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Precise Anchoring of Fe Sites by Regulating Crystallinity of
Novel Binuclear Ni-MOF for Revealing Mechanism of

Electrocatalytic Oxygen Evolution

Xingiang Liu, Shibiao Su, Haoran Yin, Shifan Zhang, Tayirjan Taylor Isimjan, Jin Huang,*

Xiulin Yang,* and Dandan Cai*

Bimetallic metal-organic framework (BMOF) exhibits better electrocatalytic
performance than mono-MOF, but deciphering the precise anchoring of
foreign atoms and revealing the underlying mechanisms at the atomic level
remains a major challenge. Herein, a novel binuclear NiFe-MOF with precise
anchoring of Fe sites is synthesized. The low-crystallinity (LC)-NiFe, ;;-MOF
exhibited abundant unsaturated active sites and demonstrated excellent
electrocatalytic oxygen evolution reaction (OER) performance. It achieved an
ultralow overpotential of 230 mV at 10 mA cm~2 and a Tafel slope of

41 mV dec™'. Using a combination of modulating crystallinity, X-ray
absorption spectroscopy, and theoretical calculations, the accurate metal
sequence of BMOF and the synergistic effect of the active sites are identified,
revealing that the adjacent active site plays a significant role in regulating the
catalytic performance of the endmost active site. The proposed model of

1. Introduction

In order to achieve the goal of “carbon
peak” and “carbon neutralization”, the ex-
ploration of renewable and green energy
has garnered significant attention. Hydro-
gen energy with zero-carbon emissions and
high energy density is considered a po-
tential energy carrier.['l Electrocatalytic wa-
ter splitting offers a promising strategy
for producing high-purity hydrogen. How-
ever, its efficiency is severely limited by
the sluggish kinetics of the anodic oxy-
gen evolution reaction (OER).2! Although
IrO, and RuO, have been widely stud-
ied as commercial OER catalysts, their

BMOF electrocatalysts facilitates the investigation of efficient OER

electrocatalysts and the related catalytic mechanisms.

X. Liu, S. Su, D. Cai

School of Chemical Engineering and Technology
Sun Yat-sen University

Zhuhai 519082, P. R. China

E-mail: caidd6@mail.sysu.edu.cn

X. Liu, S.Su, H.Yin, S. Zhang, X. Yang, D. Cai

Guangxi Key Laboratory of Low Carbon Energy Materials
School of Chemistry and Pharmaceutical Sciences
Guangxi Normal University

Guilin 541004, P.R. China

E-mail: xlyang@gxnu.edu.cn

T.T.Isimjan

Saudi Arabia Basic Industries Corporation (SABIC)

King Abdullah University of Science and Technology (KAUST)
Thuwal 23955-6900, Saudi Arabia

J.Huang

Pharmaceutical College

Key Laboratory of Micro-Nanoscale Bioanalysis and Drug Screening of
Guangxi Education Department

Guangxi Medical University

Nanning 530021, P.R. China

E-mail: huangjin@mailbox.gxnu.edu.cn

The ORCID identification number(s) for the author(s) of this article

can be found under https://doi.org/10.1002/smll.202306085
DOI: 10.1002/smll.202306085

Small 2023, 2306085

2306085 (1 of 10)

scarcity and high cost impede their in-
dustrial application.’! Therefore, extensive
efforts have been dedicated to develop-
ing low-cost and high performance alter-
natives to precious metal-based catalysts.

Metal-organic framework (MOF) is formed by coordination
bonds between metal atom nodes and organic ligands with pe-
riodic structural units.! MOF have been widely applied in var-
ious fields including gas adsorption, separation, chemical sen-
sors, drug delivery, and catalysis by their virtue of high porosity
and multifunctionality.l’! Unfortunately, the electrocatalytic ap-
plications of MOF are hampered by poor electrical conductivity
and blockage of active sites by organic ligands.[! Various effective
strategies such as metal doping,I”! morphological control,[®! facet
engineering,®! and lattice strain,!'%! have been employed to im-
prove electrocatalytic performance. For instance, Zhou et al. 7l
demonstrated that integrating hetero-metals into MOF for OER
could enhance their electrocatalytic performance and provide in-
sights into underlying mechanisms. Moreover, it is well-known
that tri-metallic or dual-metallic MOF exhibit enhanced OER ac-
tivities compared to single-metal MOF due to synergistic effects
between hetero-metals, as supported by theoretical calculations
and experimental observations.['!l However, the precise positions
of foreign metals within MOF structure remain unclear, hinder-
ing the elucidation of underlying electrocatalytic mechanisms at
the atomic level.

