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Metal-organic gels (MOGs) are emerging soft materials with distinct metal active centers, multifunctional
ligands and hierarchical porous structures, showing promising potential in the field of electrocatalysis.
However, the reconfiguration of MOGs during the electrocatalytic process remains underexplored, with
current studies in early developmental stages. To deeply investigate the application of MOG materials in
electrocatalysis, the compositional transformations and structural changes under an electrochemical
activation method were studied in detail, leading to high-performance OER pre-electrocatalysts. XRD
and HRTEM results demonstrate the complete reconfiguration of amorphous FesNis-MOG into
crystalline NIOOH/FeOOH heterostructures. The synergistic effect of the bimetallic center and the rich
NiOOH-FeOOH interface in the reconstituted Re-FesNis-MOG exhibit excellent OER activity in alkaline
electrolytes, with low overpotentials (205 mV at 10 mA cm™2) and a Tafel slope of 58 mV dec™™. In situ
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Accepted 19th October 2024 characterization during the electrocatalytic process reveals the gradual transformation of the metal
center into metal hydroxyl oxides upon increasing the voltage to 1.55 V. DFT analysis suggests that in the
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Introduction

The global energy crisis has worsened with the excessive use of
traditional fossil fuels, causing severe environmental harm and
resource depletion. To address this crisis, the development of
new energy sources and improved energy efficiency is crucial. In
recent years, emerging energy storage and conversion technol-
ogies like electrolysis of water for hydrogen production, fuel
cells, metal-air batteries, electrochemical nitrogen reduction for
ammonia synthesis, and electrocatalytic carbon dioxide reduc-
tion have garnered significant attention for their high efficiency
and environmentally friendly characteristics. Electrochemical
energy technologies, particularly hydrogen production through
water electrolysis under alkaline conditions, show promise in
renewable energy conversion due to their simplicity, efficiency
and environmental benefits.®** The oxygen evolution reaction
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(OER) in the overall water-splitting process is the limiting step
because of its slow kinetics and need to transfer four electrons/
protons. While noble metal Ru-based and Ir-based catalysts are
currently the most effective for the OER, their scarcity and cost
hinder widespread use.”™* Therefore, the development of non-
noble metal catalysts with superior electrocatalytic performance
is essential. Researchers have been actively exploring alternative
high-performance OER catalysts and pre-catalysts, such as
layered double hydroxides (LDHs), metal oxides, phosphides,
and nitrides.**™**

In recent years, metal-organic frameworks (MOFs) have
shown promise as electrocatalysts due to their tunable structure
and high specific surface area. Following the OER in an alkaline
environment, MOF materials undergo structural and composi-
tional changes, resulting in the formation of active hydroxyl
oxides or hydroxides that serve as the actual catalytic agents.**>¢
Mousazade et al. demonstrated that Ni/Co MOF (MOF 1) serves
as a precursor and undergoes transformation into Ni/Co oxides,
which act as the active catalysts for the OER.”” In a study by Yang
et al., the morphology and electronic structure of the MOF-
derived bimetal CoFe, 13-MOF were controlled through various
reconstruction processes, resulting in a catalyst with excep-
tional stability.?® Metal-organic gels (MOGs), a subset of MOF
materials, are coordination-driven polymers that form gel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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networks by coordinating metal ions and ligands.**"*' Luo et al.
introduced a straightforward and efficient electrochemical
reconstruction method for synthesizing NIOOH/FeOOH heter-
ostructures from MOG materials, which displayed remarkable
oxygen evolution reactivity.*® Nevertheless, the detailed char-
acterization of the reconstruction process of MOG materials by
electrocatalysis and the exploration of how these reconstructed
heterostructures catalyze electrochemical processes have not
been thoroughly investigated.

In order to develop highly effective MOG-based OER pre-
catalysts with superior activity and stability, a series of bime-
tallic MOG materials were designed and synthesized using
a straightforward one-pot method. These MOG pre-catalysts
and the in situ electrochemically reconstructed materials were
then characterized, and their OER catalytic performance was
evaluated and compared. The experimental findings revealed
that the fully reconstituted Re-Fe;Nis-MOG exhibited excep-
tional OER performance, achieving an overpotential as low as
205 mV at a current density of 10 mA cm™>. Furthermore,
a comprehensive analysis of the transformation of MOG during
electrocatalysis was conducted using in situ Raman spectros-
copy and in situ impedance testing methods. It was observed
that the metal ions began to convert into metal hydroxyl oxides
when the applied voltage reached 1.55 V. Additionally, DFT
results indicated that OH* and O* species had a preference for
adsorption on the Fe site before transitioning to the Ni site
along the reaction pathway of the Fe-Ni double site. This
approach offers a straightforward means of obtaining efficient
OER pre-catalysts and broadens the utilization of MOGs as an
electrocatalyst in the realm of electrocatalysis.

