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ARTICLE INFO ABSTRACT
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Two-dimensional (2D) layered double hydroxides (LDHs) are promising as an effective electrocatalyst towards
oxygen evolution reaction (OER), but their poor conductivity and tendency to stack together limits their activity
and durability as an electrocatalyst. Herein, a three-dimensional (3D) core-shell catalyst, in which numerous
LDH nanoplates are vertically grown on cuboidal metal organic framework (MOF) structures, is synthesized
through a facile one-pot reaction strategy. The representative electrocatalyst (CoNi-BDC@LDH) achieves an
excellent OER performance (with an overpotential of 282 mV at 100 mA cm™2) and stability. A series of quasi-

operando and ex-situ characterization reveals a lattice oxygen-mediated mechanism where Ni and its neighboring
metal site collaboratively forms Ni-O-O-M (M = Ni, Co) bridges, and the high valence state of Ni facilitates Oy
desorption from the bridges. The high OER performance is additionally attributed to y-NiOOH and CoOOH
phases, and a large electrochemically active surface area.

1. Introduction

With ever increasing energy consumption and carbon emissions,
there is an impending demand for highly efficient and economical
renewable energy systems [1]. Hydrogen is considered a promising
clean energy medium to address the unpredictable intermittency of
renewable energy with a high heat value [2]. Electrochemical water
splitting is the most promising clean approach to generate high purity of
hydrogen. Between two half reactions of water splitting — hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) [3] -
OER is the main rate-limiting half-reaction due to its slow four-electron
transfer process and high activation barrier [4,5]. While IrO and RuO,
have been accepted as the standard OER catalysts because of their high
catalytic activity [6-8], their prohibitive cost, rarity, and limited dura-
bility preclude their widespread use [9].

Recently, transition metal-based 2D layered double hydroxides
(LDHs) have attracted great attention for OER catalysis due to their
remarkable tunability of structural composition, physicochemical
properties, and facile synthesis process [10-13]. This material class can
be represented by a general formula as [MllI _ XMIH,((OH)Z]ZJr(A"’)Z/
n-'YH20, where MY and M™ are metallic divalent and trivalent cations,
and A" represents the interlayer anions. The flexible choices of MY, M
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and A" and the variability of interlayer distances in the LDH structure
allow further improvement of OER performance [14]. However, the
LDH family exhibits a low electrical conductivity [15,16], significantly
limiting their electrocatalytic performance. Moreover, the structure may
collapse and undergo a severe aggregation of active species due to the
micropores and defects formed during the synthesis process [17,18].
Therefore, developing a synthetic approach that can leverage the ben-
efits of LDHs while avoiding the structural degradation is essential for
enabling efficient and durable electrocatalysis.

Three-dimensional (3D) carbon structures are considered as a
promising framework for the growth of LDHs to maximize the surface
area for reactant access and provide efficient charge transport through
the resultant hybrid catalysts. In addition, the 3D structures are expected
to deter the aggregation of LDHs while providing more of catalytically
active edge sites. Much efforts have been devoted to design 3D LDH
configurations for efficient OER activity, but most of them require a
tedious and costly synthesis process, limiting their commercial viability
[19-24].

In this study, we present a simple one-pot strategy for the prepara-
tion of high-performance 3D core-shell LDH electrocatalysts derived
from a metal-organic framework (MOF). A hierarchical CoNi-
BDC@LDH electrocatalyst with a highly dispersed 3D core (MOF) -
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shell (LDH) structure is prepared via a one-step hydrothermal step using
Ni foam as the substrate. For the process, terephthalic acid is employed
as the organic ligand for the MOF precursor, and urea as the surface
coordination buffer between LDHs and MOF. The dissolution of the
inner “core” and the precipitation of cations caused by the release of
hydroxide from urea during the hydrothermal process result in the
formation of a “shell” made of numerous LDH nanoplates on the outer
layer of MOF structure [25]. The resultant 3D cuboidal structure with
numerous nanoplate cloths exhibits a low overpotential of 282 mV at
100 mA cm 2 and excellent cyclic and chronoamperometric stability for
OER. A series of quasi-operando characterization by Raman, Fourier
transform infrared spectroscopy (FTIR) and X-ray phostoelectron spec-
troscopy (XPS) along with ex situ X-ray absorption spectroscopy (XAS)
are further performed to reveal intrinsic active sites and provide a
mechanistic interpretation of OER process in the 3D catalyst. The main
active sites are believed to reside at bimetallic Ni-Co sites at the interface
between the MOF and LDH structures, rather than within MOF or LDH
themselves, suggesting a promising route of synthesizing high-
performance OER catalysts.

