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Electrochemical Reconstruction Engineering:
Metal-Organic Gels as Pre-Catalysts for NIOOH/FeOOH
Heterostructure to Boost Oxygen Evolution Reaction

Jia-Yang Luo, Yi Yuan, Heng-Yu Ruan, Xue-Qian Wu, Ya-Pan Wu,* Shuang Li,

Gaixia Zhang, Shuhui Sun,* and Dong-Sheng Li*

Metal-organic gels (MOG) as new types of soft materials have shown promising
applications in various fields such as chemosensors, environmental remediation,
and gas adsorption/separation, owing to their high porosity, low density, and
high surface area. However, the application of MOG materials in energy elec-
trocatalysis and the active components made from them are rarely perceived.
Herein, a new electrochemistry-driven reconstruction strategy to synthesize the
NiOOH/FeOOH heterostructure from MOG materials is reported. The recon-
structed NIiOOH/FeOOH exhibits superior oxygen evolution reaction activity
and excellent stability, owing to the synergistic effect of bimetallic centers, the
abundant interface between NiOOH and FeOOH, and the plentiful defects.
Impressively, the activated Re—FeNi-MOG-4 electrocatalyst displays remarkable
catalytic activity with a low overpotential of 220 mV at a current density of
10mA cm 2 and a small Tafel slope of 48 mV dec ' in alkaline electrolyte,
outperforming most recently reported electrocatalysts. Herein, a facile and
effective electrochemical reconstruction engineering of pre-catalysts is provided
and the evolution of self-reconstruction of MOG materials for accelerating the
kinetics of the electrocatalytic process is highlighted.

preparation is to design and reduce overpo-
tential reasonably and accelerate kinetic
OER. Although the most mature noble
metal oxides, such as RuO,, and IrO,,
exhibit remarkable catalytic activity toward
the OER, their high cost, scarcity, and cor-
rosion risk limit their practical wide range
of applications. Therefore, the exploration
of efficient and alternative non-noble metal
OER catalysts with high electrocatalytic
activity under alkaline conditions is a very
attractive frontier topic./®~*%

Among all non-noble metal catalysts for
OER, iron group compounds, such as Fe-,
Co-, Ni-based hydroxides, have attracted
increasing attention and delivered excellent
electrocatalytic properties with lower over-
potential and long-term-lasting quality.
Particularly, the introduction of exotic
metals with strong electronic effects of
decoupling control and adjustable active
center of electronic structure and conduc-
tivity become the main power supply of
high OER activity.'*™"*) The research on

1. Introduction

Splitting water to produce H, has emerged as an important
strategy for converting renewable light or electricity."”
However, the slow kinetic 4e”-transfer oxygen evolution reaction
(OER: 4OH —O0, + 2H,0 + 4e") at the anode prevents the
improvement and enhancement of water decomposition effi-
ciency optimization.®® The key to effective electrocatalyst

the design, synthesis, structure, and properties regulation of
various pure, composite, and different morphologies of iron tran-
sition metal hydroxyl oxides has attracted extensive interest from
researchers in the fields of chemistry, materials, energy, and
environment.'* 7! So far, different synthesis strategies have
emerged, such as the direct coprecipitation method, microwave
method, electrodeposition method, ultrasonic-assisted synthesis
method, and so on."*2% However, after the OER reaction process
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Scheme 1. Schematic illustration of the fabrication of FeNi metal-organic gel (FeNi-MOG) and reconstruction of FeNi-MOG electrocatalysts.
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Figure 1. a) PXRD patterns of the as-prepared crystalline MIL-100(Fe) samples, Fe metal-organic gel (Fe-MOG), Ni-MOG, and FeNi-MOG-4.
b) Thermogravimetric analysis of Fe-MOG, Ni-MOG, and FeNi-MOG-4. c) Fourier-transform infrared (FTIR) patterns of Fe-MOG, Ni-MOG, and
FeNi-MOG-4. d) The exsitu Raman pattern of Fe-MOG, Ni-MOG, and FeNi-MOG-4.

