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Revolutionizing Oxygen Evolution Reaction Catalysts:
Efficient and Ultrastable Interstitial W-Doped
NiFe-LDHs/MOFs through Controlled Topological
Conversion of Metal-Organic Frameworks

Yiwei Bao, Xiongyi Liang, Hao Zhang, Xiuming Bu,* ZiYan Cai, Yikai Yang, Di Yin,
Yuxuan Zhang, Lijie Chen, Cheng Yang, Xiulan Hu,* Xiao Cheng Zeng, Johnny C Ho,*

and Xianying Wang*

1. Introduction

Although metal-organic frameworks (MOFs) show promise as electrocatalysts

due to their unique intrinsic features, their activity and stability often fall
short. Herein, NiFe-MOFs is used as a model to introduce group VIB
metalates (Na,WO,, Na,CrO,, and Na,MoO,) into the topological conversion
process of layer double hydroxide (LDHs)/MOFs, creating a series of
interstitial VIB element-doped LDHs/MOFs catalysts. The metalates engage
in the alkaline hydrolysis process of MOF, generating LDHs on the MOF
surface. Furthermore, altering the pH value in the reaction environment can

Anion-exchange membrane water elec-
trolysis (AEMWE) is garnering signifi-
cant attention as a potentially eco-friendly
and cost-effective technology for hydro-
gen production.'?] However, the slow
kinetics of the oxygen evolution reac-
tion (OER) at the anode significantly
increases the overpotential during
AEMWE operation, leading to increased

modify the catalysts’ morphology, dopant/LDHs content, and electronic
structure. Consequently, the prepared interstitial W-doped NiFe-LDHs/MOFs
catalyst displays superior catalytic performance, with overpotentials of only
250 mV at 500 mA cm—2. Moreover, a homemade anion-exchange membrane
water electrolysis (AEMWE) system featuring the fabricated electrocatalyst as

energy consumption.>~! Among various
candidates, NiFe-based metal-organic
framework materials (MOFs) have been
extensively explored as efficient non-
precious metal OER catalysts. They

the anode can operate stably for 500 hours at 1 A cm—2. The exceptional
catalytic activity and stability stem from optimized intermediate
adsorption/desorption behavior and the unique LDHs/MOFs nanostructure.
This work not only highlights the potential of the catalysts for practical
applications but also offers a new design approach for modulating MOFs

using an alkaline hydrolysis strategy.

are seen as potential replacements for
existing Ru- and Ir-based oxide cata-
lysts, thanks to their accessible metal
sites, tunable porosity, and well-defined
periodic ~ framework  structures.[®]

Nevertheless, MOFs reported to date
still suffer from intrinsically low ac-
tivity. Specifically, the weak stability of
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organic ligands in the MOFs can cause severe structural
collapse and reconstruction during the AEMWE working
conditions.[*1!) The MOFs/layered double hydroxides (LDHs)
heterostructure, which involves the in situ topological con-
version of MOFs to LDHs on the MOFs surface, presents a
promising strategy to address these issues. This process pre-
serves the well-maintained porous channels and increases the
accessibility of LDHs."”l The topological conversion of MOFs
to LDHs process consists of two main steps: first, the cations
in the MOFs undergo a hydrolysis reaction, and then the or-
ganic ligands are substituted by hydroxide ions to form the
LDHs. This is due to the difference in the solubility product
constant between hydroxides and MOFs.['*!*] For example, Huo
reported the construction of LDHs/MOFs hierarchical hybrids,
and the characterization results proved that a high hydroxide
ion concentration can induce the gradual conversion of MOFs
to LDHs." In any case, finely regulating the composition
and morphology of LDHs/MOFs by relying solely on the ion
exchange reactions between hydroxide ions and organic ligands
is challenging. This is because the concentration of hydroxide
ions in near-neutral bases remains relatively unchanged. In-
spired by this, introducing an additional ion into the topological
conversion process of MOFs to LDHs may be a feasible option
to fine-tune the morphology and composition of LDHs/MOFs
heterostructures.