2. Experimental section
2.1. Materials and chemicals

Cobalt nitrate hexahydrate (Co(NO3)2-6H20, 99.8 %), nickel nitrate
hexahydrate (Ni(NO3)2-6H20, 99.8 %), urea (NH,CONHy, 98.0 %), N,N-
Dimethylformamide (DMF, 99.8 %) and potassium hydroxide (KOH)
were purchased from Sigma-Aldrich. Ethanol (CoHs0H, 99.5 %), IrO,
(99.9 %) and terephthalic acid (BDC; CsHgO4, > 98 %) were supplied by
Alfa Aesar. All chemicals were used as received without further purifi-
cation. A nickel foam (3 x 2.5 cmz) was soaked into 2 M HCI in an ul-
trasonic cleaner for 15 min. Then it was washed with deionized water
and ethanol for 10 min and dried under N5 flow.

2.2. Synthesis of CoNi-BDC@LDH and CoNi-LDH

Both CoNi-BDC@LDH and CoNi-LDH were prepared via a one-pot
hydrothermal reaction. First, a precursor solution was prepared for
each hydrothermal reaction. For CoNi-BDC@LDH, terephthalic acid
(166 mg) and urea (300 mg) were dissolved and sonicated in a mixture
of 20 mL DMF and 20 mL deionized water. Then, Co(NO3)5-6H0 (290
mg) and Ni(NO3)2-6H0 (290 mg) were added in the solution and son-
icated for 30 min. For CoNi-LDH, urea (300 mg), Co(NO3)2-6H20 (290
mg), and Ni(NO3)2-6H20 (290 mg) were dissolved and sonicated in a
mixture of 40 mL deionized water and sonicated for 30 min. The pre-
pared solution was then transferred into a 40 mL Teflon-lined stainless-
steel autoclave together with an as-cleaned nickel foam (3 x 2.5 cm?)
and heated in an oven at 120 °C for 12 h. After cooling down to room
temperature, the resultant sample was washed with deionized water and
ethanol with ultrasonic cleaner for 15 min and dried at 80 °C for 12 h in
air to obtain CoNi-BDC@LDH or CoNi-LDH.

2.3. Synthesis of Co-BDC@LDH and Ni-BDC@LDH

Both Co-BDC@LDH and Ni-BDC@LDH were prepared by a two-step
hydrothermal reaction. For Co-BDC@LDH, 290 mg of Co(NO3)3-6H20
was first dissolved into 20 mL deionized water, and 155 mg of tereph-
thalic acid was separately dissolved into 20 mL DMF. The two solutions
were mixed and ultrasonicated for 30 min at room temperature. The
mixed solution together with a cleaned Ni foam (3 x 2.5 cm?) was
transferred into a Taflon-lined stainless-steel autoclave and heated in an
oven at 120 °C for 12 h. The resultant samples were collected and rinsed
with water for 30 min to obtain Co-BDC grown on a nickel foam. Then,
290 mg of Ni(NO3)2-6H20, 300 mg of urea was dissolved into 40 mL
deionized water where Co-BDC was added into an autoclave and heated
at 120 °C for 12 h again. The product was washed with deionized water
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and ethanol and dried in air at 80 °C for 12 h to obtain Co-BDC@LDH.
The synthesis procedure for Ni-BDC@LDH is the same as that of Co-
BDC@LDH, except for the order of introducing Co and Ni precursors.