Small Struct. 2023, 2300074 2300074 (2 of 10) © 2023 The Authors. Small Structures published by Wiley-VCH GmbH

95U8917 SUOLILLIOD BA 181D 3deal|dde ayy Aq pauenob a1e sajoile VO ‘8sn JO Sa|ni Joj Akeid18UlUO AS]IA UO (SLONIPUOI-PUR-SLUIS)ALICD" A3 1M AJeiq) U [UO//:SdNY) SUONIPUOD pue Swie | 8U1 88S *[£202/S0/TE] Uo Akeiqiauluo 8|1 “neliedns aifojouyos | 8@ 91093 Ag 20005202 11SS/Z00T 0T/I0p/Wod"Aa| 1M Azelqjput|uo//sdiy Woj pspeojumod ‘0 ‘Z90v8892


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

under strong alkaline conditions, the catalysts often undergo struc-
tural transformation or morphology evolution to varying degrees,
resulting in changes in the activity of electrocatalytic materials.
Therefore, the reasonable application of electrocatalytic reconstruc-
tion forging of high-activity OER non-noble metal catalysts has
become the key and challenge of the research.?'*)

In recent years, metal-organic framework (MOF) materials
have attracted extensive attention due to their adjustable proper-
ties and high specific area. They have proved to be promising
templates and precursors for the manufacture of new porous
materials. Especially, the structure and composition of MOF
materials can be changed after the OER process in alkali
conditions, to generate the active hydroxy-oxide or hydroxide
compounds. However, understanding the resultant products
of different types of MOF reconstruction and the structure—
activity relationship is still a great challenge.”**®! In contrast,

Overlay
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metal-organic gels (MOG) materials, as important variants of
MOF materials, are promising candidates to play an important
role in an electrocatalytic system. MOG is a new class of soft
functional materials that have unique advantages such as easy
for high surface area and good compatibility.**=! It shows a
broad application prospect in gas separation and storage and
chemical-sensing detection.?*** More studies have demonstrated
that the evolution of MOF in the electrocatalytic process of hydrox-
ide-active species can accelerate the conduct of the electrocatalytic
reaction. By contrast, the reconstruction of MOG materials in
the electrocatalytic process and the elucidation of active species
are rarely reported. We believe that the characteristics of MOG
materials possess certain advantages in electrocatalytic reconstruc-
tion, and it is urgent to start a new journey in the research of elec-
trocatalytic reconstruction and structural performance regulation
based on MOG gel materials.

Figure 2. a—c) Scanning electron microscope (SEM) image of Fe-MOG, d—f) SEM image of Ni-MOG, g-i) SEM image of FeNi-MOG-4, and j) scanning
transmission electron microscope (STEM) image and EDS elemental mappings of FeNi-MOG-4.
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Herein, to realize the MOG-based pre-catalysts of the efficient
performance OER with excellent activity and durability, we fur-
ther designed and synthesized a series of FeNi-MOG materials
by one-pot solvothermal method, and characterized the gel
pre-catalyst and the heterostructure NiOOH/FeOOH materials
after in-situ electrochemical reconstruction, and evaluated the
OER properties of the materials before and after reconstruction.
Experimental results confirmed that FeNi-MOG-4 and the
NiOOH/FeOOH heterojunction with its complete reconstruc-
tion showed excellent electrocatalytic OER performance, and
the overpotential was as low as 220 mV. This strategy provides
a simple method to obtain an effective OER catalyst, and also
expands the application of MOGs as pre-catalyst in electrocata-
lytic OER.

2. Results and Discussion

2.1. Characterization of Morphology and Structure

The synthetic routes of FeNi-MOG and reconstruction of
FeNi-MOG electrocatalysts are shown in Scheme 1. First, FeNi—
MOG gel was synthesized from a mixture of Fe(NOs);-9H,0,
Ni(NOs),-6H,0, and 1,3,5-benzentricarboxylic acid at 160 °C
via solvothermal method. Second, the nickel foam electrode
loaded with FeNi-MOG material was reconstructed into a three-
electrode system. Then, the obtained materials were character-
ized via powder X-ray diffraction (PXRD), thermogravimetric
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(TG), infrared spectroscopy (IR), and ex situ Raman.
PXRD analysis was used to explore the crystallinity of FeNi-
MOG xerogel, as shown in Figure la. The PXRD pattern
of FeNi-MOG xerogel reveals relatively low crystallinity, as
several broad peaks are observed, which is similar to previously
reported gels.