It is well-known that the reconstruction of MOF typically
appears during OER.I'2] The high-valence metal active sites
are formed during self-reconstruction, which is conducive
to improving catalytic activity.l'*} Deliberately regulating the

© 2023 Wiley-VCH GmbH
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Scheme 1. Synthesis scheme of LC-NiFe,-MOF (x = 0.25, 0.33, 0.50, 1.0).

crystallinity of MOF is another crucial factor for improving
OER electrocatalytic performance and understanding the cor-
responding mechanisms.n" Specially, low-crystallinity or amor-
phous materials, which possess long-range disorder but short-
range ordered structures, can accelerate the occurrence of the
reconstruction.! Additionally, the structural flexibility of short-
range ordered regions allows the materials to self-regulate and
withstand structural disturbances during electrocatalysis, lead-
ing to obtain many unsaturated active sites.'®) Furthermore,
coordinately unsaturated bonds with random orientation and
aperiodic structures can facilitate electrocatalytic reactions by
accelerating changes associated with intermediate bonding on
the catalyst surface.l'’] For example, Liu and co-workers re-
ported low-crystallinity COOOH nanosheet arrays (LC-CoOOH
NAs/CFC) with short-range ordered grains obtained through an
electrochemical strategy. LC-CoOOH NAs/CFC exhibited supe-
rior OER performance compared to high-crystallinity CoOOH
NAs/CFC due to its abundant edge sites of CoOOH and oxy-
gen vacancies.'®! Similarly, Huang’s group achieved control-
lable amorphous engineering of bimetallic MOF, transitioning
from crystalline to amorphous structures by adjusting the Co/Fe
ratio. The resulting amorphous Co,Fe,-MOF demonstrated a
low overpotential of 241 mV at 10 mA cm~2 and a Tafel slope
of 30.1 mV dec™'.1"”! Unfortunately, MOF tend to adopt well-
crystalline structures with infinite arrays and perfect symme-
try due to the mutual matching of electron-withdrawing and
electron-donating groups under fixed reaction conditions.!?’! The
active sites in well-crystalline MOF are confined within the
framework, limiting the improvement of catalytic activities.[?!]
Therefore, developing effective strategies to regulate the crys-
tallinity of bimetallic MOF to improve electrocatalytic perfor-
mance and elucidate the OER electrocatalytic mechanism by
precisely anchoring foreign atoms within the MOF structure is
highly sought-after but challenging.

In this study, we achieved precise anchoring of Fe sites onto
binuclear NiFe-MOF through structural evolution from well-
crystallinity to low-crystallinity, induced by high-valence Fe ions.
Thermal gravimetric analysis (TGA) and X-ray absorption spec-
troscopy (XAS) accurately confirmed that the Fe sites were lo-
cated at the Ni, site of Ni-MOF. The introduction of high-valence
Fe ions led to mismatched coordination between metal sites and
ligands. This unique local architecture endowed the MOF with
more available active sites and greatly improved charge trans-
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fer. Density functional theory (DFT) calculations revealed that
the atomically exposed Ni-Fe dual-metal sites actively partici-
pated in the OER process, optimizing the d-band center and
binding strength of intermediates. Benefiting from the unique
long-range disordered structure of low crystallinity, the opti-
mized LC-NiFe,;;-MOF electrode exhibited superior OER per-
formance with a low overpotential of 230 mV at a current density
of 10 mA cm~2 and a corresponding Tafel slope of 41 mV dec™.
This work not only provides a suitable approach to regulate the
crystallinity of MOF but also offers a new strategy for precise
anchoring of foreign atoms onto MOF and understanding the
structure-activity relationship for electrocatalysis.

2. Results and Discussion

The synthetic procedure of C-Ni-MOF and LC-NiFe -MOF is
depicted in Scheme 1. Initially, metal ions (Ni** and Fe’)
and 2,6-naphthalenedicarboxylic acid (NDA) organic ligands
were mixed together in a solvent, resulting in a homogeneous
solution.

It is important to note that the feeding ratio of Ni/Fe was
maintained at 1:0.25, 1:0.33, 1:0.5, and 1:1.The LC-NiFe -MOF
(x =0.25, 0.33, 0.5, 1.0) was successfully synthesized through a
one-step solvothermal process. The actual ratio of Ni and Fe in
the LC- NiFe,-MOF samples was determined using inductively
coupled plasma-mass spectroscopy (ICP-MS). The results indi-
cated that the actual metal molar ratio in the products was con-
sistent with the metal moles used in the synthesis (Table S1, Sup-
porting Information). Crystalline single-metallic Ni-MOF (C-Ni-
MOF) was also synthesized using a similar method to LC-NiFe,-
MOF but without the addition of Fe ions.

Interestingly, the crystal structure of the as-synthesized C-Ni-
MOF was simulated based on a known crystal structure of Co-
MOF (CCDC no. 231755).1%%] In the simulation, the metal centers
Co and DMF ligands were substituted with Ni and ethanol, re-
spectively. Furthermore, the structure information of C-Ni-MOF
was obtained through Rietveld refinement of the corresponding
powder X-ray diffractometry (PXRD) data. As shown in Figure 1a,
the simulated structure of Ni-MOF exhibited a 3D structure. The
Ni ions are coordinated by six O atoms in two different ways. The
Ni, 2* ion was coordinated by six oxygen atoms, two from carboxy-
late ligands, two from H, O, and two from ethanol. The coordina-
tion environment of the Ni,?* ion consisted of two oxygen atoms
from carboxylate ligands and four O atoms from H,O molecules.
The two Ni** ions were bridged by a y,-H,O molecule at the axis
position. The refinement model was stable with low R-factors, as
shown in Figure 1b and Table S2 (Supporting Information).

