoordinated  carboxylate. = Notably, for
NiCo-LDH/NiFe-BDC, the reconstruction occurred at 1.3 V, which is lower than that
of NiFe-BDC (1.45 V). This indicates that the low-valence metal sites in the optimal
catalyst can be rapidly oxidized, which is favorable for activating lattice oxygen.

By comparing the intensities of E; and A, peaks, it is convenient to distinguish
whether NiFeOOH belongs to the B-phase or y-phase (Fig. S14). When the peak
intensity of Eg exceeds that of Ay peak, it can be determined as y-NiFeOOH,
otherwise, it is B-NiFeOOH.[33] In the case of NiCo-LDH/NiFe-BDC, the intensity

of Eg peak is weaker than that of the A, peak across all potentials, with a calculated

IEg/IAlg value of 0.67 (Figs. S15), while the IEg/IAlg is estimated to be 2.33 for

NiFe-BDC. This suggests that Co diffusion lowers the reconstruction voltage of
catalyst and induces the phase transformation from y-NiOOH to -NiOOH.[34] Based
on above characterizations, the NiCo-LDH nanorods not only serve as a structural
skeleton, expanding the surface area to facilitate electrolyte penetration and OH™
adsorption, but also realize the Co diffusion through the hierarchical structure,
accelerating the fast formation of Co-NiFeOOH (Fig. 2f). To further understand the
valence and coordination states of Fe in NiFe-BDC and NiCo-LDH/NiFe-BDC, the
Fe K-edge X-ray absorption near-edge structure (XANES) spectra were collected (Fig.
S16a). The near-edge absorption position of Fe in NiCo-LDH/NiFe-BDC is very close
to that of NiFe-BDC and higher than that of FeO. In the X-ray absorption fine
structure (EXAFS) spectra (Fig. S16b), the peak at approximately ~0.89 A can be
attributed to Fe—O coordination. Notably, compared with pristine NiFe-BDC, the
diffusion of Co causes a slightly shift toward a higher R value (0.89 A — 0.96 A),
which is attributed to the elongation of Fe—-O bonds. The weakened Fe—O
coordination lowers the energy barrier required for bond cleavage, thereby facilitating
structural reconstruction.

As a proof of concept, the electrochemical features of as-prepared samples were

evaluated in 1 M KOH by using a standard three-electrode system. The consecutive
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CV curves were recorded at a scan rate of 2 mV/s (Fig. S17a). NiCo-LDH/NiFe-BDC
exhibits two anodic peaks, namely A; and A, at 1.35 V and 1.49 V vs. RHE,
respectively. The A; peak is attributed to the oxidation of Co*" to Co*', and its
presence also indicates the diffusion of Co from NiCo-LDH to NiFe-BDC. The A»
peak is considered as the oxidation of Co**, Fe**, and Ni** to higher oxidation state
(Co*/Fe**/ Ni*"),[35, 36] marking the initiation of the OER process. Besides, two
cathodic peaks, C; and C,, are observed when the potential shifts negatively.
NiFe-BDC only shows the A, peak at a higher potential (1.57 V vs. RHE)
accompanied with C, peak upon the negative potential scan (Fig. S17b). The
reversible redox behavior of NiCo-LDH/NiFe-BDC is enhanced with the presence of
Co element.[37]

The electrochemical OER performance of NiCo-LDH/NiFe-BDC was studied,
and all polarization curves in this work were corrected with 95% iR compensation.
The linear sweep voltammetry (LSV) curve of NiCo-LDH/NiFe-BDC exhibits a
significantly enhance OER activity compared to NiFe-BDC, NiCo-LDH, and
commercial RuO; (Fig. 3a). A Co-free control sample (NiFe-LDH/NiFe-BDC) was
supplemented for comparison, and LSV curves show that the incorporation of Co
effectively promotes the catalytic activity and decreases the reconstruction potential
(Fig.S18). Achieving the current densities of 10, 100, and 500 mA cm2,
NiCo-LDH/NiFe-BDC only requires overpotentials of 180, 255, and 300 mV,
respectively, which are more exceptional than those of NiFe-BDC, NiCo-LDH, and
RuO; (Fig. 3b). Compared to the other three catalysts, NiCo-LDH/NiFe-BDC also
exhibits the lowest Tafel slope (19 mV dec!), while the other two catalysts show
slopes of 29 and 69 mV dec!, respectively (Fig. 3¢). Given the excellent alkaline
OER activity, the catalytic performance was also investigated in alkaline seawater.
The catalytic activity in alkaline seawater remains robust, and only slight decrease is
observed in comparison to that in alkaline freshwater (Fig. S19) due to the corrosion