In addition, it can be seen that in each position where a peak
appears for the MIL-100(Fe) crystal (CCDC:640 536), there exists
a corresponding broad peak for the Fe-MOG xerogel, implying
that the xerogel materials consist of basic MOF-particle building
blocks. Meantime, the TGA profiles of Fe-MOG, Ni-MOG, and
FeNi-MOG are shown in Figure 1b, the three materials show
similar thermal stabilities. There are two major weight loss pro-
cesses from 25 to 1000 °C. The first weight loss at 25-200 °C cor-
responds to solvent evaporation, and the second-stage weight loss
may be attributed to the decomposition of organic linkers.

The chemical composition of Fe-MOG, Ni-MOG, and FeNi-
MOG xerogel was characterized by Fourier-transform infrared
(FTIR) spectrum (Figure 1c) and Raman spectroscopy (Figure 1d).
It could be observed that the three samples have similar functional
groups. In FTIR spectrum, the two absorption bands at around
1620 and 1425 cm ™" are associated with the asymmetric stretch
vas(COO) and the symmetric stretch mode vsym(COO) of carbox-
ylates of H3BTC. The peak at about 750 cm™" is the vibration of
M-O, confirming the successful coordination of the carboxyl
group in trimesic acid with the metal.** This is further supported
by the ex situ Raman spectrum in Figure 1d, which clearly reveals
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Figure 3. a) X-ray photoelectron spectroscopy (XPS) full survey spectra of FeNi-MOG-4. b) Fe 2p, c) Ni 2p, and d) O 1s of FeNi-MOG-4.
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the M—O vibration (around 800 cm™') and C-C stretching mode
(1000 cm ™) in the fresh sample. The aforementioned basic char-
acterization results indicating that the doped Ni did not change the
essential characteristics of the sample.

Meantime, the sample Fe-MOG, Ni-MOG, and FeNi-MOG
morphology were revealed by combined scanning electron micro-
scope (SEM) and transmission electron microscope (TEM). SEM
images show that the Fe-MOG exhibits an irregular block struc-
ture that is composed of different particle sizes. The Ni-MOG
shows the morphology of flake petals. After doping Ni, the overall
morphology of the sample presents a blocky structure, but the size
of the blocky particles decreases. Subsequently, the corresponding
high-angle annular dark-field imaging (HAADF) and energy dis-
persive X-ray spectroscopy (EDS) mappings in Figure 2j con-
firmed that the Ni atoms are uniformly distributed in Fe-MOG.

The surface compositions and electronic states of the FeNi—
MOG-4 sample were characterized through X-ray photoelectron
spectroscopy (XPS) (Figure 3). As shown in Figure 3a, the survey
XPS spectrum demonstrated that the sample consists of Fe, Ni, O,
and C elements. The high-resolution core spectrum of Fe 2p is
presented in Figure 3b. Two peaks at binding energies (BEs)
around 711.8 and 725.7 eV are consistent with the characteristic
peaks of Fe2ps ; and Fe 2p; ;5. As for the Ni 2p spectrum, two peaks
at BEs around 856.5 and 874.4 eV are consistent with the charac-
teristic peaks of Ni 2p;, and Ni 2p, ,, accompanied by two promi-
nent shake-up satellite peaks, which are attributed to the Ni** ions
in FeNi-MOG-4. The O 1s XPS spectra were fitted into four

(a) FeNi-MOG
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components located at 531.7 and 533.7eV, corresponding
to the surface hydroxyl group and adsorbed water molecules,
respectively.