PXRD was conducted to analyze the phase transition and
the degree of crystallinity evolution of the synthesized samples.
Figure 1b provided further evidence that the structure of C-Ni-
MOF, measured from the PXRD data, corresponded to our sim-
ulated Ni-MOF structure, indicating that the as-synthesized C-
Ni-MOF possessed high crystallinity. In comparison, the main
diffraction peaks of LC-NiFe,-MOF samples became weaker and
exhibited a broad “hump” pattern, suggesting a decrease in crys-
tallinity (Figure 1c). As the number of introduced Fe?* ions in-
creased, the intensity of characteristic diffraction peaks showed
a trend of weakening and then strengthening. When the mo-
lar ratio of Ni/Fe reached 1:0.33, the intensity of the diffraction
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Figure 1. a) The coordination modes of the octahedral Ni atoms. b) Pawley refinement of PXRD pattern of C-Ni-MOF. c) PXRD patterns of C-Ni-MOF,
A-Fe-MOF, and LC-NiFe,-MOF (x = 0.25, 0.33, 0.50, and 1.0). d) FT-IR spectra of NDA, C-Ni-MOF, A-Fe-MOF, and LC-NiFe -MOF (x = 0.25, 0.33, 0.50

and 1.0). TG and DTG curves of ) C-Ni-MOF and f) LC-NiFe 33-MOF.

peaks was the lowest. In contrast, when Fe** ions were solely
coordinated with NDA ligands (forming A-Fe-MOF), the PXRD
patterns exhibited typical amorphous features. This phe-
nomenon could be attributed to the disturbance of local electrons
near the Ni** center caused by the introduction of Fe* ions.[?%"]
Therefore, the results confirmed that the precise anchoring of Fe
sites onto the novel binuclear MOF was achieved through the in-
troduction of high-valence Fe ions, leading to the formation of a
low-crystallinity structure.

Fourier transform infrared (FT-IR) spectroscopy was con-
ducted in the range of 4000-400 cm™ to detect the functional
groups of C-Ni-MOF and LC-NiFe -MOF. Figure 1d showed
that the absorption peak at 1690 cm™! corresponded to the pres-
ence of protonated carboxyl groups (—COOH) in NDA.[?)] Upon
coordination, C-Ni-MOF and LC-NiFe -MOF exhibited charac-
teristic peaks at 1575 and 1400 cm™!, which were assigned to
the asymmetric and symmetric stretching vibrations of coordi-
nated carboxylate groups, respectively.?*l Additionally, the peak
at 475 cm™! indicated the formation of M—O bonds between the
carboxylic groups of NDA and Ni/Fe atoms.!*’] These results con-
firmed the successful preparation of C-Ni-MOF and LC-NiFe,-
MOF. Raman spectroscopy also provides similar results to FT-IR
(Figure S1, Supporting Information).

To demonstrate the role of Fe** in the low crystallization pro-
cess, the metal source in the reaction was changed to Fe** under
the same Ni/Fe ratio, resulting in C-NiFe,;;-MOF. Figure S2a
(Supporting Information) reveals that C-NiFe ;;-MOF shared a
similar crystal phase with C-Ni-MOF, indicating that incorporat-
ing Fe* into the framework did not alter its crystal structure. Ra-
man spectra (Figure S2b, Supporting Information) confirms the
coordination of the carboxylic group of NDA with Fe?* ions. This
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experimental evidence highlighted the crucial role of anchoring
Fe3* in the low crystallization process.

TGA was performed to examine the molecular structure and
thermostability of C-Ni-MOF and LC-NiFe,,;-MOF. Figure 1e
shows that C-Ni-MOF exhibited three weight losses at 18.4%,
7.5%, and 45.5% between 25 and 800 °C. Similarly, LC-NiFe,, ;-
MOF displayed three weight losses at 9.8%, 7.9%, and 47.3%
(Figure 1f). The first weight loss (25-175 °C) corresponded to the
removal of ethanol molecules. Interestingly, C-Ni-MOF lost four
ethanol molecules, while LC-NiFe,,;-MOF lost only two. This
suggested that the absence of coordinated ethanol ligands on the
Ni, site in LC-NiFe 5;-MOF led to a local aperiodic arrangement
of the framework.?** The second weight loss (175-388 °C) corre-
sponded to the release of water molecules, and the third weight
loss (388-550 °C) was attributed to the decomposition of NDA
groups. And, the surface area of the samples, as determined by
N, adsorption-desorption isotherms (Figure S3, Supporting In-
formation), indicated an increase in surface area for LC-NiFe ;3-
MOF. This suggested that the unsaturated material with a short-
range ordered structure enhanced porosity, providing more ac-
cessible active sites and facilitating mass transfer during the elec-
trocatalytic process.2%] This effect was further supported by elec-
tron paramagnetic resonance (EPR) analysis (Figure S4, Support-
ing Information), where LC-NiFe ;;-MOF exhibited a significant
signal indicating the presence of unpaired electrons, while no de-
tectable EPR signal was observed for C-Ni-MOF. Interestingly,
the presence of unpaired electrons in MOF displayed the ability
to increase the localization of metal 3d electrons near the Fermi
level and generate unsaturated coordination active sites on the
catalyst surface. These active sites played a crucial role in optimiz-
ing the adsorption and dissociation energy of oxygen-containing
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Figure 2. a) Ni K-edge XANES spectra, and b) K3-weight EXAFS spectra Fourier-transformed EXAFS spectra of C-Ni-MOF, LC-NiFe 33-MOF and their
references. c) The magnitude fitting of Fourier transform R-space EXAFS (data-line and fit-circles) for C-Ni-MOF. d) Fe K-edge XANES spectra, and
e) K3-weight EXAFS spectra of LC-NiFey 33-MOF and their references. f) The magnitude fitting of Fourier transform R-space EXAFS from various LC—
NiFey 33-MOF at Fe K-edge. g—i) WT-EXAFS of C-Ni-MOF and LC-NiFe 33-MOF for Ni K-edge and Fe K-edge, respectively.