effect of CI".
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The electrocatalytic active surface area (ECSA), which is proportional to the
electrochemical double-layer capacitance (Car), is believed as a vital factor influcing
catalytic activity. Cai can be estimated by performing CV tests in the non-Faradic
region at different scan rates (Fig. S20). As shown in Fig. 3d, the Cq values of the
NiCo-LDH/NiFe-BDC, NiFe-BDC, NiCo-LDH electrodes are calculated to be 79, 39,
and 23 mF cm?, respectively. Thus, the calculated ECSA values follow the trend:
NiCo-LDH/NiFe-BDC (197.5 ¢cm?) > NiFe-BDC (97.5 ¢cm?) > NiCo-LDH (57.5 cm?),
indicating the most abundant active sites on NiCo-LDH/NiFe-BDC. Electrochemical
impedance spectroscopy (EIS) is a powerful tool for gaining insights into the OER
kinetics. The recorded Nyquist plot data were fitted using the Randles equivalent
circuit, where Rct represents the charge transfer resistance. NiCo-LDH/NiFe-BDC
exhibits the smallest Re of 1.2 Q-cm? at a potential of 1.47 V vs. RHE (Fig. 3e), in
comparison to those of NiFe-BDC (1.8 Q-:cm?) and NiCo-LDH (>6 Q-cm?),

manifesting its fastest charge transfer at the electrode-electrolyte interface (Table S2).
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Fig. 3 Electrochemical OER performance. (a) OER polarization curves of
NiCo-LDH/@NiFe-BDC, NiFe-BDC, NiFe-LDH, RuO., and NF in 1 M KOH. (b)
Corresponding overpotentials of catalysts at 10, 500 and 1000 mA cm™. (¢) Tafel
slopes. (d) Double layer capacitors. (e) Nyquist plots. (f) LSV curves of
NiCo-LDH/NiFe-BDC before and after 5000 CV cycles. (g) Chronoamperometric

stability test. (h) Comparison of the reported overpotentials at 10 mA cm™.

The long-term stability is a key parameter to evaluate the feasibility of catalysts
in practical applications. The cyclic durability was studied by conducting continuous
CV at a scan rate of 100 mV s~ ! in the potential range of 1.1 to 1.6 V vs. RHE (Fig.
3f). After 5000 CV cycles, only minor differences can be observed compared to the
initial polarization curve. Additionally, the applied potential demonstrates no apparent
attenuation (within 1% potential decrease) after a chronopotentiometry test at a
constant current density of 500 mA cm? over 500 h (Fig. 3g). The hierarchical
morphology can be well preserved as well. These results verify the extraordinary
stability of NiCo-LDH/NiFe-BDC. Surprisingly, after continuous operation for 300 h
in alkaline seawater, the performance also shows negligible degradation, further
confirming the catalyst's excellent stability under high corrosive environment (Fig.
S21). Owing to the excellent OER properties, our optimum catalyst surpasses almost
all recently reported transition metal-based OER catalysts, including LOM-based
catalysts (Fig. 3h and Table S3). In addition, after prolonged electrolysis, the XRD
diffraction peaks exhibit a slight decrease in intensity (Fig. S22), indicating no
significant structural degradation. Meanwhile, the XPS spectra show rare changes in
chemical states of key metal elements (Fig. S23), suggesting that the catalyst surface
maintains good chemical stability during long-term operation.