To further assess the self-reconstruction of the optimized cat-
alyst in the test environment, a series of characterizations were
assessed. The formation electrochemical reconstruction process
of Re-FeNi-MOG-4 is schematically illustrated in Figure 4a. The
PXRD analysis indicates that the Re-FeNi-MOG-4 is composed
of NiOOH and FeOOH phases (Figure 4b), suggesting that the
FeNi-MOG restructures under electric conditions. In addition,
FTIR (Figure 4c) indicated that absorption bands at 1623, 1382,
and 820 cm ™! were assigned to the symmetrical stretching vibra-
tion of C=C, C=0, and C-C of FeNi-MOG. After electrochemi-
cal reconstruction, these characteristic peaks were not observed
in Re-FeNi-MOG-4. Meantime, the reconstructed samples gen-
erated from other MOGs such as Re-Fe-MOG, Re-FeNi-MOG-1,
Re-FeNi-MOG-2, Re-FeNi-MOG-3, and Re-FeNi-MOG-5
have been prepared under the similar strategy and character-
ized by X-ray diffraction (XRD) and IR techniques (Figure
S10, Supporting Information). The XRD main peaks and
the IR characteristic peaks of the five reconstructed samples
are uniformly consistent with pure Re-Fe-MOG, which indi-
cates that the different amounts of nickel did not affect the
structure of the product after the reconstruction process.
As a real active species, FeNi-MOG will participate in the for-
mation of active intermediates in the OER reaction, thus
accelerating the whole reaction process. The inductively
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Figure 4. a) Sketch of the electrochemical in situ reconstruction of FeNi-MOG-4. b) PXRD patterns of the thorough reconstruction of FeNi-MOG into
NiOOH/FeOOH heterostructure, and c) IR of FeNi-MOG, and Re-FeNi-MOG-4.
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coupled plasma atomic emission spectrometry (ICP-AES)
measurements for FeNi-MOG-4 suggested that the molar
ratio of Fe*™:Ni®" in the precatalyst stage is ~3:4 (Table S1,
Supporting Information).

To further clarify the chemical structure of the Re-FeNi-
MOG-4, the detailed morphology structure of Re-FeNi-MOG-4
after self-reconstruction was characterized by SEM and TEM
(Figure 5). Further, the high-resolution TEM (HRTEM) image
of the nanosheet (Figure 5d—g) displays two distinct lattice fringes
with d-spacing of 0.836 and 1.095 nm (Figure 5e,f), corresponding
to the (105) plane of NiOOH and the (031) plane of FeOOH,
respectively. The HAADF-STEM image and the corresponding
EDS mapping shown in Figure 5h demonstrated that Fe, Ni,
and O elements were uniformly dispersed in the nanosheet,
but C was not nearly observed after self-reconstruction.

In addition, to elucidate the influences of Ni-doping and the
corresponding effect on the surface chemical properties and the
chemical state of Re-FeNi-MOG-4, XPS was performed. All XPS
spectra are demarcated with Cls at around 284.8 eV as the stan-
dard. As shown in Figure 6a, the survey spectrum shows the
presence of Fe, Ni, C, and O elements in all samples. The
high-resolution Fe 2p spectrum of Re—NiFe-MOG-4 (Figure 6b)
could be deconvoluted into two valence states of Fe species
including Fe*™ 2ps;, (705.7eV) and Fe’™ 2p;, (725.2eV),

Overlay
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revealing the coexistence of Fe’" and surface reduced Fe*" in
Re-NiFe-MOG. The Fe*" peak of Re-FeNi-MOG-4 is shifted by
0.3 eV compared to FeNi-MOG-4, demonstrating strong electronic
interaction between Fe and Ni metals. As shown in Figure 6c, two
distinct characteristic peaks at positions 856.5 and 874.2 eV belong
to Ni 2p3/, and Ni 2p, 5, respectively, and are accompanied by their
respective satellite peaks at positions 862.4 and 880.6 eV, respec-
tively. In particular, the peak at 858.9 eV indicates the appearance
of the Ni*" oxidation state, which was attributed to the crystal and
amorphous interface formed by the interaction between Ni ion and
OH™. Compared with pure FeNi-MOG-4, the BE position shifts to
the positive direction (0.73 eV), indicating that oxidation state is
increased by the loss of more electrons under the regulation of cat-
ion. Meanwhile, the O 1s XPS spectrum of Re—FeNi-MOG-4 exhib-
its more content of metal-O bonds, further confirming that more
oxyhydroxides are formed in Re-FeNi-MOG-4 (Figure 6d). The
electronic environment modulated by the introduction of cations
into FeNi-MOG-4 favors the formation of metal high-valence active
species in Re-FeNi-MOG-4-based electrocatalysts.