reactants, thereby significantly enhancing the catalytic activity of
the material.[*%)

X-ray photoelectron spectroscopy (XPS) was performed to in-
vestigate the surface chemical states and composition of the syn-
thesized samples. The full XPS spectrum is presented in Figure
S5 (Supporting Information). The high-resolution Ni 2p spec-
trum (Figure S6c, Supporting Information) indicated the pres-
ence of Ni’* oxidation state.®*! The Ni 2p peaks of LC-NiFe,) ;-
MOF exhibited a low shift compared to C-Ni-MOF, suggesting
a modification in the local electronic environment of Ni.l’¢ In
Figure S6d (Supporting Information), the characteristic peaks of
LC-NiFe, ;;-MOF at 711.6 eV (Fe 2p;,) and 724.8 eV (Fe 2p, ;)
corresponded to the Fe’* oxidation state.l?”] These Fe peaks were
shifted to higher binding energy compared to A-Fe-MOF. These
XPS results showed the presence of a bimetallic synergistic ef-
fectin LC-NiFe, ;;-MOF, which could influence the OER catalytic
performance. (84

To further investigate the precise anchoring of Fe sites, syn-
chrotron radiation XAS measurements were conducted.’®! The
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Ni K-edge X-ray absorption near-edge structure (XANES) spectra
of C-Ni-MOF and LC-NiFe ;;-MOF exhibited similar response
signals, indicating identical chemical structures of Ni (Figure 2a).
Notably, the white line intensity of LC-NiFe, ;;-MOF was lower
than that of C-Ni-MOF, indicating its lower crystallinity.'® The
first derivative XANES data (inset of Figure 2a) revealed that the
E, values (the first highest inflection point on the absorption
edge) at the Ni K-edge of C-Ni-MOF and LC-NiFe ;;-MOF were
both at 8341 eV, which was similar to NiO and significantly higher
than Ni foil. This confirmed the valence state of Ni’*.1?] Addition-
ally, the E; value at the Fe K-edge of LC-NiFe, ;;-MOF was close
to Fe,O; (inset of Figure 2d) based on the first derivative XANES
data, indicating that Fe in the sample had a similar valence state
to Fe** in Fe, O, and slightly higher than Fe,0,.3% These XANES
observations were consistent with the results obtained from the
XPS analysis.

Fourier-transformed extended X-ray absorption fine structure
(FT-EXAFS) spectroscopy in the R space was utilized without
phase correction to analyze the samples. The obtained FT-EXAFS
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spectra are presented in Figure 2b. The prominent peaks of both
C-Ni-MOF and LC~NiFe, ;,-MOF were observed at 1.56 A, which
was very close to the peak of NiO (1.65 A) that had a [NiO] oc-
tahedral building block. This suggested that the Ni atoms in C—
Ni-MOF and LC-NiFe, ;;-MOF possessed an octahedral coordi-
nation configuration.®!! Furthermore, the fitted EXAFS results
of the R-space spectrum for C-Ni-MOF revealed that Ni atom
was coordinated with six O atoms (Figure 2c; Figure S7 and Table
S3, Supporting Information), consistent with the Rietveld refine-
ment of PXRD data. The atomic arrangement of C-Ni-MOF is
shown in Figure S9a (Supporting Information). Interestingly, the
coordination number of LC-NiFe, ;;-MOF was slightly reduced
compared to C-Ni-MOF, and there was a slight shrinkage in
the bond distance of the Ni—O bond itself after the introduc-
tion of Fe** ions into the framework. This could be attributed
to the smaller radius of Fe** ions compared to Ni?* ions.??] Ad-
ditionally, the contracted Ni—O bond might also be influenced
by the coordination between Fe** ions and NDA ligands, poten-
tially leading to long-range disorder. The M—M (M=Ni and Fe)
peaks in both Ni and Fe K-edge EXAFS spectra of C-Ni-MOF and
LC-NiFe ;;-MOF appeared longer compared to their respective
reference materials due to the large size of NDA ligand, which
affected the long distance between metal atoms and weakened
the effective scattered signal between metals.[**] Moreover, the
intensity of the Fe—O and Fe—Fe peaks was much lower than
that of the Ni—O and Ni—Ni peaks (Figure 2e), indicating an
increased degree of disorder upon the introduction of Fe3+.[20]
The first shell-fitted EXAFS results for LC-NiFe ;;-MOF revealed
that Fe** was coordinated with four oxygen atoms, suggesting a
unique local environment for Fe3* (Figure 2f; Figure S8 and Table
S4, Supporting Information).'""! Combined with TGA data, it
was confirmed that the chemical formula of LC-NiFe,,;-MOF
contained two fewer ethanol molecules compared to C-Ni-MOF.
This implied that the two ethanol molecules in LC-NiFe,, ;;-MOF
originated from solvent guest molecules rather than coordinated
ethanol. Therefore, the Fe** ion was anchored at the sites of Ni, in
the original framework and was only coordinated to two O atoms
provided by NDA ligands and two additional O atoms from H, O,
forming a coordinatively unsaturated site. The atomic structure
arrangement of LC-NiFe ;;-MOF is revealed in Figure S9b (Sup-
porting Information).