In this work, using NiFe-MOFs as a template, we prove that
the morphology and composition of NiFe-MOFs/LDHs can be
fine-tuned by introducing group VIB metalates (MO,2~: CrO,%",
MoO,*", and WO,?") during the MOFs/LDHs topological conver-
sion process. According to the XRD results and synchrotron ra-
diation characterization, the topological conversion process is fa-
cilitated by the involvement of metalates, which results in the for-
mation of interstitial VIB element-doped LDHs/MOFs catalysts.
More importantly, the morphology, dopant/LDHs content, and
electronic structure of the LDHs/MOFs heterojunction structure
can be altered by the modulation of hydroxide ions. Ultimately,
the optimized interstitial W-doped NiFe- LDHs/MOFs hybrids
show exceptional and ultra-stable OER performance; only a small
overpotential of 250 mV is required to achieve a current density
of 500 mA cm~? with a Tafel slope 60.6 mV dec™" in 1 M KOH.
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It is worth mentioning that the optimized catalysts can operate
stably for 500 hours at a current density of 1 A cm™ in a home-
made AEMWE system. Our findings not only offer an efficient
and stable electrocatalyst but also provide valuable insights for
further improving the MOF catalyst performance through alka-
line hydrolysis.

2. Result and Discussion

The process for preparing NiFeM-BDC/NF is illustrated in
Figure 1a, and the detailed preparation process is shown in
Supporting Information. Using the hydrothermal method, the
NiFe-BDC precursor is typically synthesized on nickel foam with
Ni**, Fe’*, and terephthalic acid (BDC). Subsequently, the NiFe-
BDC/NF is immersed in a metalate solution (including Na, WO,,
Na,CrO,, and Na,MoO,) to fabricate the final electrocatalyst. The
morphologies of NiFe-BDC and corresponding NiFeM-BDC were
initially characterized by scanning electron microscopy (SEM).
The NiFe-BDC sample displays a stacking layered nanosheet
structure (Figure 1b). Following the ion-exchange process with
various metalates, all NiFeM-BDC samples exhibit the same
stacking layered nanosheet structure as the original NiFe-BDC,
which indicates that the ion-exchange process has an insignifi-
cant impact on the morphology, as shown in Figure 1c—e. More-
over, due to the limited detection depth (= 10 nm), the atomic
ratio results from the X-ray photoelectron spectroscopy (XPS)
can provide a more reliable result on the nickel foam.!* Specif-
ically, the atomic ratio of metallic elements in several materials
within NiFeM-BDC is as follows: W (0.6%) < Mo (7.6%) < Cr
(15.8%). The order of the atomic ratio of heteroatoms in NiFe-
BDC is consistent with the order of the dissociation constant
(pK,) magnitude of the metalate: pK, (Na,WO,) = 2.7 X 107* <
pK, (Na,MoO,) =1 x 1078 < pK, (Na,CrO,) = 1.4 x 107/, prov-
ing that the doping ratio is mainly controlled by the magnitude
of pK,. Then, taking NiFeW-BDC as an example, atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
were further employed to confirm that the synthesized NiFeW-
BDCis composed of stacked nanosheets with a thickness of about
1.5 nm (Figure 1f,g). Additionally, the energy dispersive spec-
troscopy (EDS) element mapping of NiFeW-BDC demonstrates
that the elements of Ni, Fe, W, and C are present and uniformly
distributed in the sample, confirming the successful preparation
of NiFeW-BDC (Figure 1h—m). Furthermore, as shown in the full
XPS spectrum (Figure S1, Supporting Information), in addition
to the sharp peaks of Ni 2p, Fe 2p, O 1s, and Cls, the peaks of
W 4f (35.52 eV), Mo 3d (232.18 V), and Cr 2p (588.08 eV) can
also be observed, which fully indicates the successful synthesis
of NiFeM-BDC.