In practical applications, extensive gas bubbles are generated on the catalyst’s
surface at high current densities. These bubbles may hinder the diffusion of
electrolytes and block the exposure of active sites. To study the characteristics of

bubble desorption, we analyzed the release behavior of bubbles during water splitting
13



(Fig. S24). Obviously, the size of bubbles generated on the reconstructed
NiCo-LDH/NiFe-BDC with an average diameter of 157 + 31 pum is smaller than that
on NiFe-BDC (177 = 39 um). The bubbles are easier to release on the optimum
catalyst due to the unique nano/micro-structured super-aerophobic surface.

To elucidate the excellent OER performance of NiCo-LDH/NiFe-BDC, the OER
pathway and mechanistic insights should be explored. Because the LOM pathway
follows a nonconcerted proton-electron transfer process, it exhibits pH-dependent
activity.[38] LSV curves were recorded at different pH values, as shown in Fig. 4a,
the NiCo-LDH/NiFe-BDC electrode shows strong pH dependence. With the pH
decreasing from 14.0 to 12.5, its OER activity declines significantly, while NiFe-BDC
and NiCo-LDH exhibit minimal pH dependence (Fig. 4b). Upon the potential of 1.58
V vs. RHE, the logarithm of current density shows a linear relationship with the pH
value, based on which the proton reaction orders on the RHE scale (pruE) are fitted to
be 1.30, 1.11, and 0.87 for NiCo-LDH/NiFe-BDC, NiFe-BDC, and NiCo-LDH.[39]
Above results demonstrates that the self-adaptive Co doping triggers the lattice

oxygen during OER.[40, 41]
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Fig. 4 Analysis of LOM pathway. (a) LSV plots measured with different pH values.

(b) Current density plotted in log scale as a function of pH. (¢) LSV plots measured in
14



KOH and TMAOH. (d) Raman spectra of NiCo-LDH/NiFe-BDC and NiFe-BDC in

TMAQOH. DEMS signals of (e) NiCo-LDH/NiFe-BDC, (f) NiFe-BDC.

Moreover, the direct O—O coupling is crucial to determine the LOM pathway, in
which the superoxide (O27) and peroxide (0O»*) species may be generated as
negatively charged oxygen-containing intermediates. Therefore, it is essential to
identify these charged intermediates during the OER process.[42] Based on this
feature, tetramethylammonium hydroxide (TMAOH) can be used as a chemical probe,
as its cation TMA™ strongly binds with these negatively charged species, allowing it
tracking the OER intermediates. As shown in Fig. 4¢, compared with the system in 1
M KOH, the OER activity of NiCo-LDH/NiFe-BDC significantly decreases in 1 M
TMAOH, whereas the activities of NiFe-BDC and NiCo-LDH remain almost
unchanged. Additionally, as evidenced by the Raman spectra in Fig. 4d, the TMA*
characteristic peaks appear at 813.2 and 983.5 c¢cm! after the OER test in 1 M
TMAOH, confirming interaction between TMA" and O>* species on
NiCo-LDH/NiFe-BDC. These findings provide indirect evidence for the
reconstruction-mediated LOM pathway.

To provide direct evidence for the involvement of lattice oxygen, 80 isotope
labeling coupled with differential electrochemical mass spectrometry (DEMS) was
carried out (Fig. 4e, f). NiCo-LDH/NiFe-BDC and NiFe-BDC anode underwent the
CV pretreatment in 1 M KOH containing H2'30, which can induce the '¥0O
incorporation into the lattice. Subsequent CV measurements were performed in the
electrolyte containing H>'%0. Compared to the weak signals of NiFe-BDC, the
periodic signals of the "800 (m/z = 34) and '"*00 (m/z = 36) for
NiCo-LDH/NiFe-BDC remarkably enhance, confirming the involvement of lattice

oxygen activated by Co doping.[43, 44]
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DFT calculations were performed to shed light on how Co incorporation boosted
the OER performance of the reconstructed catalyst. The observed Co-NiFeOOH and
NiFeOOH surfaces were utilized to study the reaction behavior of
NiCo-LDH/NiFe-BDC and NiFe-BDC catalysts, respectively (Fig. S25). Additionally,
the calculated formation energies imply the incorporated Co ions prefer to replace the

16



Ni ion at subsurface (Fig. S26). Four elementary steps are involved in both the AEM
and LOM pathways (Fig. Sa). In this system, AEM involves four oxygen-containing
intermediates: M—OH, M-O, M-OOH, and M—OO, while LOM proceeds through
intermediates of O-M—OH, MOO, OO-M-0 , and M—OH, where M represents the
metal site, O represents the lattice oxygen site and © denotes oxygen vacancies. The
differential charge density analysis clearly indicates the multi-metal interactions
among Ni, Fe, and the incorporated Co atoms (Fig. 5b). Additionally, the
incorporation of Co site, changes the spatial direction of O-2p to out-of-plane, which
may modulate adsorption strength.