To gain more detailed insights into the local electronic struc-
ture, a wavelet transform (WT-EXAFS) was applied to the EX-
AFS results of Ni and Fe, allowing for simultaneous information
analysis in both K space and R space. The WT contour plots re-
vealed that LC-NiFe, ;;-MOF exhibited a distinct intensity max-
imum compared to C-Ni-MOF, indicating a change in the co-
ordination environment due to the presence of shortened Ni—O
and Fe—O bonds (Figure 2g-i). The WT contour plot for Ni K-
edge EXAFS of LC-NiFe,,;-MOF showed a strong maximum
at ~1.56 A, while the Fe—O plot exhibited a slight downshift to
~1.50 A. These observations confirmed that the metal ions had
successfully coordinated with the NDA ligands, and the intro-
duction of Fe** ions had the potential to influence the original
structure of C-Ni-MOF, potentially leading to the formation of
long-range disorder. Importantly, the altered coordination envi-
ronment could impact the charge redistribution within the MOF,
which played a crucial role in the catalytic activity of the OER
process.[3*]
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Figure 3. a) Gibbs free energy diagrams for OER progress on C-Ni-MOF,
C—NiFeq 33-MOF and LC-NiFeg 33-MOF. b) PDOS of Ni and Fe active sites
over the C—Ni-MOF, C-NiFe( 33-MOF, and LC-NiFej 33-MOF. c) Elemen-
tary reaction steps of the OER process with the intermediates (OH*, O%,
and OOH¥*) on LC-NiFe, 33-MOF. d) Differential charge density diagram
of LC—NiFeq 33-MOF (the cyan and yellow regions represent the depletion
and accumulation of electrons, respectively).

The electron structure is an important factor in determining
the performance of materials in electrocatalysis. Accurate and
detailed research on the electronic structure and descriptors are
of great significance for a deep understanding of the structure-
activity relationship of materials.3?! To elucidate how the incor-
poration of unsaturated Fe** sites and the synergistic effect be-
tween Ni modify the OER performance, systematic DFT calcu-
lations of pre-OER metal sites were performed for C-Ni-MOF,
C-NiFe, ;;-MOF, and LC-NiFe, ;;-MOF.3° The OER process typ-
ically involves four elementary steps: adsorption (steps I and III),
dissociation (step II), and desorption (step IV) (Figure S10, Sup-
porting Information). The formation of O* was considered as
the rate-determining step for the OER process in all samples.
From Figure 3a, it could be observed that C-Ni-MOF exhibited a
high AG, value of 2.62 eV. In contrast, C-NiFe ;;-MOF showed
a decreased AG, of 2.25 eV, indicating that the presence of sat-
urated Fe atoms could optimize electron transport and lower
the reaction energy barrier. Importantly, LC-NiFe, ;;-MOF dis-
played a further reduced AG, of 1.37 eV compared to C-Ni-MOF
and C-NiFe ;;-MOF, suggesting that the synergy between dual-
metallic sites enhances the OER activity. The adsorption capac-
ity of OER intermediates was enhanced by promoting the cen-
tral energy level of the d-band, which optimized the OER per-
formance. This was further supported by the partial density of
states (PDOS) analysis, which revealed changes in the electronic
structure of Ni and Fe sites (Figure 3b). The d-band center of
LC-NiFe; ;;-MOF (—1.52 eV) was closer to the Fermi level than
that of C-NiFe, ;;-MOF (~1.54 eV) and C-Ni-MOF (~1.67 eV),
indicating that LC-NiFe,;;-MOF possessed a stronger electron
donation and acceptance capacity in the OER reaction.**] As a
result, LC-NiFe, ;;-MOF exhibited a new electron state near the
Fermi level.’3] Furthermore, the Gibbs free energy (AG) was
calculated for the OER intermediates (O*, OH*, and OOH¥)
at two possible active sites (Ni and Fe sites) (Figure 3c). To
explain the significantly reduced reaction energy barrier of
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Figure 4. TEM images of a) LC-NiFe 33-MOF and e) C-Ni-MOF, HR-TEM image of b) LC-NiFe 33-MOF and f) C-Ni-MOF, the corresponding EDX
elemental mapping images of c) LC-NiFe, 33-MOF and g) C-Ni-MOF, AFM images of d) LC-NiFe; 33-MOF and h) C-Ni-MOF.