2.4. Physical characterization

The morphology and microstructure were characterized by scanning
electron microscopy (SEM; Zeiss Gemini SEM 500, 3 kV) and trans-
mission electron microscopy (TEM; Philips CM300 FEG system 200 kV).
X-ray diffraction (XRD) patterns were recorded using PAN analytical
X’Pert PRO with Co Ka radiation (A = 1.78897 f\) at the step size of 0.02°
and scan rate of 0.04° s~1, and the resulting data was converted to Cu Ko
radiation (1 = 1.5418 1°\) for the analysis. FTIR were recorded on a
Nicolet 380 FTIR Spectrometer with the wave numbers from 400 to
4,000 cm™! by dispersing samples onto a crystal attenuated total
reflectance (ATR) accessory. XPS was performed on a PHI Quantum
2000 system using a focused, monochromatic Al Ka X-ray (1486.6 eV)
source for excitation and a spherical section analyzer (200 pm diameter
X-ray beam incident to the surface normal; detector set at 45°). Raman
spectra were obtained on an iXR Raman spectrometer (Thermo Scien-
tific). XAS were performed in total electron yield mode at beamline 6.3.1
of the Advanced Light Source (ALS). Quasi-operando XRD, XPS, Raman
and ATR FTIR were performed on samples that were exposed to a spe-
cific potential for 15 min.

2.5. Electrochemical characterization

The OER characterization was performed in a standard three-
electrode glass cell by a potentiostat (SP-200, Bio-Logic SAS) at room
temperature. The as-prepared samples supported on nickel foam was
used as the working electrode while a graphite rod and an Ag/AgCl (1 M
KOH) electrode were used as the counter and reference electrodes,
respectively. All potentials were expressed with respect to reversible
hydrogen electrode (RHE). The overpotential (1) was calculated by # (V)
=V (RHE) — 1.23 V. O flow was fed into the 1 M KOH electrolyte for >
30 min. The solution was put on a magnetic stirrer rotating at 500 rpm.
All linear sweep voltammetry (LSV) polarization curves were corrected
by eliminating iR drop based on the ohmic resistant obtained from EIS
measurements. Electrochemical impedance spectroscopy (EIS) mea-
surements were tested on a SP-200 system (Bio-Logic SAS) with an AC
bias of 10 mV in the frequency range of 0.1 Hz — 100 kHz. Before all the
LSV tests, the electrodes were cycled at 100 mV s~ * until reproducible
cyclic voltammograms were obtained. Tafel slopes were obtained after
an iR correction. The electrochemically active surface areas (ECSA) were
characterized by cyclic sweep with various scan rates (2 to 10 mV s ! at
an interval of 2 mV s™!) in a small range where no noticeable faradaic
reaction occurs (1.13-1.18 V).

3. Results and discussion
3.1. Physicochemical characterization of as-prepared samples

The CoNi-BDC@LDH core-shell microstructures is synthesized
directly via a one-step hydrothermal reaction as depicted in Fig. 1. Two
additional MOF-derived LDH structures are synthesized via a two-step
hydrothermal reaction. One is by growing LDH on Co-BDC MOF
(namely, Co-BDC@LDH), and the other is by growing LDH on Ni-BDC
MOF (namely, Ni-BDC@LDH). A detailed synthesis procedure is pro-
vided in the Experimental.

As shown in the SEM images in Fig. 2a, 2b, and S1, CoNi-BDC@LDH
manifests a cuboid shape, unlike the other BDC@LDH variants (Fig. S2).
The zoomed-in SEM image in Fig. 2b reveals that nanoplates with a
thickness of ~ 10 nm are vertically formed on the surface of MOF sub-
strate, resulting in an overall core-shell structure where each cuboidal
MOF is surrounded by numerous LDH nanoplates with needle-like fea-
tures on the edge of the nanoplates. The fine LDH nanoplates on the BDC
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Fig. 1. Schematic illustration of the synthesis process for hierarchical CoNi-BDC@LDH core—shell structure.