To elucidate the underlying mechanism, the Gibbs free energies of Co-NiFeOOH
and NiFeOOH in each step under different reaction pathways were investigated by
DFT calculations (Fig. S27 and S28).[45-47] The free energy diagram reveals that the
OER steps of NiFeOOH follow a typical AEM pathway, where the rate-determining
step (RDS) is the OH deprotonation at Fe site, which corresponds a limiting potential
of 2.32 eV (Fig. 5¢). This value is lower than that for LOM pathways involving
bridging lattice oxygen (2.53 eV). For Co-NiFeOOH, the O, formation via the LOM
route is the RDS, with a calculated AG of 1.75 eV (Fig. 5d). The oxygen from
Ni—O-Fe bonding tends to be activated to form O molecules. Thus, Co-NiFeOOH
exhibits a higher OER activity due to a lower energy input required by the LOM
pathway, in good agreement with the experimental results.

The electronic configurations of Co-NiFeOOH and NiFeOOH were also
calculated (Fig. S29). Compared to NiFeOOH, the O 2p band center of Co-NiFeOOH
shifts upwards relative to the Fermi level (Er), facilitating the electron transfer from
oxygen sites. This band shift enhances the hybridization between Ni 3d (Fe 3d) and O
2p orbitals, thereby activating the lattice oxygen and promoting the LOM pathway.
Moreover, the d-band centers of Ni 3d and Fe 3d orbitals are upshifted from
—2.94/-1.96 eV in NiFeOOH to —2.90/-1.87 eV in Co-NiFeOOH, respectively (Fig.

S5e and S30).[48, 49] The resulting electron-rich characters of the metal sites can
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improve their redox ability and facilitate electron transfer between the metal atoms

and adsorbates,[50] thereby reducing the energy barrier for RDS.

Conclusion

In conclusion, we innovatively design the hierarchical NiCo-LDH/NiFe-BDC
nano-heterojunction material as a pre-catalyst, which promotes its surface
reconstruction with the fast Co ions diffusion from the LDH-core to the MOF-shell.
As a result, the transformation of NiFeOOH from y-phase to B-phase is induced and
the reconstruction potential is reduced from 1.5 V to 1.3 V. The catalyst exhibits
superior alkaline OER activity with low overpotentials of 180 mV and 255 mV at 10
and 500 mA c¢m, respectively, with a Tafel slope of only 19 mV dec’!. In addition,
negligible current density loss can be observed at 500 mA c¢cm after 500-h continuous
operation. Experimental results combined with theoretical calculations suggest that
active Co incorporated NiFeOOH effectively triggers the participation of lattice
oxygen from the Ni-O-Fe bonding. This work emphasizes the unique reconstruction
mediated lattice oxygen mechanism on MOF/LDH pre-catalysts, which can
potentially guide the design of OER electrocatalysts and regulation of their reaction

mechanisms.
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Experimental section
Materials

Nickel foam (NF, thickness: 1.5 mm) was acquired from Kunshan Guangjiayuan
New Material Co., Ltd. Nickle nitrate hexahydrate (Ni(NO3)2:6H20, >98%) and
hydrochloric acid (HCl) were purchased from Tianjin Windship Chemical Reagent
Technology Co., Ltd. Iron(Ill) nitrate nonahydrate (Fe(NO3)3;-9H20, >99.5%),
cobalt(Il) nitrate hexahydrate (Co(NOs)2-6H20, >99%), ruthenium(IV) oxide (RuOa,
99.9%), p-phthalic acid (CsHsO4 (BDC), 99%), urea (CH4N20, >99.5%), ammonium

fluoride (NH, F, >98%), N-N-dimethylformamide (DMF, 99.5%), and potassium

hydroxide (KOH, 85%) were purchased from Aladdin. Nafion solution (5 wt.%) was
bought from Sigma Aldrich Corporation. Heavy-oxygen water (H20'8, 97 at.%) was
bought from Macklin Biochemical Co., Ltd.