At the same time, identifying the presence form in which the
metalate (CrO,*~, MoO,*~, and WO,?") exists in NiFeM-BDC is
essential. First, X-ray diffraction (XRD) patterns demonstrate that
NiFe-BDC/NF and NiFeM-BDC/NF have the same crystal struc-
ture as nickel-based MOFs (Figure 2a). Also, the enlarged image
in Figure 2b indicates that all NiFeM-BDC samples exhibit no
peak shift, suggesting that the metalate ions are not in the form of
intercalation.['”18) More importantly, no NiMO, or FeMO, char-
acteristic peaks are observed in the XRD pattern because a trace
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Figure 1. a) Schematic of the NiFeM-BDC preparation (M including W, Cr, Mo) on the nickel foam substrate. Blue represents Ni, purple represents Fe,
red represents O, white represents H, gray represents C, dark blue represents W, light blue represents Cr, gray represents Mo; SEM images of b) NiFe-
BDC, c) NiFeW-BDC, d) NiFeCr-BDC and e) NiFeMo-BDC; The scale bar in the (b—e) is 100 nm; f) AFM image of the NiFeW-BDC and the corresponding
(g) TEM image; h—-m) element mapping images, including Ni, W, Fe, C, and mix, respectively.

amount of metalate is added, suggesting the reaction between
metalate and cations may not follow Equation 1.1

NiFe** + MO}~ = NiFe (MO,) (1)

Furthermore, in Figure 2c, the O 1s spectrum of the fabri-
cated samples shows three typical characteristic peaks, includ-
ing 532.78 eV (absorbed water), 531.08 eV (C-O) and 529.58 eV
(metal-0), respectively.l'”) Compared with NiFe-BDC, the signif-
icantly increased metal-O peak intensity indicates the formation
of metal hydroxide. Because of the larger pK, of Na,CrO,, the
higher hydroxide concentration in the precursor solution during
the preparation process increases the metal hydroxide product
content on the MOF surface (Equations 2 and 3).

Na,CrO, + 2H,0 % 2Na* + 20H" + H,CrO, 2)
NiFe?* (BDC) + 2Na* + 20H"~ % NiFe(OH), + Na,BDC  (3)

To further confirm the present form of metalate, X-ray absorp-
tion fine structure analysis was employed to explore the local

structure and chemical states. The X-ray absorption near edge
structure (XANES) showed a slight attenuation of both Ni K-edge
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and Fe K-edge in NiFeW-BDC compared to the pristine NiFe-
BDC samples, suggesting a lower valence state for both Ni and
Fe states (Figure 2d,e). For the W L-edge spectra, the W atom in
the NiFeW-BDC sample connects with oxygen atoms (Figure 2f).
Then, the corresponding R-space extended X-ray absorption fine
structure (EXAFS) spectra are explored. In the Ni K-edge EXAFS
spectra, the prominent peaks at 1.5 A for both NiFe-BDC and
NiFeW-BDC are associated with Ni—O bonds (Figure 2g). The Fe
K-edge EXAFS spectra of the NiFe-BDC and NiFeW-BDC sam-
ples revealed three significant peaks: Fe-O (1.97), Fe-Fe (2.68) and
Fe-Fel (2.93) (Figure 2h). Further, based on the fitting results, the
Ni active site’s coordination number shows a minor change (from
6.3 + 0.8 in NiFe-BDC to 6.4 + 1.4 in NiFeW-BDC). In contrast,
the coordination number of Fe significantly changed (Tables S1
and S2, Supporting Information). Specifically, the coordination
numbers for Fe-O, Fe-Fe, and Fe-Fel changed from 4.4 + 0.3 to
46+03,30+1.1t03.2+1.1,and 7.0 + 1.1 to 6.3 + 0.9, re-
spectively. Only the W—O bond located at 1.3 A is detected in the
W L-edge EXAFS spectra, with no observable W—W bond peak in
NiFeW-BDC, and the coordination number is 2.7 + 0.6 (Figure 2i,
Table S3, Supporting Information). The coordination number of
the W (2.7 + 0.6) is totally different from the Ni (6.4 + 1.4) and
Fe (4.6 = 0.3). As we know, there are two types of heteroatom
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Figure 2. a) XRD pattern, b) enlarged XRD pattern and c) O 1s XPS spectrum of NiFeM-BDC and NiFe-BDC, respectively. d) Ni K-edge, e) Fe K-edge, and
f) W L-edge spectra of NiFeW-BDC, NiFe-BDC, and reference samples. g—i) Fourier-transform EXAFS K3-weighted spectra of NiFeW-BDC and reference

samples.