Results and discussion
Synthesis and characterization of MOGs

Here we take Fes;Nis-MOG as an example. The process of sample
preparation is shown in Fig. 1a, which involved dissolving the
ligand (H;sL) in distilled water to create a 20 mM solution, with
triethylamine added as a deprotonating agent. FeCl;-6H,0 and
NiCl,-6H,0 were separately dissolved in distilled water to
prepare 20 mM solutions of Fe®* and Ni*" metal ions. Next, 400
uL of Fe**, 400 uL of Ni** solution and 800 pL of ligand solution
were added dropwise into a 2 mL centrifuge tube, and the
mixture became condensed after approximately 2 h of standing.
The target product (Fe;Nis-MOG) was obtained after freeze-
drying (24 h), washing, and drying steps (Fig. 1a).

Three transition metals (Co, Fe and Ni) were combined in
pairs to create a variety of MOGs with different metal ratios.
Images of the original MOGs and the powders post freeze-
drying were captured (Fig. S1 and S2}). Among the MOGs con-
taining various ratios of the three metals, the mono-metallic Co-
MOG exhibited the quickest gelation rate and most effective
gelation. In addition, the carboxyl and imido groups in the
ligands exhibited different coordination patterns and promoted
hydrogen bonding in the MOG formation process.*

To investigate the crystallinity of the MOGs, X-ray diffraction
(XRD) analyses were performed on Fe-MOG, Ni-MOG and
FesNis-MOG. The XRD spectrum (Fig. S31) displayed a single
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Fig. 1 (a) Schematic illustration of the fabrication process of a FeNi
metal-organic gel (FeNi-MOG). (b—d) SEM images at varying magni-
fications of FesNis-MOG. (e—g) TEM images at different magnifications
of FesNis-MOG. (h) HAADF-STEM image and corresponding elemental
mapping images of FesNis-MOG.

wide-angle diffraction peak at 2¢ = 26.7°, indicating that the
synthesized MOGs exhibit very low crystallinity and are amor-
phous, consistent with the previously reported gel.**** Subse-
quently, an in situ Raman test was conducted (Fig. S47), clearly
showing M-O vibration (~800 cm™ ') and the C-C stretching
pattern (~1000 cm™ ") in the MOG samples. Both XRD and in
situ Raman analyses of the three samples suggested similarity in
the synthesized MOGs. Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) measurements of Fe;Nis-MOG
revealed a Fe:Ni mass ratio close to 1:1, aligning with the
reaction dosage (Table S11).

During the thermogravimetric analysis (TGA) of Fe;Nis-MOG
(Fig. S51), two rapid mass decreases were observed. The first
stage (25-325 °C) is attributed to the evaporation of solvent
water in the sample, while the second stage (325-900 °C) is
linked to the decomposition of organic ligands within the
sample. The percentage of ligands was estimated to be
approximately 65%. Subsequently, the weight stabilizes at
around 900 °C, with the remaining weight corresponding to the
formation of metal oxides [calculated: 8.8%; actual: 8.4%].

The N, adsorption curve (Fig. S61) reveals that the Brunauer-
Emmett-Teller (BET) surface area of Fe;Nis-MOG is as high as
139.11 m> g~ ', surpassing the BET values of many previously
reported efficient transition metal-based electrocatalysts (Table
S21). This suggests that FesNis-MOG facilitates effective contact
between the electrolyte and catalytically active sites during the
reaction process, ultimately enhancing the catalyst's perfor-
mance. Notably, N, adsorption occurs rapidly at P/P, < 0.01; the
isotherm of adsorption-desorption has a lag period at 0.01 < P/
P, < 0.90; and N, adsorption is sharply increased when P/P, >

Chem. Sci, 2024, 15, 19928-19935 | 19929
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0.90. This phenomenon proves that there are hierarchical pore
structures in MOG (Fig. S77).