2.2. Electrocatalytic Performance Evaluation

The OER performance of Fe-MOG, Ni-MOG, FeNi-MOG-4,
and Re-FeNi-MOG-4 as electrochemical catalysts were first

Figure 5. Morphological characterizations of Re—FeNi-MOG-4. a) SEM image of Re-FeNi-MOG-4. b,c) Transmission electron microscope (TEM)
images with different magnifications. d,e) High-resolution TEM (HRTEM) images. g,f) The interplanar spacings of the lattice fringes. h) STEM image

and corresponding elemental mapping images of Re-FeNi-MOG-4.
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Figure 6. a) XPS full survey spectra of FeNi-MOG-4 and Re—FeNi-MOG-4. The high-resolution XPS spectra of b) Fe 2p, c) Ni 2p, d) O 1s of FeNi-MOG-4,

and Re-FeNi-MOG-4.

studied in 1.0 M KOH alkaline electrolyte at room temperature.
For comparison, the precursors FeNi-MOG-4 and IrO, were also
measured as working electrodes. All of the electrochemical meas-
urements are carried out with a typical three-electrode system in
a 1.0M KOH aqueous solution, and the potential values are
calibrated against the reversible hydrogen electrode (RHE).
Figure 7a shows the typical linear-sweep voltammetry (LSV)
curve of Re-FeNi-MOG-4, along with those of Fe-MOG,
Ni-MOG, FeNi-MOG-4, and IrO, as references. The Re-FeNi—
MOG-4 electrode only needs a small overpotential of 220 mV to
drive the water oxidation reaction at 10 mA cm™2, which is smaller
than Fe-MOG (479 mV), Ni-MOG (300 mV), and FeNi-MOG-4
(270 mV), which is significantly better than commercial IrO,
(340 mV) (Figure 7b). It is noted that the Re-FeNi-MOG-4 sample
shows superior OER activity to the other reported advanced cata-
lysts (Table S1, Supporting Information). In addition, the Tafel
slope is another crucial index for assessing the kinetic activity
of OER in the electrochemical process. Re-FeNi-MOG-4
has the smallest Tafel plot (48mVdec™') compared with
pure Fe-MOG (137mVdec™!), Ni-MOG (125mVdec™),
FeNi-MOG-4 (61 mV dec "), and IrO, (130 mV dec™ "), indicating
fast surface kinetics (Figure 7b). Further, electrochemical surface
area was obtained at different scan rates from 20 to 100 V versus
RHE to estimate double-layer capacitance (Cdl). As expected, the
Re-FeNi-MOG-4 sample has a Cdl value of 299 mF cm 2, which
is higher than that of Fe-MOG (80 mF cm™?) and FeNi-MOG-4

Small Struct. 2023, 2300074 2300074 (7 of 10)

(261 mF cm™?), indicating that Re—FeNi-MOG-4 has a large elec-
trochemically active surface area (Figure 7¢). This might be due to
the relatively high surface area and porous structure. In addition,
the 7,0 value and Tafel slope of Re-FeNi-MOG-4 are also much
lower than other OER catalysts recently reported in alkaline media
(Figure 7d and Table S2, Supporting Information). Meantime, the
turnover frequency (TOF) was calculated to study the intrinsic
activity of the OER electrocatalysts, as shown in Figure S13,
Supporting Information, and the Re~FeNi-MOG-4 shows a much
higher TOF value 0of 0.5390 s~ ' than those of other MOG materials
at the given potential of 220mV (Fe-MOG for 0.0199s™ ",
Ni-MOG for 0.0202s™', and FeNi-MOG-4 for 0.0264s").
Moreover, the TOF values of Re-FeNi-MOG-4 are higher than
single-metal MOG, further revealing the better OER performances
of electrocatalysts constructed from bimetal MOG.