doping: substitutional doping and interstitial doping. Based on
above analysis: (1) the trace amount of W in the final electrocat-
alyst, no new phases containing W were observed in the XRD
pattern and the totally different coordination number (2.7 + 0.6)
with that of oxide (6), indicating W is in the dopant form rather
than the oxide, (2) the coordination number of the W (2.7 + 0.6)
is entirely different with the Ni (6.4 + 1.4) and Fe (4.6 + 0.3), con-
firming the W is not a substitutional dopant replacing Ni or Fe
sites. Thus, the W can only be in the form of interstitial dopant
in the final electrocatalyst.

To shed light on the effect of various metalates on electro-
chemical performance, we assessed the cyclic voltammetry (CV)
curves of NiFeM-BDC in a standard three-electrode electrolyte

Adv. Energy Mater. 2024, 14, 2401909 2401909 (4 of 10)

with 1 M KOH as the electrolyte (Figure 3a). The catalytic ac-
tivity of NiFeM-BDC was found to follow the order of NiFeW-
BDC > NiFeMo-BDC > NiFeCr-BDC > NiFe-BDC in the absence
of IR compensation. NiFeW-BDC exhibits superior OER perfor-
mance compared to other electrocatalysts; only an overpotential
of 192, 300, and 730 mV is required to achieve a current den-
sity of 10, 100, and 500 mA cm™2, respectively, which is signif-
icantly smaller than that of NiFe-BDC (210, 557, and 1176 for
the same current densities of 10, 100, and 500 mA cm™2, respec-
tively). Figure 3b provides detailed overpotential data necessary to
achieve the current density of 200 and 500 mA cm™2. It should be
noted here all nickel foam substrates were prepared using a laser
cutting machine, and the CV results of each sample were based
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Figure 3. a) CV curves and b) overpotential of NiFeM-BDC and NiFe-BDC for the current density of 200 mA cm~2 and 500 mA cm~2; c) Tafel slope and

d) Cy, values of NiFeM-BDC and NiFe-BDC.

on five separate tests (Figure S2, Supporting Information). In ad-
dition, the Tafel slope shown in Figure 3c indicates that NiFeW-
BDC has the lowest Tafel slope value (60.64 mV dec™!), followed
by NiFeMo-BDC (65.44 mV dec™!) and NiFeCr-BDC (62.65 mV
dec™!), suggesting a fast reaction kinetics.!?”) The electrochemi-
cal active surface area (ECSA) of these electrocatalysts is obtained
by analyzing the CV curves in the non-Faraday region, and the re-
sults indicate that NiFeW-BDC has the highest ECSA (Figure 3d;
Figure S3, Supporting Information). Then, the actual intrinsic
activities of the catalysts are determined by normalizing the cur-
rent density with ECSA (Figure S4, Supporting Information).
Clearly, NiFeW-BDC has the highest intrinsic activity among all
these electrocatalysts.[?!) Moreover, Nyquist plots demonstrate a
comparable pattern where NiFeW-BDC/NF displays the lowest
charge transfer resistance of 0.05 Q (Figure S5, Supporting In-
formation), consistent with the Tafel slope analysis.[?]

Since introducing metalate into the MOFs can effectively mod-
ulate the catalytic activity, better catalytic performance may be
achieved by adjusting the dopant concentration. Besides the role
of hydroxide ions in the alkaline hydrolysis of MOFs, metallic
acid, an inorganic compound, also undergoes hydrolysis when
it is in an aqueous solution. Taking Na,WO, as an example, the
WO,?" ion initially undergoes hydrolysis with water to produce
H,WO,. Due to the weak acidity characteristics of H,WO,, it par-
tially dissociates in water to create H* and WO,*~, which is in a
state of dynamic equilibrium (Equations 2 and 4). Therefore, reg-
ulating the degree of dissociation of Na, WO, by pH is a practical

Adv. Energy Mater. 2024, 14, 2401909 2401909 (5 of 10)

and feasible approach for controlling the concentration of W and
the doping ratio in NiFe BDC.