Fig. 2. (a,b) SEM images, (c) a TEM image, (d) a HR-TEM image, (e-h) EDS elemental mappings of CoNi-BDC@LDH.

structure that are clearly visible in CoNi-BDC@LDH are not distinct in
the other two BDC@LDH structures (Fig. S2). The TEM images in Fig. 2c
and S3 reassures the formation of a core-shell structure in CoNi-
BDC@LDH. The high-resolution TEM (HRTEM) image in Fig. 2d dis-
plays clear lattice fringes with an interplanar distance of 0.261 nm,
corresponding to (012) planes of CoNi-LDH [26]. The same lattice
fringes are also found in Ni-BDC@LDH and Co-BDC@LDH as shown in
Fig. S4, supporting the formation of LDH structures in these samples.
Energy-dispersive X-ray spectroscopy (EDS) elemental maps in
Fig. 2e-2 h indicate that Co, Ni, and O species are uniformly dispersed
throughout the structure.

The structural information of as-prepared samples is obtained by
XRD (Fig. S6a). The peaks located at 40.2° and 46.8° are found in all
samples and ascribed to the bimetallic Co and Ni-based LDH structure,
which is supported by the corresponding peaks from CoNi-LDH sample.
Since the nanoplate-like LDH structures are not explicitly visible in Co-
BDC@LDH and Ni-BDC@LDH despite the distinct diffraction peaks and
TEM lattice fringes corresponding to LDH, we conjecture a considerable
fraction of the LDHs in these two samples are formed inside the BDC
structure rather than onto the structure. CoNi-BDC@LDH shows addi-
tional distinct peaks unlike the other samples. The peaks located at 23.7°
and 35.1° are assigned to the characteristic peaks of (006) and (012)
planes of a-Ni(OH)a, representing the typical hydrotalcite-type structure
of LDH (JCPDS# 38-0715) while the peaks located at 18.9°, 33.4° and
38.9° correspond to (001), (100) and (101) planes of p-Ni(OH),

(JCPDS# 14-0117) [27]. CoNi-BDC@LDH exhibits additional peaks at
18.4°, 32.2° and 50.9°, which can be indexed to the (001), (100), and
(102) planes of CoOOH (JCPDS# 30-0443) [28]. In the FTIR spectra
(Fig. S6b), all the BDC@LDH samples show the isocyanate (N—C=0)
stretching mode (~2,283 em ™). Given the absence of isocyanate peak
in CoNi-LDH (from Fig. S6b) and BDC structure (from the ref. [29]), the
appearance of the isocyanate peak in BDC@LDH samples are ascribed to
the urea-aided chemical bonding between the BDC structure and LDH.
The MOF structure resulting from trivalent metal centers and tereph-
thalic acid(benzene-1,4-dicarboxylate) linker molecules, which is
named as MIL-53, consists of M—OH chains that are bonded to 4
neighboring chains [30,31]. The peaks at ~ 617 cm™* and ~ 570 cm ™!
corresponding to Ni-OH and Co-OH bending vibrations visible on all
three BDC@LDH variants also support the formation of CoNi-based MIL-
53 MOF in these samples.

In the Raman spectra (Fig. S7), all three BDC@LDH samples exhibit
certain Ip and Ig band located at ~ 1,418 em~! and 1,618 cm’l,
respectively, indicating their formation of a carbon network. Significant
blue shifts of D and G bands from the standard Ip and Ig locations
(~1,340 cm ! and 1,510 cm™!) can be related to the strain effect caused
by the interaction between BDC and LDH surfaces [32]. The Ip/Ig ratio is
calculated to be 1.01, 0.9 and 0.95 for CoNi-BDC@LDH, Ni-BDC@LDH
and Co-BDC@LDH, respectively. Their similarity in the Ip/Ig ratios
suggests they have a similar level of defect concentrations. On the other
hand, no obvious I and Ig bands are detected for CoNi-LDH (Fig. S7a),
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Fig. 3. (a) OER polarization curves after iR-compensation. (b) OER Tafel slopes of CoNi-LDH, Ni-BDC@LDH, Co-BDC@LDH, CoNi-BDC@LDH, and IrO, benchmark.
The horizontal axis is in a logarithmic scale. (¢) Nyquist plots (at the potential of 1.53 V vs RHE) of as-prepared catalysts, (d) OER polarization curves for CoNi-

BDC@LDH before and after 2,000 cycles between 1.0 V and 1.8 V at 5 mV s7L

consistent with the fact that carbon element mostly exists in the form of
CO%’ within the interlayers of LDH structure [10]. Low-frequency
Raman spectra are additionally obtained (Fig. S7b) to identify metal
oxygen (M—O) vibrations. The peaks at 319, 455 and 526 em ™! are
attributed to the M—O vibrations of Co(OH), and Ni(OH),, in accor-
dance with the previously reported Ni-Co systems [33,34]. The 550
em ! peak is attributed to NiOOH [35], and those at 739 and 812 cm !
correspond to the stretching mode of benzene ring from BDC substrate
[29,36].