LC-NiFe ;;-MOF, a detailed analysis of LC-NiFe, ;;-MOF model
was conducted. All possible adsorption sites for OH*, O*, and
OOH* were compared (Figure S11, Supporting Information).
The rate-determining step was found to be the formation of O*
(AG =2.34 eV) when Ni acted as the active site. The energy barri-
ers for the OH* and OOH* steps were determined to be 1.09 and
0.59 eV, respectively. When Fe was simulated as the active site, the
energy barriers for the formation of OH* and OOH*required of
0.62 and 1.17 eV, respectively. However, the free energy of O*
(1.83 eV) was found to be lower than that of the Ni site, indicat-
ing a lower rate-determining step in terms of theoretical overpo-
tential. Therefore, for OH*, the most stable adsorption site was
identified as the Ni site. However, the high energy barrier hin-
dered the formation of O* on the Ni site, causing the O* and
OOH* species to preferential transfer to adjacent Fe sites. This
implied the presence of two types of active sites for activating
intermediates in LC-NiFe,;;-MOF. Upon anchoring Fe** sites
to form a low-crystallinity material, abundant charge redistribu-
tion occurs in LC-NiFe, ;;-MOF, with most of the charges clus-
tering around the Fe?* sites. This facilitated subsequent electron
transfer and absorption/desorption of intermediates (Figure 3d
and Figure S12, Supporting Information).”] This redistribution
made the unsaturated Fe atoms in LC-NiFe ;;-MOF become ac-
tive sites in addition to Ni atoms. In summary, the significant
synergy between the two types of sites could be inferred from the
DFT calculations in the LC-NiFe, 5;-MOF catalyst, where Ni and
Fe sites with different adsorption energies for intermediates par-
ticipated in the OER process.

Transmission electron microscopy (TEM) was used to ex-
amine the morphology and structure of the synthesized prod-
ucts. Both LC-NiFe;;;-MOF and C-Ni-MOF exhibited cross-
linked nanosheets morphology (Figure 4a,e), with LC-NiFe ;-
MOF showing a clear Tyndall effect under laser irradiation (in-
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set of Figure 4a). Fourier transform filtering was applied to
the high-resolution (HR)-TEM image. It revealed that no clear
lattice fringes were observed in the HR-TEM image of LC—
NiFe,,;-MOF, suggesting that it was composed of a group of
short-range ordered grains with diverse orientations (Figure 4b),
consistent with its low-crystallinity nature. In contrast, lattice
fringe spacing was ~0.437 nm for C-Ni-MOF, corresponding
to the (102) lattice plane (Figure 4f). This indicated that C-Ni-
MOF had a polycrystalline structure. TEM results further showed
that C-NiFe,,;-MOF exhibited a long-range ordered polycrys-
talline structure (Figure S13, Supporting Information). Addition-
ally, energy-dispersive X-ray (EDX) mapping confirmed the uni-
form distribution of elements in LC-NiFe;;;-MOF and C-Ni-
MOF (Figure 4c and 4g). Atomic force microscopy (AFM) re-
sults (Figure 4d,h) showed that the average thickness of LC-
NiFe ;;-MOF was 1-2 nm, confirming the ultrathin cross-linked
nanosheets structure observed in scanning electron microscopy
(SEM) images (Figure S14, Supporting Information). The crys-
tal morphology was further analyzed using the Bravais—Friedel—
Donnay-Harker (BFDH) method, which indicated that the 2D
sheets morphology was in agreement with the experimental re-
sults (Figure S15, Supporting Information). The unique ultrathin
multilayer configuration of the 2D nanomaterial facilitated abun-
dant electronic channels for faster interfacial charge and mass
transfer.®"]

The electrocatalytic behavior of the synthesized samples for
OER was evaluated using a typical three-electrode system in
1.0 M KOH electrolyte. Linear sweep voltammetry (LSV) mea-
surements were performed at a scan rate of 5mV s}, and the data
was corrected by 95% iR compensation to eliminate the influ-
ence of the ohmic potential drop. As shown in Figure 5a, the op-
timized LC-NiFe ;;-MOF electrode exhibited the lowest overpo-
tential of 230 mV ata current density of 10 mA cm~2, compared to
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Figure 5. OER performance of the samples (C-Ni-MOF, LC-NiFe,-MOF x =
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) Time (h)

0.25,0.33,0.50, and 1.0) in 1.0 M KOH. a) LSV curves with iR-compensated,

b) the Tafel plots, c) comparison of the overpotentials at j= 10 mA cm~2 and the corresponding Tafel slopes, d) the overpotentials at 10 mA cm~2 and their
corresponding Tafel slopes of some previously reported catalysts, e) EIS curves at 1.42 V versus RHE and fitting results for as-synthesized products,
f) the mass activity values at overpotential of 280 mV, g) the calculated TOF values at an overpotential of 280 mV, h) the estimated Cg values, and
i) chronopotentiometric curves of long-term stability of electrodes in a constant current density of 10 mA cm™2 without iR compensation.