Synthesis of NiFe-BDC, NiCo-LDH and NiFe-BDC/NiCo-LDH

Firstly, a piece of NF (2x3 ¢cm?) was subsequently cleaned in 1 M HCI, deionized
(DI) water, and ethanol. Next, DMF (26 mL), ethanol (1.6 mL), and DI water (1.6 mL)
were thoroughly mixed, followed by the addition of 200 mg CsHsO4 and 1 mmol
Fe(NO3)3-9H20. The mixture was transferred into a stainless-steel autoclave and
heated at 120°C for 24 h. NiFe-BDC electrode was collected, cleaned, and air-dried.

NiCo-LDH was synthesized by a convenient hydrothermal method, where 10
mmol CHsN>O, 4 mmol NH4F, and 2 mmol Co(NO3)2:6H20 were added into DI
water to form a homogeneous solution (30 mL), followed by pouring it into the
autoclave and setting it in the oven at 120°C for 12 h. Under hydrothermal conditions,
the OH" released from the hydrolysis of urea reacts with Ni** and Co?* ions to form

NiCo-LDH nanoarrays. The reaction equation is as follows:
NI(NO3 )2 6H2 O + CO(NO3 )2 6H2 O + CO(NH2 )2 —>N1CO-LDH
(1)
NiFe-MOF/NiCo-LDH electrode was obtained by in-situ growth of NiFe-BDC

on the NiCo-LDH electrode. The synthetic process was similar to that of pristine



NiFe-BDC, except that extra Ni(NO3)2-6H20 precursor was required.
Characterizations

Scanning electron microscopy (SEM, GeminiSEM 460), and transmission
electron microscopy (TEM, JEM-2100) were conducted to characterize the
morphology and structure of as-obtained catalysts. Aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images were obtained on Thermofisher Spectra 300 equipped with a probe corrector.
X-ray diffraction (XRD) data was recorded on an X-ray diffractometer (Rigaku
TTR-IIT) with a Cu Ka source. X-Ray photoelectron spectroscopy (XPS, K-Alpha)
tests were conducted using Al source radiation. In-situ and ex-situ Raman spectra
were recorded using a LabRAM HR Evolution Raman spectrometer (HORIBA) with
a laser excitation of 532 nm. The X-ray absorption spectra (XAS) including XANES
and EXAFS were collected on Rapid XAFS 2M.

Differential electrochemical mass spectrometric measurements

In-situ differential electrochemical mass spectrometry (DEMS) experiments were
performed in a dual layer flow cell provided by Linglu Instruments Co., Ltd. The
sample was labeled with '*0 isotope by performing 30-cycle cyclic voltammetry (CV)
in 1 M KOH containing H>'®0. The labeled electrode was then immersed in 1 M
KOH containing H>'%0 during OER test.

The mass spectrometry signals corresponding to m/z = 32 (10'°0), 34 (180'%0), and
36 (1*0'*0) were recorded, and the intensity ratios were analyzed to determine the
fraction of oxygen molecules originating from the lattice. The lattice oxygen

contribution rate (RLom) was calculated using the following formula:

213442134

0,
2134+2136+413; x100% (2)

Riom =
where I3,,l34,and I3gare the integrated peak intensities of the corresponding oxygen

species. This method accounts for both singly and doubly labeled oxygen molecules,

providing a quantitative estimation of lattice oxygen participation.