3.2. Electrochemical characterization

The electrochemical OER performance is examined in 1 M KOH in a
standard three-electrode setup. As shown in the LSV curve shown in
Fig. 3a, CoNi-BDC@LDH exhibits the best OER performance; it reaches
100 mA cm 2 at a potential as low as 1.512 V vs RHE at 5 mV s~ %, which
corresponds to an overpotential of 282 mV. The benchmark IrO; ne-
cessitates an overpotential of 390 mV for the same current density
(Fig. S8). All the BDC@LDH variants exhibit an enhanced performance
compared to the bare LDH sample (i.e., CoNi-LDH). The peaks appearing
at ~ 1.25 — 1.3 V in the polarization curves are mainly ascribed to the
oxidation peak of Ni?* [37-39]. In the backswept LSV provided in
Fig. S9, the Ni%* oxidation peak is absent revealing the OER curve more
explicitly. The OER kinetics is also assessed by the Tafel plots in Fig. 3b.
CoNi-BDC@LDH possesses the lowest Tafel slope of 105 mV dec”?,
which is smaller than those of CoNi-LDH (136 mV dec’l), Co-BDC@LDH
(115 mV dec 1) and Ni-BDC@LDH (109 mV dec’l), reflecting its faster
charge transfer. An important indicator of intrinsic activity of a catalyst
is turnover frequency (TOF); a greater TOF signifies a better atom con-
sumption efficiency and faster kinetics per active site. Assuming Co and
Ni atoms are all active during the OER process, TOFs are calculated for
all samples at an overpotential of 300 mV. As shown in Fig. S10, CoNi-
BDC@LDH shows the highest TOF (0.09 s’l) among all samples,

reflecting that the sample has a faster kinetics toward OER. According to
the EIS performed at 1.53 V vs RHE (Fig. 3¢), CoNi-BDC@LDH shows the
smallest arc size, again indicating a more efficient charge transfer during
OER. It is noted that the smaller arc at a higher frequency range is likely
originated from electrolyte conduction since the arc size is negligent of
the potential applied during the measurement. The OER LSV curves of
CoNi-BDC@LDH before and after 2,000 CV cycles (Fig. 3d) indicates
that the overpotential becomes even slightly smaller after 2,000 cycles.
While the morphology of the sample remains virtually unchanged after
2,000 cycles (Fig. S12), the samples show a change in surface chemistry
as confirmed by XPS (Fig. S13). The slightly enhanced OER performance
after 2,000 cycles is partially ascribed to the increase of oxygen defects,
as indicated by the O 1 s peak at ~ 531 eV. In a chronoamperometric
testing (Fig. S14), CoNi-BDC@LDH maintains its current density at ~ 22
mA cm ™2 after 20 h, further revealing the superior stability.

The ECSA is calculated by the double-layer capacitance (Cg) to
support the improved OER catalytic activity of as-prepared samples. As
demonstrated in Figs. S15 and S16, Cq of CoNi-BDC@LDH is determined
to be 169.9 uF cm ™2, which is significantly higher than those of CoNi-
LDH (20.9 yF cm~2), Co-BDC@LDH (20.2 pF cm~2) and Ni-BDC@LDH
(26.9 uF cm?). The quantified ECSA of CoNi-BDC@LDH is 1.062 cm?
(Table S1); its high ESCA indicates that it possesses a large exposed
active area than the other catalysts, further making it favorable for OER.