The catalysts were morphologically characterized using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). SEM images revealed a nanofibrous struc-
ture in freeze-dried gels (Fig. 1b-d and S8%), which not only
improved electrical conductivity but also facilitated mass
transfer between reactants and catalyst active sites, consistent
with the large BET surface area mentioned before. TEM images
also confirmed this nanofibrous structure (Fig. 1e-g and S97),
aiding in electric charge transfer and enhancing electrical
conductivity. Selected Area Electron Diffraction (SAED) did not
exhibit a clear diffraction pattern (Fig. 1e inset), indicating poor
crystallinity of FesNis-MOG as supported by the XRD results.
Energy dispersive spectroscopy (EDS) element mapping
confirmed a highly uniform distribution of the C, N, O, Fe and
Ni elements in the material (Fig. 1h and S107).

To investigate the self-reconstruction of MOG through elec-
trochemical reactions in an alkaline environment, a series of
characterization studies were conducted. Initially, the electro-
chemical reconstruction process of Re-FesNis-MOG formation
is illustrated in Fig. 2a (200 CV scans in the voltage range of 0-
0.6 V). XRD results indicated that Re-Fe;Nis-MOG consists of
FeOOH and NiOOH phases (Fig. 3a), and this means electro-
chemical reconstruction of Fe;Nis-MOG into crystalline oxy-
hydroxide heterostructures. Subsequently, to elucidate the
chemical structure of Re-Fe;Ni;-MOG further, SEM and TEM
were employed for detailed morphology and structural charac-
terization (Fig. 2b and c). Compared to the previous MOG
structure, the reconstructed material now exhibits a significant

Fe(l )()I\;//\
(068), »

Fig. 2 (a) Sketch of the electrochemical in situ reconstruction of
FesNis-MOG. (b) SEM image, (c) TEM images, and (d) HRTEM images of
Re-FesNis-MOG.
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shift from a nanofiber network structure to a nanosheet struc-
ture. The high-resolution transmission electron microscopy
(HRTEM) images of the nanofibers displayed two distinct lattice
streaks with lattice spacings of 0.023 and 0.027 nm, corre-
sponding to the (060) crystallographic plane of FeOOH and the
(104) crystallographic plane of NiOOH, respectively. Addition-
ally, a distinct heterogeneous interface can be observed between
the two lattice stripes (white lines in Fig. 2d). Fourier transform
infrared spectroscopy (FT-IR) tests were conducted to investi-
gate the mechanism of MOG formation (Fig. S11t). Absorption
bands at 1724, 1251, and 991 cm ™' were associated with the C=
O, C-0, and O-H vibrations in the H;sL ligand, respectively. The
C=O0 vibration peak shifted to 1706 cm ' upon metal ion
coordination with the ligand.***” Additionally, the stretching
vibration of the C-O bond and the plane bending vibration of
the O-H bond disappeared.*® After electrochemical recon-
struction, characteristic peaks were not observed in Re-FesNis-
MOG.

In order to investigate the surface atomic structure and
elemental composition of the prepared pre-catalysts, and
compare the changes before and after reconstruction, X-ray
photoelectron spectroscopy (XPS) tests were conducted, with all
XPS spectra calibrated using C 1s at 284.8 eV. The XPS results
revealed the presence of C, N, O, Fe, and Ni elements in the
Fe;Nis-MOG spectra. However, the N element in Re-FesNis-MOG
disappeared after reconstruction, in line with expectations
(Fig. 3d). The C 1s spectra of FesNis-MOG displayed four peaks
at 284.6, 285.9, 288.3, and 290.5 eV, corresponding to C-C, C-N/
C=N, C-0, and C=0 groups, respectively (Fig. S12at).>>** The
N 1s spectra of FesNis-MOG exhibited peaks at 398.6, 400, 402
and 406.1 eV (Fig. S12bt), representing pyridine nitrogen,
pyrrole nitrogen, graphitic nitrogen and oxidized nitrogen,
respectively.**> The contents of pyridine nitrogen and pyrrole
nitrogen were 35.80% and 51.97%, respectively, which were
much higher than those of the other two kinds of nitrogen. The
O 1s spectra of Fes;Nis-MOG can be deconvoluted into two
characteristic peaks at 831.5 and 532.6 eV, attributed to Fe/Ni-O
and C=O0 (Fig. S12ct).*** In the high-resolution XPS spectrum
of Fe (Fig. 3e), FesNis-MOG exhibits two main peaks at 711.6
and 724.9 eV corresponding to Fe 2p1/2 and Fe 2p3/2, along
with two satellite peaks at 724.9 and 731.5 eV, indicating the
presence of Fe*" in the compound. The Fe*" peak in Re-Fe;Nis-
MOG shows a slight negative shift (0.6 eV) compared to FesNi;-
MOG, suggesting a strong electronic interaction between Fe and
Ni.*® The XPS spectrum of Ni from FesNis-MOG shows main
peaks at 856.0 and 873.7 eV and satellite peaks at 861.0 and
879.4 eV, indicating the valence state of Ni**.4¢ In Re-FesNis-
MOG, the Ni peak has a positive shift (1.56 eV) compared to
FesNi;-MOG, indicating that Ni** is oxidized to form NiOOH
(Fig. 3f).~