2H,WO, +4H,0 = WO, + 4H,0" (4)

To validate this hypothesis and its controllability, we adjusted
the pH of the Na,WO, solution from 8 to 14 using 6 M KOH.
The SEM images (Figure 4a—f) show that the hydroxide ion con-
centration significantly affects the NiFe-BDC surface morphol-
ogy. The stacking layer structure became more prominent in the
pH range of 9-12. In contrast, when the pH value is increased to
13, excessive hydroxide ion concentrations lead to the collapse of
the nanosheet skeleton stacking layers. The impact of pH on the
morphology of NiFe-BDC is predominantly a result of the acid-
base reaction. This reaction leads to the destruction of the organic
linker and the sequestration of metal ions, which in turn etches
the nanosheet (Equation 3).[2*l When the pH value reaches a crit-
ical point, the MOF surface will be selectivity destroyed, making
the crystallographic directions richer. Thus, when the catalyst is
in situ prepared on the surface of nickel foam, this destruction of
the surface selectivity will make the stacking-layer structure dis-
appear and significantly reduce the specific surface area. More-
over, due to the final nickel-containing catalysts prepared on the
nickel foam, to avoid the interference of nickel foam on ICP anal-
ysis, wherein the atomic ratio of W element obtained via the ICP
technique is normalized by Fe element (atomic ratio of W/Fe) to
make a side-by-side comparison between different samples.
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Figure 4. a—f) SEM images of the NiFeW-BDC samples prepared at pH 9.1, 10.1, 11.1, 12.7, 13.1, and 14.1, respectively. g) The W atomic ratio normalized
by the Fe element; h) XRD pattern and i) O 1s XPS spectra of the NiFe-BDC and NiFe-BDC, respectively. j) The liner sweeping voltammetry curves of the

catalyst fabricated at different pH values; k) Electrochemical performance comparison at the current density of 10 mA cm™

NiFe-MOF-based materials.

The atomic ratio between W/Fe elements increases with the
increasing pH value, reaching a maximum value of ~0.2 at pH
12.1, followed by a decrease in the atomic ratio as the pH con-
tinues to increase (Figure 4g). In addition, since the nickel foam
proceeded to corrode during the hydrothermal process with the
existence of Fe ions, the nickel foam dissolved into nickel ions.!**]
Thus, though the Ni/Fe ratio in the precursor is 1:2, the atomic ra-
tio of W in the final electrocatalyst is smaller than the range 0.06
at% (pH = 8) ~ 0.12 at% (pH = 12). Meanwhile, XRD results
indicate that the post-alkaline treatment influences the surface
morphology of MOF rather than its crystal structure (Figure 4h).
The O 1s spectrum results in the enhanced hydroxide concen-
tration, yielding an improved amount of metal hydroxide con-
tent in the final product, further indicating introducing meta-
lates into the MOFs alkaline hydrolysis reaction can achieve a
modification of morphology and composition in a wide pH range
(Figure 4i). Then, for the W 4f spectrum, with the surface LDHs

Adv. Energy Mater. 2024, 14, 2401909 2401909 (6 of 10)

2 among recently reported

concentration increasing, the binding energy exhibits an appar-
ent blue shift, which may be due to the enhanced electronic inter-
action between the W and LDHs (Figure S6, Supporting Informa-
tion). Then, the electrochemical performance in Figure 4j clearly
demonstrates the activity can be adjusted via pH, in which when
the pH is 11, the NiFeW-BDC exhibits the best performance; only
188.36, 235.9, and 299.1 mV is needed to achieve the 10, 100 and
400 mA cm~2 with a Tafel slope of 51.1 mV dec™! (Figure S7, Sup-
porting Information). The superior OER performance of NiFeW-
BDC outperforms most of the recently reported NiFe-based elec-
trocatalysts (Figure 4k).[2>~*] Although the trend in electrochem-
ical performance does not align with the variation in atomic ratio,
the superior electrochemical performance is likely due to the op-
timized ratio of dopants and the improved surface area.