We performed additional SEM, TEM and XRD on CoNi-BDC@LDH
after a one-time potential sweep from 1.2 V to 1.8 V versus RHE at 5
mVs! (Fig. S11). While the post-OER sample seen by TEM is similar to
that of the as-prepared sample, its morphology as seen by SEM seems to
have lost some of the fine needle-like features on the edge of LDHs.
However, all the notable XRD peaks from the as-prepared sample are
also found in the post-OER sample.
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3.3. Differences in surface chemistry among catalysts

XPS analysis is performed to explore surface chemistry and reveal the
electrocatalytically active sites. The greatly decreased C—=O peak in-
tensity in C 1 s peak for CoNi-BDC@LDH compared to other samples
(Fig. S19a) suggests that C=0 probably acted as a nucleation center for
the growth of LDH on the surface of BDCs. It is noted that the ratio of Oy
(corresponding to oxygen defects) in CoNi-BDC@LDH is 41.5 %, higher
than those of CoNi-LDH (27.8 %), Ni-BDC@LDH (36.8 %), and Co-
BDC@LDH (33.3 %) as shown in Fig. S19b. This is aligned with the
OER performance described above because oxygen vacancy is widely
known to act as an active site for OER. Little difference is observed in the
nickel valence states among the samples (Fig. S20a). The broader width
of Ni®* peak for CoNi-BDC@LDH suggests the existence of y-NiOOH,
which is believed to be beneficial to the OER performance [40]. CoNi-
BDC@LDH has a Co®"/Co?" ratio of 0.87 (Fig. S20b), significantly
larger than CoNi-LDH (0.37). This is aligned with the XRD analysis
showing the formation of CoOOOH in CoNi-BDC@LDH, which is addi-
tionally beneficial to the OER kinetics [16].

To further study the effect of interatomic bonding and cationic
valence states on OER activity, XAS is additionally performed. Fig. 4a
shows the polarization-dependent C K-edge spectra of as-prepared
samples. The spectra exhibit a strong transition mode of C1 s — z* at
~ 285.5 eV and a broad 1 s — ¢* at ~ 292.0 eV [42]. In the O K-edge
spectra presented in Fig. 4b, the features between ~ 529 eV and 535 eV
reflect the structure of the empty electronic states from O 1 s electronic
level to O 2p orbitals that is hybridized strongly with the transition
metal 3d orbitals [43]. The peak at ~ 530.6 eV (Co 3d/O 2p) for CoNi-
BDC@LDH is stronger and exhibits a positive shift by ~ 0.2 eV compared
to that of CoNi-LDH, indicating Co species are partially oxidized in CoNi-
BDC@LDH. Meanwhile, a distinct drop in the peak intensity at 532.8 eV
and a negative shift by ~ 0.2 eV in CoNi-BDC@LDH is attributed to the
formation of oxygen vacancies and the weakening of Ni 3d and O 2p
hybridization [44,45]. This will facilitate the adsorption of OH™ to the
active site (i.e., oxygen vacancies next to Ni sites), thus increasing the
interactions between surface metal ions and adsorbed oxygen
intermediates.

The 1-edge spectra (Fig. 4c and 4d) are useful for the analysis of
transition metal d orbitals, as the 2p — 3d 1-edge transition is a dipole-
allowed excitation [46]. As a result of 2p spin-orbital coupling interac-
tion, the Co r-edge (Fig. 4c) split into two regions: one in a lower energy
L3-edge (2p3/2 — 3d) at ~ 778 eV and the other in a higher energy L2-
edge (2p1,2 — 3d) at ~ 793 eV. The L3 edge peak is further split into a
mixture of tetrahedrally coordinated Co®>" and octahedrally coordinated
Co>* [47]. CoNi-BDC@LDH shows a markedly intensified peak in the
high energy region (779.6 eV), suggesting an increase of Co>*/Co%*
ratio. Furthermore, the Ni 1-edge X-ray absorption (Fig. 4d) also in-
dicates that BDC-based samples have a higher Ni valance state than that
of CoNi-LDH, which does not exhibit a distinct Ni>" peak at ~ 834 eV
unlike the other samples. The XAS spectra are consistent with the
electrochemical results that CoNi-BDC@LDH possesses a higher OER
activity, which are mainly attributed to a larger amount of oxygen va-
cancies and higher valence states of Co and Ni [48].