The electrode kinetics of the catalysts were further investigated
using electrochemical impedance spectroscopy (EIS). Nyquist
plots (Figure 8a) further indicate that Re—FeNi-MOG-4 displays
the smallest charge-transfer resistance (15.5 Q), which is much
lower than that of FeNi-MOG-4 (29.2 Q). This indicates that the
Re-FeNi-MOG-4 possesses a faster electron transfer rate and
better conductivity, which is beneficial for the OER process.
Furthermore, stability is another important parameter for evalu-
ating an electrocatalyst’s performance. As a result, a long-term
chronoamperometry test was performed to assess the durability
in a 1.0 M KOH solution. As presented in Figure 8b, the current
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Figure 7. Oxygen evolution reaction (OER) performance of the as-prepared electrodes. a) linear-sweep voltammetry (LSV) plots of different electro-
catalysts. b) Comparison of overpotential and Tafel slope of electrocatalysts. c¢) Double-layer capacitance is determined by the CV curves.
d) Comparison of overpotential and Tafel slope of Re—FeNi-MOG-4 with recently reported reconstructed catalysts.
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respectively. The inset in (b) shows the LSV curves for Re—FeNi-MOG-4 (black) and LSV curve (red) after the 10 h test.

density almost keeps unchanged at an overpotential of 0.5 and
0.6 V for 10 h. After the stability test, the LSV curve was basically
coincident with the curve before the test which shows that the
material has good stability. In addition, the electrocatalytic
OER activities of the reconstructed series of samples were also
carefully evaluated (Figures S10-S12, Supporting Information),
it can be observed that the performance of the reconstructed sam-
ple has been greatly improved compared with that of the corre-
sponding gel material, further confirming that the reconstruction

Small Struct. 2023, 2300074 2300074 (8 of 10)

strategy is helpful to improve the oxygen evolution performance
of the materials. Some additional characterizations such as XRD,
SEM, and TEM techniques were performed to assess the stability
of Re-FeNi-MOG-4 after OER. As can be seen, the XRD patterns
of the collected samples after the OER still exhibited unchanged
phase characteristics compared with the original FeNi-MOG-4
structure (Figure S14, Supporting Information). The morphol-
ogy of the Re-FeNi-MOG-4 after the OER test (Figure S15a—c,
Supporting Information) indicates that the irregular block
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feature of FeNi-MOG-4 is inherited. The HRTEM analysis
(Figure S15d-g, Supporting Information) exhibits clear lattice
fringes, which could be assigned to (105) planes of the NIOOH
and (031) planes of FeFOOH. These results suggest that Re—FeNi—
MOG-4 maintains the original structural stability after the OER
process.

3. Conclusion

To summarize, we presented an electrochemical in situ strategy
to synthesize the NIOOH/FeOOH heterostructural material gen-
erated from the FeNi-MOG precatalyst for OER. During the OER
process, irreversible deep self-reconstruction of FeNi-MOG
resulted in the formation of NIOOH/FeOOH. Due to the porous
structure of MOG and the synergistic coupling between Fe and
Ni hydroxyl oxide particles generated by in situ electrochemical
reconstruction, the as-obtained Re-FeNi-MOG-4 demonstrates
outstanding OER performance with a low overpotential and
excellent durability. We believe that this strategy can help design
superior OER electrocatalysts, providing a promising approach
for developing durable electrochemical catalysts and also enrich-
ing the research scope of MOG-derived materials and contribut-
ing to the exploration of more efficient electrocatalysts.

4. Experimental Section

Chemical Reagents: Nickel nitrate hexahydrate (Ni(NOs),-6H,0), ferric
nitrate nonahydrate (Fe (NO3),-9H,0), ethanol (CH3CH,OH), deionized
water (H,0), and potassium hydroxide (KOH) were purchased from
Sinopharm Chemical Reagent Co. Ltd. Nafion solution (5wt%) was pur-
chased from Macklin Chemical Reagent. All purchased chemicals were not
further purified and all solvents were analytical grade.

Preparation of Fe~-MOG: In detail, 1.0 mmol H3;BTC and 1.5 mmol
Fe(NO;3)3-9H,0 were separately dissolved in 5 mL CH3CH,OH, and then
the two solutions were quickly mixed. Afterward, the resulting homoge-
neous mixture was maintained at 160°C for 5h in a closed container.
After cooling to room temperature, a light brown gel was collected, thor-
oughly washed with deionized water several times, and then dried at 80 °C
for 12 h under vacuum.