Electrochemical measurements



An EnergyLab XM potentiostat (Solartron Analytical) was utilized for
electrochemical measurements in a conventional three-electrode system in 1 M KOH
(pH=14.0). The as-obtained sample, carbon rod, and Hg/HgO were used as the
working electrode (1x1 c¢cm?), counter electrode, and reference electrode, respectively.
All recorded potentials were calibrated to the reversible hydrogen electrode (RHE)
scale:

Erue = Eng/ugo + Egg Jhgo T 0.0592pH(E2Ig Jugo = 0-098VVsRHE)  (3)

Before OER test, the electrochemical activation was applied to catalysts through
CV scans at a scan rate of 100 mV s!. The electrocatalytic activity was examined by
linear sweep voltammetry (LSV) at a scan rate of 2 mV s with an iR compensation
of 95%. The Tafel slope was obtained by fitting the linear portion of the Tafel plots

according to the following equation:

n = blog(j) +a 4)

The EIS was recorded at an applied potential of 1.5 V vs. RHE from 100000 to
0.01Hz. Electrochemical double-layer capacitance (Ca) can be determined by varing
the CV scan rates (20, 40, 60, 80 and 100 mVs™) in a non-Faradaic region (from 0.1
to 0.2 V vs. Hg/HgO). In order to reduce experimental errors, we conducted four

repeated tests to record the electrochemical data and utilized their average value.
Computational details

Our first-principles calculations were carried out using the Vienna Ab initio
Simulation Package within the framework of density functional theory (DFT)[1, 2]
The  projector  augmented  wave  pseudo-potentials = method[3] and
Perdew—Burke—Ernzerhof (PBE) functional[4] under the generalized gradient
approximation were applied. To describe localized d-electron interactions, PBE + U
calculations were utilized with effective Hubbard U values of 3.3 eV, 4.3 €V, and 5.5
eV for Co, Fe, and Ni, respectively[5]. Pristine and Co-incorporated NiFeOOH were
represented by (10-1) terminated slabs consisting of 2 X V3 X 2 primitive units to
calculate the catalytic process. A vacuum region of 15 A along the vertical direction

was set to avoid interaction between repeating slabs. Plane-wave cutoff energy was



set to 400 eV, with convergence thresholds of 10~ 5 eV for energy and 0.03 eV/A for
force. Van der Waals corrections were applied via the DFT-D3 method[6]. The 2x2x1
and 3x3x1 Monkhorst-Pack[7] type k-point sampling were used for structure
optimization and surface calculations, respectively. The top two layers and adsorbates
were relaxed during optimization, with other layers fixed[8, 9]. The computational
standard hydrogen electrode (SHE) model proposed by Nerskov et al[10] was
employed to evaluate the free energy change of each elementary step of OER.

According to this model, the proton-electron pair’s free energy equals half the
chemical potential of H. gas under SHE conditions[11]. The OER’s 4-electron

pathways in alkaline media can be given as follows:

*+ OH — *OH + ¢ (5)
*OH + OH — *O + Hy0 (1) + e (6)
*0 + OH — *OOH + ¢ (7)
*OOH + OH — * + 0, (g) + Ho0 (1) + ¢ (8)

Therefore, the free-energy change of four reaction steps can be expressed as

follows:

AG1=G (*OH) + G (H2)2 + eU—- G (¥*) — G (H20) 9)

AG2=G (*O)+ G (H2)/2 + eU - G (*OH) (10)

AG3;= G (*OOH) + G (H2)/2 + eU—- G (*O) — G (H20) (11)

AGs=G (*)+ G (Ha)/2 + eU+ G (02) - G (*OOH) (12)
where U is the potential measured against the normal hydrogen electrode under
standard conditions[12, 13]. The theoretical overpotential for OER (70rr) can be
calculated by 7oer = max[AG1, AG2, AG3, AG4)/e — Ueq, where Ueq is the equilibrium
potential[14].
The formation energy for the replacement was calculated using Equation (13):

Er = E (bulk + Co) + E (Ni/ Fe) - E(bulk) - E(Co) (13)
where E (bulk) and E (bulk + Co) are the total energies of pure and Co-incorporated
NiFeOOH, respectively. E (Co) and E (Ni / Fe) are the chemical potentials of Co and

Ni/Fe, respectively, calculated from the energies of metal bulks.
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Fig. S1 Digital photograph of as-prepared samples.