3.4. Quasi-operando analysis on CoNi-BDC@LDH

To further reveal the catalytically active sites of CONi-BDC@LDH, the
changes in local atomic environment and valence states are observed via
a quasi-operando characterization scheme. Since the usual character-
ization process prohibits a true in situ study due to their instrumental
limitations (such as the need for a high vacuum environment), we per-
formed a series of ex situ characterization by Raman spectroscopy, FTIR,
XPS, and XAS after exposing the samples to a specific electrochemical
environment for a set duration, mimicking the scenario where a true in
situ measurement would result in. CoNi-BDC@LDH is exposed to
different potentials (1.33V,1.43V, 1.53 Vand 1.63 V) for 15minin1 M
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KOH before an ex-situ characterization. Raman spectra are obtained at
different overpotentials (Fig. S22). At a potential of 1.43 V or less, there
are only two distinct peaks at 455 and 526 cm ™!, which correspond to Ni
(OH),. At a higher potential, however, signals from slightly higher
Raman shift values (~479 and 557 c¢cm™}) start to emerge, which is
ascribed to the formation of y-NiOOH [35,49,50]. The emergence of
NiOOH is further supported by a post-OER O K-edge XAS spectra shown
in Fig. S21 (at ~ 528 eV). The transformation of Ni(OH), into y-NiOOH,
hence the effective oxidation of Ni (from Ni?* to Ni®*) during OER
process further confirms the active role of Ni cations in OER.

Attenuated total reflection (ATR) FTIR provides information of the
functional groups near the surface, which allows to detect surface al-
terations during OER. A zoomed-in ATR-FTIR in Fig. 5a shows the 0—O
bond (1,090 cm 1) formation during OER process, which represents the
establishment of oxygen bridge between multi-metal sites [51]. The
intensification of O—O signal with a higher overpotential is well aligned
with prior studies asserting that O—O formation is the usual rate-
determining step in OER [51,52]. The O—O bond formation in the
observed wavelength corresponds specific to multi-metal sites, as
opposed to a single metal site, confirming the mechanism belongs to the
dual-metal-site mechanism (DMSM) discussed in a recent review by
Zhang and Chai [53]. The multi-metal site mechanism could boost the
kinetics of OER due to the direct O—O coupling and synergistic effect
between the relevant metal atoms [54]. Additional FTIR spectra
(Fig. S23) show characteristic bands at 3,590 and 1,560 em™! corre-
sponding to the stretching and bending vibration of hydroxyl group on
the surface [57]. These two peaks are intensified as the overpotential
increases, indicating the adsorption of HoO on the surface of the catalyst.
The appearance of Ni—O—H bending vibration (617 cm™!) is ascribed
to the formation of hydroxide species on the surface of Ni(OH),, NiOOH,
or both.

Moreover, from XPS results (Fig. 5b), the relative Ni>*/Ni%" ratio
(Table S4) decreases from 0.74 at 1.23 V to 0.29 at 1.43 V and then
increases to 0.69 at 1.63 V, while Co®t/Co®* (Table S5) exhibits the
opposite trend, indicating a collaborative contribution of both metals to
OER. In addition, the behavior of Ni®*/Ni?* ratio that synchronously
mirrors the trend of oxygen vacancy concentration indicates that the
formation of oxygen vacancies during OER occurs mostly around Ni, as
opposed to Co. Overall, the trend of Ni and Co valence states and oxygen
vacancy concentrations suggests that the active metal center (Ni and Co)
directly couples with lattice oxygen to form Oy molecular during OER
process, in a good accordance with the lattice oxygen-mediated mech-
anism (LOM) as reported in the literature [55-58]. In the conventional
OER mechanism where the reaction is believed to occur with a concerted
proton-electron transfer on surface metal sites, the activity should not
exhibit a pH-dependency [59,60]. The clear pH dependency of CoNi-
BDC@LDH in OER activity (presented in Fig. S17) indicates that lat-
tice oxygen species participate in the OER process.