In order to further clarify the structural evolution of the pre-
catalyst FesNis-MOG, we performed in situ Raman spectroscopy
and obtained the Raman spectra while varying the applied
potential at 0.05 V intervals (Fig. 3b and c). The results show
that Fes;Nis-MOG exhibits no significant Raman signals when
the applied potential is below 1.50 V. Upon increasing the
potential to 1.55 V, distinctive NiOOH characteristic peaks

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD patterns of Re-FesNis-MOG. (b) In situ Raman spectroscopy and (c) corresponding contour of the FesNis-MOG pre-electro-

catalyst at various potentials. (d) The XPS full survey spectra of FesNis-MOG and Re-FesNis-MOG. The high-resolution XPS spectra of (e) Fe 2p
and (f) Ni 2p of FesNis-MOG and Re-FesNis-MOG. Nyquist plots for (g) FesNis-MOG, (h) Ni-MOG and (i) Fe-MOG at different applied potentials.

appeared at 472 cm ™" and 543 cm ™, indicating the oxidation of

Ni*" to Ni*".*5*° Subsequent potential increments did not alter
the peak position. It is commonly accepted that highly oxidized
nickel species are present in NiOOH, exhibiting a more disor-
dered structure that can enhance OER activity.*>*
Electrochemical impedance spectroscopy (EIS) is a valuable
method for examining interface properties of the electrode/
electrolyte and adsorption kinetics of reactants on the electrode
surface. To delve deeper into electrochemical reaction kinetics,
operando EIS tests were conducted. Fig. 3g-i display Nyquist
plots of Fe;Nis-MOG, Fe-MOG and Ni-MOG in 1 M KOH with
applied voltages ranging from 0.18 V to 0.53 V. The total resis-
tance of Fe;Nis-MOG, Fe-MOG and Ni-MOG at various applied
potentials was quantified based on Nyquist plots. FesNis-MOG
showed a low charge transfer resistance in the tested potential
range due to the synergistic effect of multiple metal oxides,
enhancing interfacial charge transfer and promoting surface
activation of electrocatalysts.”*>* At 1.55 V, Fe;Nis-MOG
exhibited significantly lower resistance compared to Fe-MOG
and Ni-MOG, indicating faster OH* adsorption Kkinetics.
Nyquist plots of Fe-MOG and Ni-MOG displayed nearly vertical
lines at 1.25-1.40 V, suggesting infinite resistance (R). However,
a distinct semicircle emerged when the applied voltage excee-
ded 1.55 V, indicating the occurrence of the electrocatalytic
OER. Overall, Fe;Nis-MOG demonstrated faster surface and

© 2024 The Author(s). Published by the Royal Society of Chemistry

inner layer charge transfer rates, leading to superior electro-
chemical performance compared to Fe-MOG and Ni-MOG. This
improvement can be attributed to the synergistic effect between
Fe’" and Ni**.%

Electrochemical performance

The electrochemical performance of MOG with varying Fe-Ni-
Co ratios was evaluated in this study. Among the CoFe bime-
tallic gels, CosFes-MOG exhibited the highest performance (336
mV (ji0)); within the CoNi bimetallic gels, Co;Nig-MOG showed
the best performance (330 mV (j;,)), while among the FeNi
bimetallic gels, FesNi-MOG demonstrated the best OER
performance (320 mV (j;o)) (Fig. S191); Consequently, FesNis-
MOG was chosen as the primary sample for further investiga-
tion. The OER performance of RuO,, Ni-MOG, Fe-MOG, Fe;Ni;-
MOG and Re-Fe;Nis-MOG as electrocatalysts in a 1.0 M KOH
alkaline electrolyte was investigated. All electrochemical tests
were performed in a 1.0 M KOH solution using a standard three-
electrode system, with potential values calibrated against
a typical reversible hydrogen electrode (RHE).