Fig. S2 SEM images of NiCo-LDH at various magnifications.
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Fig. S3 (a, b) TEM and (c, d) HRTEM images of NiCo-LDH.
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Fig. S4 (a) TEM and (b-d) HRTEM images of NiCo-LDH/NiFe-BDC.



Fig. SS HRTEM image of reconstructed NiCo-LDH/NiFe-BDC.
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Table S1. Porosity properties of NiCo-LDH, NiFe-BDC, and NiCo-LDH/NiFe-BDC

catalysts.

Catalyst BET Suface Area Pore Volume Average Pore size
(m?/g) (em’/g) (nm)

NiCo-LDH 62 0.1 7.2

NiFe-BDC 104 0.08 17.6

NiCo-LDH/NiFe-BDC

89 0.11 15.5
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Fig. S8 EDS elemental mapping of NiCo-LDH.



Fig. S9 EDS elemental mapping of NiCo-LDH/NiFe-BDC.
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Fig. S10 Line-scan EDS elemental distribution of Co element along a reconstructed

NiCo-LDH/NiFe-BDC nanorod.
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Fig. S13 Schematic diagram of in-situ Raman measurement.
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Fig. S16 (a) Fe K-edge XANES spectra, (b) Fourier transform of the extended XAFS
(FT-EXAFS) spectra of NiFe-BDC, NiCo-LDH/NiFe-BDC, and FeO.
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Tabel S2. EIS fitting results of NiCo-LDH/NiFe-BDC, NiCo-LDH and NiFe-BDC

obtained from Fig 3e.

Catalyst Rs (©2) Rct (Q) CPE-T CPE-P
NiCo-LDH/NiFe-BDC 1.1 1.2 0.8 0.5
NiCo-LDH 1 >6 1.9 0.7

NiFe-BDC 1.1 1.8 1.2 0.7
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Fig. S21 Stability test at 500 mA cm 2 in alkaline seawater.



NiCo-LDH/NiFe-BDC
After 5000 CV cycles

Intensity(a.u.)

l ||I| b

JCPDS 50-0827 Co(OH),
10 20 30 40 50 60 70 80 90
20(degree)

Fig. S22 XRD patterns of NiCo-LDH/NiFe-BDC after the long-term stability test.
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Table S3 Comparison of the OER performance with reported transition-metal-based

electrocatalysts at 10 mA ¢cm™ in 1 M KOH.

Catalysts Nio (mV) Tafel (mV References
dec!)

NiCo-LDH/NiFe-BDC 180 19 This work
NiFe-BDC 210 21.6 [15]
(N12Co1)0.925Fe0.07s-MOF 257 41.3 [16]
FeCu-BTC/WOs3-WC 249 22.8 [17]
NiFeCo-NDA 215 64.1 [18]
W2N/WC 320 94.5 [19]
CosWsC@N 286 53.96 [20]
NiW4C-W3C 270 52 [21]
e/FeNiOOH-NC 220 52 [22]
POM@ZnCoS/NF 224 67.7 [23]
CuFe composi 218 62.07 [24]
H-CoSx@NiFe 250 49 [25]
NiS2/MoS; 270 119 [26]
Mo:NiB; 280 57 [27]
IW-Co0304-RuO»2-HS 250 55.4 [28]
RuCoOx 275 54 [29]
S/N-CMF@FexCoyNiixyMOF 296 53.5 [30]
NigsFess(OOH) 316 38 [31]
NiMn-MOFs 280 86 [32]
CoNi-MOFNA 215 51.6 [33]
NiFe-MOF-BF4-0.3 NSs 237 41 [34]
CoiNi3 sq-zbr-MOF 230 37.7 [35]

MIL-53(Fe)-20H 215 45.5 [36]



DD-Ni-NDA 260 50 [37]
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Fig. S25 Optimized structure models of (a) NiFeOOH and (b) Co-NiFeOOH
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Fig. S27 AEM pathway on the NiFeOOH electrocatalyst: (a) Fe site, (b) Ni site. (¢)

LOM pathway on the NiFeOOH electrocatalyst.



Fig. S28 AEM pathway on the Co-NiFeOOH electrocatalyst (Fe site).
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