3.5. Discussions

Based on the discussions above, the OER process in CoNi-BDC@LDH
is proposed as follows. By incorporating an OH™ group on the surface, a
deprotonation occurs from an existing hydroxyl group attached to Ni.
Meanwhile, a lattice oxygen neighboring Ni is activated (i.e., the lattice
oxygen moves to a neighboring low-valence-state Co site exposed to the
surface) and forms an O—O bond along with the deprotonated oxygen.
After this step, an oxygen vacancy is formed around Ni (step 1 in Fig. 6).
Then, O, desorbs from the Ni—O—O—M (M: Ni or Co) bridge, and an
additional incoming OH™ group is adsorbed onto a Ni (step 2). Then, the
vacancy site next to Ni is occupied by another OH™ group introduced to
the system (step 3). As the last step, the newly introduced OH is
deprotonated to reach the initial state (step 4). In this proposed mech-
anism, Ni facilitates the desorption of O, forming an oxygen vacancy in
its adjacent O sites for a subsequent OH™ adsorption, while Co serves as a
strong Lewis acid to promote further oxidation of neighboring Ni [61].
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Since the OER activity of all three BDC@LDH samples excels that of
CoNi-LDH, it is reasonable to conjecture that the main OER activity of
CoNi-BDC@LDH originate from Co-Ni sites residing at the interface of
BDC and LDH, as opposed to within LDH itself.

The higher activity of CoNi-BDC@LDH, compared to Co-BDC@LDH
and Ni-BDC@LDH, is ascribed to the richness of BDC and LDH interfaces
where the aforementioned synergistic OER between neighboring Ni and
Co sites occurs. At the bimetallic active sites, Co acts as a Lewis acid
while Ni serves as the oxygen carrying species, by which its neighboring
lattice oxygen is activated to form a Ni—O—O—M bridge for an efficient
OER. It is also noted that the BDC-LDH interfaces are highly exposed to

the surface in CoNi-BDC@LDH, unlike those in the other two samples as
electron microscopy images indicated. For the same reason (i.e., the
main active sites residing at the BDC-LDH interface), CoNi-BDC@LDH
should exhibit a significantly higher performance than CoNi-LDH.
Additionally, CoNi-BDC@LDH has a higher ECSA, and more of catalyt-
ically active CoOOH, Ni(OH),, and oxygen vacancies, all of which
should further contribute to the activity.

4. Conclusion

In summary, we successfully fabricated a core-shell structure where
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Fig. 6. A proposed OER dual-metal-site mechanism for CoNi-BDC@LDH. The bimetallic active site is conjectured to reside mainly at the interface between BDC

and LDH.

CoNi-LDH nanoplates are grown on the surface of cuboidal MOFs via a
facile one-pot synthesis strategy. A unique 3D polyhedron microstruc-
ture with a coverage of numerous nanoplates is constructed by using
urea as the surface coordination buffer between LDHs and MOFs and
regulating the order of precursor introduction during synthesis. CoNi-
BDC@LDH demonstrates an excellent catalytic performance toward
OER, with the overpotential of 282 mV at 100 mA cm ™2 and Tafel slope
of 105 mV dec™! in 1 M KOH. It also exhibits an excellent chro-
noamperometric stability for over 20 h and cyclic stability over 2,000
CV cycles. The MOF structure (core) in the core-shell structure is ex-
pected to act as the scaffold onto which LDH nanosheets (shell) grow,
thereby suppressing the aggregation of the LDH sheets and providing a
higher catalytically active area. From a series of quasi-operando and ex
situ studies by Raman, ATR-FTIR, XPS and XAS, we further revealed the
intrinsic active sites in the best-performing catalyst. The desorption of
Oy from Ni—O—O—M bridge, which is conjectured to form mainly at
the interface between LDH and BDC structures, is prompted on the
multi-metal-site on the LDH surface, and upon the desorption of Oy, a
subsequent OH™ is adsorbed in the O site next to the Ni. Along with the
synergistic bimetallic effect, the high electrochemical surface area, and
the formation of CoOOH and y-NiOOH concertedly contributes to the
enhanced OER performance. This work contributes to a general strategy
for a rational design of multi-metallic hierarchical core-shell structures,
and quasi-operando studies for revealing dynamic active sites during
electrochemical processes.
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