Fig. 4a displays the linear scanning voltammetry (LSV) curves
of Re-Fe;Nis;-MOG, Fe;Nis-MOG, Fe-MOG, Ni-MOG and RuO,.
The overpotential of Re-FesNis-MOG is notably lower at 205 mV
compared to Fe;Ni;-MOG (320 mV), Fe-MOG (506 mV) and Ni-
MOG (490 mV), and even the commercial noble metal RuO, (450

Chem. Sci., 2024, 15, 19928-19935 | 19931


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05799f

Open Access Article. Published on 31 October 2024. Downloaded on 10/16/2025 12:33:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

a b ¢
T erawwoc [ ]| 19] = Rererevioe ——
[ FeLMOG | ) YN M0G ] — Farc0c
- — FeMOG { = — FeMOG — FeMOG
E NMOG NMOG TV dec’ - NEMOG
z RuO, | 71 — Ruo, — £ RuO, _ -
z | < =" L < 7
Zw | 3 L E‘Q
z | g v T
£ / E i P 20 N
8 / \
~ 1
o1 e e 15 20 oo e o we ok TR e s
d" Potential (V vs. RHE) e Log[i(mA em™)] f 2!/ ohm
e A rerruaiod] < T
8o FeNLMOG H FeNLMOG o
- — FeMOG <03] — FemoG -
£ NEMOG H NEMOG &
2006 Ru0, = RO, z 0
£ Za g
Zom £ Ew
Zun gu Ew
E 5 5
2 4 6 L] 10 10 12 14 16 18 20 0 60000 120000 180000 240000
Scan Rate (mV s") Potential (V vs. RHE) Time /s
Fig. 4 (a) LSV curves, (b) Tafel plots, (c) EIS Nyquist plots, (d) capacitive

current densities plotted against scan rates and (e) LSV curves
normalized by ECSA for Re-FesNis-MOG, FesNis-MOG, Fe-MOG, Ni-
MOG and RuO,. (f) The chronoamperometry test of Re-FesNis-MOG.

mV) when operating at a current density of 10 mA cm .

Furthermore, Re-Fe;Nis-MOG exhibits superior OER activity
compared to most reported transition metal-based catalysts
(Fig. S207). The lower Tafel slope of Re-Fe;Ni;-MOG (58 mV
dec™') indicates faster surface kinetics among all samples
(Fig. 4b). EIS was used to further explore the resistance (R) used
to assess the charge transfer capability of interfacial properties,
and the tested data were fitted using the Randles equivalent
circuit model, which consists of the solution resistance (Ry),
constant phase element (CPE) and charge transfer resistance
(Rce) (Fig. 4c inset). The Nyquist plots indicate that the R, value
of Re-FesNis-MOG is only 31.1 Q, which is much lower than that
of other samples (Fig. 4c), suggesting that Re-Fe;Nis-MOG has
a faster electron transfer rate and better conductivity, which is
conducive to interfacial reactions. Additionally, cyclic voltam-
metry (CV) curves at different scanning rates (2-10 mV s~ ) were
obtained for all samples (Fig. S217), and the corresponding
double layer capacitance (Cq;) was calculated to evaluate the
intrinsic electrochemically active surface area (ECSA) of the
catalysts (Fig. 4d). Among them, the Cgq; value of the Re-Fe;Nis-
MOG sample was 7.5 mF cm ™2, which was higher than that of
Fe-MOG (3.7 mF cm ™ ?), Ni-MOG (3.3 mF cm™?), and Fe;Nis-
MOG (5.3 mF cm™?), highlighting the superior electron storage
capacity of Re-FesNis-MOG as an electrode material. Moreover,
the specific activity (ECSA normalized current density) analysis
revealed that the intrinsic activity of the Re-FesNis-MOG catalyst
outperformed other samples under similar conditions (Fig. 4e).
Electrochemical stability was assessed using the chrono current
method, showing only a 7.8% decrease in current density after
240000 s OER at 320 mV overpotential (jio) (Fig. 4f), indicating
good stability of Re-FesNis-MOG possibly attributed to its
unique porous nanofiber network structure and synergistic
effects of Fe and Ni. The slight decline in current could be
attributed to the improper drip method leading to sample
detachment from the substrate, especially under high current
conditions generating bubbles. It was postulated that Fe and Ni
are active sites for the OER. The turnover frequency (TOF) value
for FesNis-MOG in the OER was determined to be 3.84 s~ * at 300
mV overpotential based on ICP data, showcasing the superior