Due to the superior OER performance of NiFeW-BDC in the al-
kaline solution, an AEMWE water electrolysis is assembled with
the fabricated NiFeW-BDC as the anode and homemade NiFe/Pt
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Figure 5. a) Schematicillustration of the AEM electrolyzer; b) Polarization curves of the NiFe-BDC and NiFeW-BDC in the AEM electrolyzer; c) Chronopo-

tentiometry test at 1000 mA cm~2 in the AEM electrolyzer.

LDHs as the cathode (Figure 5a; Figure S8, Supporting Infor-
mation). As shown in Figure 5D, the overall water-splitting per-
formance of the NiFe-BDC and NiFeW-BDC was evaluated at
room temperature. To achieve the current density of 10, 500, and
1000 mA cm~2, NiFeW-BDC only requires the potential of 1.47,
1.84, and 1.99 V, which is much smaller than of the original NiFe-
BDC (375.34 mA cm™? for 2 V). More importantly, the catalyst
maintained a stable voltage of 2 V for over 500 h without signifi-
cant changes at a constant current density of 1000 mA cm~2, con-
firming the excellent electrochemical stability of NiFeW-BDC and
the ultrastable performance in the large current density should
be attributed to the protection of LDHs on the MOFs surface
(Figure 5c¢). Furthermore, the SEM, XRD, and XPS results of the
catalyst after stability were characterized; the results showed the
NiFeW-BDC still kept layer nanostructure, and in situ reconstruc-
tion occurred in the electrochemical oxidation environment, ex-
hibiting amorphous characteristics (Figures S9-S11, Supporting
Information).

To gain further insight into the underlying synergistic effect
between the multi-component on electronic structure as well as
the catalytic activity from orbital scale, density functional theory
(DFT) computations were performed. First, the interstitial W-
doped NiFe-LDHs/MOFs crystal structure was optimized based
on the XANES and EXAFS results (Figure 6a, b; Figure S12,
Supporting Information).*l The optimized LDHs/MOFs theo-
retical model was based on the data from Cambridge Structure
Database.[*’] In addition, the M-OH and M-OOH characteristic
vibration peaks are observed during the electrochemical process
with the in situ Raman characterization (Figure S13, Support-
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ing Information).[*#’] Thus, to evaluate the OER catalytic per-
formance and the active sites of these models, the Gibbs free en-
ergy profiles of the four-electron pathway for each surface with
intermediates (i.e., OH*, O*, and OOH¥) at alkaline conditions
were investigated, which are shown in Figure 6¢ (Supplemen-
tary Computational detail).*®] At U = 0, NiFe-BDC's potential de-
termining step (PDS) is the last electron transferred step with
an energy change of 2.17 eV, in which adsorbed OOH* reacts
with additional OH~ to form O, and H,0O. Due to excessively
strong adsorption of OOH* intermediate (difficult to form O,
and H,0), the NiFe-BDC exhibits a high theoretical overpotential
of 0.94 V. Obviously, the addition of W can significantly weaken
the adsorption of all intermediate (Ggpy+, Gos, and Ggopy+ from
0.27,1.00 and 2.75 eV to 1.01, 2.19 and 3.82 eV) and thus facili-
tate the OER process. The PDS of NiFeW-BDC is changed to the
formation of adsorbed OOH¥*, and the overpotential markedly
decreases to 0.40 V. In comparison, introducing Cr leads to ex-
cessively strong adsorption of reaction intermediates, while the
NiFeMo-BDC shows too weak affinity to intermediates. Hence,
due to either too strong or too weak binding energy for inter-
mediates, NiFeCr-BDC and NiFeMo-BDC possess high theoret-
ical overpotentials of 1.08 and 0.82 V, respectively. Evidently, the
above results indicate that introducing W can effectively mod-
ulate the adsorption of intermediates, thus enhancing the OER
catalytic activity, which agrees well with the experimental results.