C-Ni-MOF (338 mV), LC-NiFe, ,.-MOF (243 mV), LC-NiFe, -
MOF (235 mV), LC-NiFe, ,-MOF (317 mV), and C-NiFe, ,;-MOF
(280 mV, Figure S16, Supporting Information) and A-Fe-MOF
(Figure S17, Supporting Information).

The Tafel slope as an indicator of the kinetics of the elec-
trochemical OER process was also evaluated. Smaller Tafel
slopes correspond to faster reaction rates. Figure 5b showed
that LC-NiFe,;;-MOF exhibited the lowest Tafel slope value
of 41 mV dec™', compared to C-Ni-MOF (87 mV dec™'), LC—~
NiFe,,s-MOF (54 mV dec™!), LC-NiFe,5,-MOF (51 mV dec™),
and LC-NiFe, ,-MOF (79 mV dec™), indicating favorable OER
dynamics for the LC-NiFe ;;-MOF electrode. The overpotentials
and Tafel slope for all samples are summarized in Figure 5c.
Importantly, the LC-NiFe, ;,-MOF catalyst outperformed many
notable OER electrocatalysts in terms of overpotential and Tafel
slope, as demonstrated in Figure 5d and Table S5 (Supporting
Information).

The LC-NiFe ;;-MOF revealed the least semicircular diame-
ter in comparison with other counterparts, disclosing the lowest
charge transfer resistance and the best electron transport capa-
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bility between electrode—electrolyte interfaces (Figure 5e). The
reinforced reaction kinetics of LC-NiFe,;;-MOF was presum-
ably related to the unique arrangement of atoms in the low-
crystallinity structure and the synergistic effects between Ni%*
and Fe** ions. The electrode mass activity and turnover frequency
(TOF) were applied to evaluate the quantitative parameters to as-
sess the intrinsic activity of samples. The mass activity was calcu-
lated by the inverse proportion relation between current density
and mass loading. The TOF values were based on the conception
that all the metal centers of the catalyst would be considered ac-
tive sites in the process of electrochemical.[*®! The calculated data
of as-synthesized materials exhibited volcanic characteristics in
the following order LC-NiFe, ;;-MOF > LC-NiFe, 5,-MOF > LC—
NiFe,,;-MOF > LC-NiFe, ,-MOF > C-Ni-MOF (Figure 5f,g).
The electrochemical active surface area (ECSA) of the sam-
ples was positively correlated with the double-layer capacitance
(Cy) to further explain the intrinsic OER activity, and Cy was
evaluated based on cyclic voltammogram (CV) curves in a
non-faradic region at gradual scan rate (Figure S18, Supporting
Information). As seen from Figure 5h, the LC-NiFe, ;;-MOF had
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a higher C; (172 pF cm™?) than C-Ni-MOF (90 pF cm™),
LC-NiFe,,;-MOF (123 pF  om™2), LC-NiFe,s,-MOF
(130 pF cm™2) and LC-NiFe, ,-MOF (112 pF cm™2), suggest-
ing that LC-NiFe,,;-MOF possessed more accessible active
sites. Furthermore, the prolonged stability was considered
another crucial factor for pragmatic applications of electrocat-
alysts apart from the outstanding performance. Therefore, the
chronopotentiometry (CP) curve was conducted to assess the
durability of samples under the permanent current density of
10 mA cm~2. The LC-NiFe,;;-MOF was well maintained after
10 h OER process at a constant current density of 10 mA cm=2,
demonstrating the high OER stability of LC-NiFe ;;-MOF in the
catalytic process (Figure. 5i).

The optimized LC-NiFej;;-MOF owned favorable electro-
chemical activity, which could be attributed to the following rea-
sons. After introducing Fe** ions into the C-Ni-MOF, the LC~
NiFe, ;;-MOF could own multiple unsaturated sites and abun-
dant charge transfer at an appropriate Ni/Fe ratio, therefore en-
hancing the OER performance of the above-mentioned catalysts.
Meanwhile, the unique ultrathin cross-linked nanosheet struc-
ture of LC-NiFe, ;;-MOF was advantageous to the spread of elec-
trolytes and more rapid interfacial charge transfer. Besides, the
synergistic reaction between Ni** and Fe** ions could accelerate
the adsorption/desorption process of OER intermediates.