19932 | Chem. Sci., 2024, 15, 19928-19935
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performance of this pre-electrocatalyst compared to most of the
reported catalysts (Table S37).

The electrochemical properties of Re-Fe;Nis-MOG, FeNi-
MOG, Fe-MOG, Ni-MOG, and RuO, were comprehensively
compared. From the radar plots, it is evident that Re-Fe;Nis-
MOG exhibits significant advantages in terms of potential and
ECSA when compared to FesNis-MOG (Fig. 5a). To further
facilitate a comparative analysis of the overpotential and Tafel
slope, a bar chart was created, revealing that Re-Fes;Nis-MOG
demonstrates the lowest potential and a lower Tafel slope.
These results suggest that Re-FesNis-MOG exhibits superior
electrocatalytic performance (Fig. 5b). An electrolytic cell was
constructed to assess the water splitting performance. Three
sets of pairings were tested, and Re-Fe;Nis-MOG || Pt/C required
only 1.49 V to achieve a current density of 10 mA em >, out-
performing RuO, || Pt/C (1.60 V) and NF || NF (1.79 V) (Fig. 5¢).
The nickel foam in the NF || NF cell seemed to serve solely as
a self-supporting substrate to increase specific surface area,
with no significant impact on catalyst performance. In addition,
we evaluated the stability of overall water splitting by the chrono
current method, which showed only a slight decay (12.5%) after
240000 s (Fig. 5d). Faraday efficiency was evaluated by
comparing actual H, and O, gas production during water
splitting with theoretical values based on charge passage
(Fig. S2271). The volume ratio of collected H, to O, was 2.02: 1,
close to the theoretical ratio of 2 : 1, and the calculated Faraday
efficiency approached 100% (Fig. S237).

Theoretical calculation

To investigate the rationale behind the increased OER activity
and identify potential active sites of the NiOOH/FeOOH
heterogeneous structure during the OER process, density
functional theory (DFT) calculations were performed at the
interface. Models of NiOOH and NiOOH/FeOOH were
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Fig. 5 (a) Comparison of the catalytic performances of catalysts. (b)
Comparison of the overpotential and Tafel slope of electrocatalysts. (c)
Overall water splitting electrocatalysis by NF || NF, Re-FesNis-MOG ||
Pt/C and the benchmark RuO, || Pt/C. (d) The chronoamperometry
test of overall water splitting electrocatalysis (Re-FesNis-MOG || Pt/C).

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05799f

Open Access Article. Published on 31 October 2024. Downloaded on 10/16/2025 12:33:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

developed to determine the Gibbs free energy at each step of the
OER process (Fig. S247 and 6a).

The total density of states (TDOS) of NiOOH/FeOOH, posi-
tioned closer to the Fermi energy level (Ey), is slightly higher
than that of NiOOH. This suggests that the inclusion of Fe can
modulate the distribution of electron density of states on the
surface of materials, thereby enhancing its intrinsic conduc-
tivity (Fig. 6b).** Meanwhile, the energy levels of the Ni-3d
orbitals increase towards Ef, as seen in the partial density of
states (PDOS) (Fig. S25%). The results of TDOS and PDOS indi-
cate that the incorporation of FEOOH can greatly optimize the
electronic structure of NiOOH, resulting in higher conductivity
in the heterogeneous NiOOH/FeOOH system.

The study focused on the Ni site of NIOOH and the Fe-Ni
dual site of NiIOOH/FeOOH in the OER process. It is important
to highlight that the reaction mechanisms differ between the
single site and the double site. In the case of single sites, the
Gibbs free energy is influenced by the adsorption energies of
OH*, O* and OOH* intermediates (Fig. S267), with the Ni site
in NiOOH representing the single site (Fig. S277).