Preparation of FeNi-MOG with Different Ni/Fe Ratios: In a typical syn-
thesis, 1.0 mmol H3;BTC, 0.65 mmol Fe(NO3);-9H,0, and 0.85 mmol
Ni(NO3),-6H,0O were separately dissolved in 5 mL of CH3CH,OH, and
the two solutions were rapidly mixed. The resulting homogeneous solution
was then maintained at 160 °C for 3 h in a closed container. After cooling
to room temperature, the green gel was formed. FeNi-MOG-1, FeNi-
MOG-2, FeNi-MOG-3, and FeNi-MOG-5 gels were synthesized in a simi-
lar way to that for the FeNi-MOG-4 gel, except that Fe (NO3);-9H,0
(0.65 mmol) and Ni(NOs),-6H,0 (0.85 mmol) was replaced by Fe(NO;);-9H,0
(1.13 mmol) and Ni(NOs),-6H,0 (0.37 mmol), Fe(NO3)3-9H,0 (0.90 mmol)
and Ni(NOs)2-6 H,O (0.60 mmol), Fe(NO;);-9H,0 (0.75 mmol) and
Ni(NO3)2-6H,0 (0.75 mmol), and Fe(NOs);:9H,0 (0.56 mmol) and
Ni(NO3),-6H,0 (0.94 mmol), respectively.

In Situ Electrochemical Activation for Preparing Re—FeNi-MOG-4: The
in situ electrochemical activations were carried out in 1.0 KOH under
an N, atmosphere to avoid possible oxidation caused by O, in air. The
as-prepared working electrode FeNi-MOG-4 pre-catalyst was directly
used as an OER catalyst which tabled on the nickel foam and immersed
in 1.0 KOH, cyclic voltammetry (CV) activation was conducted at 0.6-0.8 V
versus RHE, resulting material reconstruction, entitled as Re-FeNi-MOG.

Characterization: XRD patterns were obtained on a Rigaku Ultima IV
diffractometer (Cu Ka radiation, 2 =1.5406 A, the 26 range of 5°-80°).
FTIR spectra (KBr pellets) were conducted on a Thermo Electron NEXUS
670 FTIR spectrometer. The morphologies and microstructures were
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investigated using a field-emission SEM (JEOLJSM-6700F) and a TEM
(JEOLJEM-2010F). TG curves were gained on a Netzsch model 449C ther-
mal analyzer heated from 25 to 1000 °C with a heating rate of 10 °C min™"
under an air atmosphere. XPS data were obtained using an ESCALAB 250
with a monochromatic Al Ka X-ray source, and C 1s was used to calibrate
the BEs to 284.8 eV.

Electrochemical Measurements: Typically, the obtained samples were
ground into a powder and then added to a 1.0 mL centrifugal tube with
a mixed solution of 0.6 mL of H,0, 0.3 mL of EtOH, and 0.1 mL of Nafion.
Then, the ink was subsequently sonicated to ensure well-distributed
dispersion. Then, the ink was drop-cast onto prepared electrodes. All elec-
trochemical measurements were tested at 25°C on a CHI 660e electro-
chemical workstation. In general, OER measurements were carried out
in a three-electrode electrochemical cell. Before the electrochemical tests,
the electrolyte (1.0 M KOH) was degassed by bubbling oxygen for 30 min. A
glassy carbon disc electrode (@ =3 mm) electrode modified with the cat-
alysts mentioned before was used as the working electrode. A Pt wire elec-
trode was chosen as the counter electrode. The Hg/HgO electrode was used
as the reference electrode, and the potential was converted to the RHE via
the Nernst equation: Egpg = Epigjrgo +0.098 V +0.059 pH. LSV and CV
were recorded with a scan rate of 5mVs™. Tafel plots were derived from
the LSV curves. EIS was carried out at 1.6V versus RHE with a frequency
range from 0.01 Hz to 1000 kHz. The current—time (I-T) curves were tested
at the overpotential corresponding to the current density of 10 mA cm ™2
All of the electrochemical data were offered without iR correction.

Supporting Information

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