In order to reveal the enhanced mechanism of NiFeW-BDC
on OER activity, the electronic properties, including the projected
density of states (PDOS), projected crystal orbital Hamilton pop-
ulation (pCOHP), and charge transfer analysis, were calculated.
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Figure 6. a, b) Optimized structure of NiFeW-BDC; c) Free energy diagram of OER for NiFeM-BDC and NiFe-BDC (M = W, Mo, and Cr); d, e) Electron
transfer diagram between the electrocatalyst surface and OH* intermediate (yellow and cyan clouds indicating charge density accumulation and de-
pletion, and isosurface values are set at +2.0x10™* e A‘3); h—k) pCHOP for OH* adsorbed on NiFe-BDC, NiFeMo-BDC, NiFeCr-BDC and NiFeW-BDC,

respectively.

As the adsorption of OH* is the first step and the adsorption
energy scaling relation in OER, we will focus on this step in
the following discussions. The bonding between the active cen-
ter and OH* is dominated by their 3d orbitals and p orbitals.
Based on the orbital symmetry, the strong ¢ and ¢* bonds can
be formed by the hybridization between the d,, and p, orbitals,
while the weak z and z* bonds can be formed by the hybridiza-
tion between the d,, ,, and p, , orbitals.*>l From PDOS shown
in Figure S14 (Supporting Information), it is noted that dz?, d,,,
and d,, orbitals of Ni or Fe atoms are well overlapped with the p
orbitals of O in OH*, suggesting that these orbital hybridizations
determine the adsorption strength of OH¥*, and finally affect the
OER activity. The NiFe-BDC and NiFeCr-BDC exhibit more stable
bonding states with lower energy, validating its stronger affinity
to OH*. Compared to NiFeW-BDC, which has suitable bonding
states, NiFeMo-BDC has bonding states that are too high, which
would hinder the adsorption of OH*. The charge analysis can
further clarify bonding properties. Similarly, adsorbed OH* ac-
cepts a moderate electron of 0.52 e~ for the NiFeW-BDC system
(Figure 6d-g). Additionally, the adsorption of OH* can be re-
flected by pCOHP analysis, which is widely used to investigate
the bonding and anti-bonding contribution quantitatively.[*+>1]
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As depicted in Figure 6h-k, all of the bonding of d-p hybridized
orbitals are located below the Fermi level, indicating that these or-
bitals are full-filled, while the anti-bonding is half-filled. NiFeMo-
BDC model yields the largest ICOHP (integrated COHP) values
with an order of NiFeMo-BDC (—2.61 eV) > NiFeW (—2.85 eV)
> NiFe (-2.87 eV) > NiFeCr (—2.91 eV). This suitable ICOHP
for NiFeW suggests a reasonable bonding affinity to OH*, thus
boosting the OER activity. According to our DFT results, it is
concluded that the superior catalytic activity of NiFeW-BDC is
attributed to the optimization of the electronic structures in-
duced by W doping and their corresponding effects on the ad-
sorption/desorption of intermediate (OH*, O*, and OOH*).

3. Conclusion

In summary, VIB metalates (including Na,WO,, Na,CrO,, and
Na,MoO,) are adopted as a versatile toolbox to trigger the
MOFs/LDHs topological conversion to fabricate a series of OER
catalysts. Based on XRD, XPS, XANES, and EXAFS characteriza-
tion results, the metalates played a vital role in the alkaline hy-
drolysis process of NiFe-BDC, resulting in the generation of in-
terstitial M-doped NiFe-LDHs/MOFs. Furthermore, varying the
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pH value could significantly modify the catalysts’ composition,
morphology, and electronic structure by regulating the hydrolysis
of metalates and MOFs. The final optimized interstitial W-doped
NiFe LDHs/MOFs demonstrated superior catalytic performance,
with overpotentials of only 250 mV at current densities of 500 mA
cm~2. Moreover, the homemade AEMWE could operate stably at
a current density of 1 A cm~2 for 500 hours. The excellent catalytic
activity and stability can be attributed to the optimized intermedi-
ate adsorption/desorption behavior and the unique LDHs/MOFs
nanostructure. Our work not only demonstrates the potential of
interstitial W-doped NiFe LDHs/MOFs for practical applications
but also provides a new design approach for modulating MOFs
by alkaline hydrolysis strategy.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
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