For the Fe-Ni dual site, the intermediates in the second step
are different. We have categorized the OER process of the Fe-Ni
dual site into four pathways, as illustrated in Fig. S28.1 Path-
ways 2 and 4 are not feasible due to the instability of the Fe-OH*
+ Ni-O* structure, leading us to focus solely on pathways 1 and
3 in our calculation for the dual site. These pathways are
denoted as Fe-Ni dual site 1 and Fe-Ni dual site 2, respectively.
Taking Fe-Ni dual site 1 as an example, the adsorbed inter-
mediates during the OER step are detailed in Fig. 6c¢. Initially,
OH* is adsorbed on the Fe site at the interface, followed by the
adsorption of another OH* on the Ni site to form Fe-OH* + Ni-
OH*. Subsequently, the proton H is removed from Ni-OH* to
yield O,. On the other hand, for Fe-Ni dual site 2, the OH*
intermediates first adsorb on the Ni site, as depicted in
Fig. S29.1 The change in maximum free energy is considered the
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Fig. 6 (a) Atomic model of NIOOH/FeOOH. (b) The calculated DOS of
NiOOH and NiOOH/FeOOH. (c) OER steps on the Fe—Ni dual site 1 of
NiOOH/FeOOH (brown balls: Fe atoms; silvery balls: Ni atoms; red
balls: O atoms; white balls: H atoms). (d) The calculated Gibbs free
energy diagrams.
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rate-determining step (RDS) in the OER process, prompting us
to calculate the free energy of these three reaction pathways, as
shown in Fig. 6d and Table S4.f Our analysis reveals that 2 G,
serves as the RDS for both the Ni site of NiOOH and the Fe-Ni
dual site of NIOOH/FeOOH. Furthermore, the theoretical over-
potential of the Ni site of NIOOH is calculated to be 0.58 V, while
both pathways of the NIOOH/FeOOH dual site exhibit a theo-
retical overpotential of 0.31 V. Notably, during the OER, FeOOH/
NiOOH displays a preference for pathway 1, with OH* and O*
species showing a tendency to adsorb initially on the Fe site
before the Ni site.

The enhanced OER activity of the NiOOH/FeOOH hetero-
structure can be attributed to two main factors: (1) the nano-
fibrous structure of the freeze-dried gel, which promotes mass
transfer and improves the interaction between the electrolyte
and electrocatalyst; and (2) the strong electronic coupling effect
between NiOOH and FeOOH, which facilitates electron and
charge transport.

Conclusions

In summary, an electrochemical in situ strategy is proposed for
synthesizing NiOOH/FeOOH heterostructure materials using
Fe;Nis-MOG pre-catalysts. During the OER process, irreversible
deep self-reconstruction of Fe;Nis-MOG leads to the formation
of NiOOH/FeOOH. The nanosheet structures and the synergic
coupling between Fe and Ni hydroxyl oxide particles, generated
by in situ electrochemical reconstruction, contribute to the
superior OER catalytic performance of Re-Fe;Ni;-MOG (205 mV
(f10)), which surpasses that of commercial Ru-based catalysts.
Detailed characterization of the transformation of MOGs during
the electrocatalytic process was conducted using in situ Raman
spectroscopy and in situ impedance testing. DFT results indi-
cate that in the Fe-Ni dual site reaction pathway, OH* and O*
species preferentially adsorb on Fe sites before Ni sites. This
strategy is believed to enhance the design of high-performance
OER electrocatalysts, offering a promising pathway for devel-
oping durable electrochemical catalysts. It also expands the
research scope of MOG-derived materials, contributing to the
exploration of more efficient electrocatalysts.

Experimental section

The synthesis of the MOGs was borrowed from previously re-
ported literature. Herein, we take FesNis-MOG as an example.
FeCl;-6H,0 and NiCl,-6H,0 were dissolved in distilled water to
prepare 20 mM solutions of Fe** and Ni*" metal ion solutions,
respectively. The synthesized ligands were also prepared as 20
mM concentrated solutions, in which 20 pL of triethylamine
(triethylamine acts as a deprotonating hydrolyser and coagu-
lant) was added to each milliliter of solution. Then, 400 uL of
Fe*, 400 uL of Ni**, and 800 uL of the solution of the ligand are
added dropwise to a small 5 mL centrifuge tube, and the
mixture takes approximately 2 h to coagulate in air. Then, the
target product (FesNis-MOG) was obtained after three steps of
freeze-drying (24 h), washing with distilled water and drying.
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