Considering the extraordinary OER activity of LC-NiFe,,,;-
MOF, the overall water splitting (OWS) system was assembled
by LC-NiFe, ;;-MOF as the anode and commercial Pt C™! as the
cathode in 1.0 M KOH electrolyte (Figure S19a, Supporting Infor-
mation). As shown in Figure S19b (Supporting Information), this
device only needed a cell voltage of 1.54 V at 10 mA cm~2. Simul-
taneously, this LC-NiFe, ;;-MOF™) || Pt/CH) OWS system was
compared to the newly reported cell voltage of the two-electrode
devices at 10 mA cm™2, suggesting that it outperforms most sys-
tems (Figure S19c and Table S6, Supporting Information). More-
over, this water electrolysis device could be stabilized for 120 h at
100 mA cm~2 with a voltage loss of 9.3%, revealing the outstand-
ing stability of the LC-NiFe, ;;-MOF catalyst (Figure S19d, Sup-
porting Information). These results promised LC-NiFe, ;;-MOF
as a new type of electrocatalyst for practical OER in alkaline me-
dia.

To explore the microstructure transformation during the OER
process, LC-NiFe, ;;-MOF after OER test was probed by TEM,
XRD, and XPS. Figure S20 (Supporting Information) depicts that
the morphology of LC-NiFe,;;-MOF remained nanosheets af-
ter OER test. The corresponding EDX mapping revealed that Ni,
Fe, O, and C elements were uniformly distributed after the OER
test. There was variation in XRD patterns (Figure S21, Support-
ing Information), which contained the peaks of nickel hydrox-
ide (JCPDS: 38-0715) and nickel oxide hydroxide (JCPDS: 06—
0075), indicating the formation of (oxy)hydroxide under the OER
operation.[**l The full XPS survey of LC-NiFe, ;;-MOF exhibited
the presence of C, O, F, S, Ni, and Fe elements after the OER
test (Figure S22, Supporting Information). It was worth men-
tioning that the existence of S and F was derived from the addi-
tion of Nafion solution during the OER test. The spectrum of Ni
2p (Figure S23, Supporting Information) reflected that the peaks
were shifted to higher binding energy (Ni 2p;, at 857.2 V) after
the OER test compared to pristine MOF (Ni 2p;, at 856.4 eV).
More significantly, the new peaks could be derived from Ni** with
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binding energies of 859.3 and 879.0 eV, confirming the formation
of NiOOH during the electrochemical process.[*?]

To detect the evolution of MOF materials under the influ-
ence of electrolytes, the samples were immersed in electrolytes
for 24 h. As shown in Figure S24 (Supporting Information), the
diffraction peaks are present, indicating their high chemical sta-
bility. In addition, in-situ Raman was used to study the influ-
ence of external voltage and reconstruction mechanism of LC—
NiFe, ;;-MOF (Figure S25, Supporting Information). When the
potential is 1.2 V versus RHE, the emerging peak near 427 and
663 cm™! was attributed to Fe—O vibration in FeOOH, and the
rest of the two peaks at 479 and 525 cm ™! were appointed to the
E, bending vibration, and the A, stretching vibration modes of
Ni—O in Ni(OH),. With increasing potential, the characteristic
peaks of LC-NiFe, ;;-MOF gradually disappeared and some new
peaks belonging to metal hydroxides and oxyhydroxides were ob-
served, suggesting a phase transition during the OER process.!*!]
Notably, the peak located at 525 cm™! blueshifted when the po-
tential was applied to 1.4 V versus RHE. And, a peak at 552 cm™!
could be assigned to NiOOH, revealing a partial transformation
from hydroxide to oxyhydroxide, which coincided with the LSV
data.*”l Those results suggested that LC-NiFe, ;;-MOF suffered
from surface reconstruction during the OER process and the in
situ generated metal oxyhydroxides were the real active species
for the electrocatalytic reaction.[3*3]

3. Conclusion

In this work, the precise anchoring of Fe sites was achieved by
regulating the crystallinity of NiFe-MOF, and the intrinsic mech-
anism of transfer between Ni and Fe metal sites was investigated
for OER. The experimental findings showed that the high-valence
Fe ions were accurately anchored on the Ni,; sites of the initial
MOF, creating abundant unsaturated coordination sites. Addi-
tionally, a precise electronic model was constructed using DFT
calculations to investigate the intrinsic mechanism of the syner-
gistic interaction between Ni and Fe metal sites. The synergis-
tic effect between the dual metal sites resulted in the effective
tuning of the electronic structure. This tuning balanced the ad-
sorption/desorption of intermediates and minimized the energy
barrier for OER, thereby optimizing the intrinsic activity of the
catalyst. The optimized LC-NiFe ;;-MOF exhibited a low overpo-
tential of 230 mV at a current density of 10 mA cm~2 and a Tafel
slope of 41 mV dec™!, surpassing the performance of RuO, and
C-NiFe; ;;-MOF. Overall, this work presented a new approach
for tailoring the crystallinity of MOF and elucidated the electro-
catalytic mechanism for OER. It provides valuable insights for
the design and development of MOF-based electrocatalysts with
enhanced performance in energy conversion and storage appli-
cations.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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