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NiFe Nanoparticle Nest Supported on Graphene as
Electrocatalyst for Highly Efficient Oxygen Evolution

Reaction

Zhaoyuan Lyu, Sheng Yu, Maoyu Wang, Peter Tieu, Jiachi Zhou, Qiurong Shi, Dan Du,
Zhenxing Feng, Xiaoging Pan, Hongfei Lin, Shichao Ding,* Qiang Zhang,* and Yuehe Lin*

Designing cost-efffective electrocatalysts for the oxygen evolution reaction
(OER) holds significant importance in the progression of clean energy
generation and efficient energy storage technologies, such as water splitting
and rechargeable metal-air batteries. In this work, an OER electrocatalyst

is developed using Ni and Fe precursors in combination with different pro-
portions of graphene oxide. The catalyst synthesis involved a rapid reduction
process, facilitated by adding sodium borohydride, which successfully formed
NiFe nanoparticle nests on graphene support (NiFe NNG). The incorporation
of graphene support enhances the catalytic activity, electron transferability,
and electrical conductivity of the NiFe-based catalyst. The NiFe NNG catalyst
exhibits outstanding performance, characterized by a low overpotential
0f292.3 mV and a Tafel slope of 48 mV dec™', achieved at a current density
of 10 mA cm~2. Moreover, the catalyst exhibits remarkable stability over
extended durations. The OER performance of NiFe NNG is on par with that of
commercial IrO, in alkaline media. Such superb OER catalytic performance can
be attributed to the synergistic effect between the NiFe nanoparticle nests and
graphene, which arises from their large surface area and outstanding intrinsic
catalytic activity. The excellent electrochemical properties of NiFe NNG hold
great promise for further applications in energy storage and conversion devices.

1. Introduction

Given the rapid pace of energy consump-
tion and severe environmental pollution
caused by traditional fossil fuels, devel-
oping clean and renewable energy tech-
nologies has become a compelling neces-
sity. To meet the growing market and de-
velopment requirements, the oxygen evo-
lution reaction (OER), in water electroly-
sis, has aroused enthusiastic attention. It
has been proposed to address some chal-
lenges of sustainable energy devices and
technologies.'* One of the main obstacles
in water splitting is the sluggish multistep
reaction pathway of water oxidation, which
requires a high-energy input.>””! Hence,
developing stable, highly active, and cost-
effective water oxidation catalysts is es-
sential for the widespread application of
these processes in energy production.®!
Currently, noble-metal catalysts like IrO,
and RuO, are considered the most reli-

able commercial materials and are widely
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Figure 1. a) Schematic illustration of the synthesis of NiFe NNG. b-d) TEM images of NiFe NNG-10, NiFe NNG-20, and NiFe NNG-30, respectively.

Inset in b: isolated NiFe nanoparticles.

regarded as the benchmark catalysts for OER.[*!%] Despite their

excellent properties in OER catalysis, the prohibitive cost of these
precious metals restricts their extensive applications in various
fields.

Extensive research has been conducted to discover alternative
non-noble metal catalysts that can match the performance of
noble metal catalysts, yet are made of low-cost, earth-abundant
materials.[''1*] Transition metal-based catalysts, such as iron and
nickel, are treated as competent candidates due to their low over-
potential and excellent stability in alkaline conditions.['>*?*] For
example, Hao et al. prepared the nanoporous Ni-based solid so-
lution electrode which mimics naturally-formed materials, ex-
hibiting outstanding long-term stability in a wide range of cur-
rent densities.?® Up to now, some strategies have been used to
design NiFe-based electrocatalysts for high-efficiency OER, in-
cluding three-dimensional (3D) sandwiched NiFe/C arrays on Ni
foam;[?’! directly pyrolyzed Ni/Fe polyphthalocyanine into N-rich
Ni—Fe/C;!% and so on.?-3!] Our group also synthesized several
3D porous NiFe nanofoams without using any hard or soft tem-
plate and found that such ultrafine and highly disordered NiFe-
based catalysts exhibit outstanding electrocatalytic performance
toward OER in alkaline conditions.*?] Additionally, researchers
have reported that using thinner carbon layer materials can im-
prove the electron transfer from the metals to the carbon, thus en-
hancing the catalytic activity.**] Especially, graphene-based ma-
terials have been extensively studied as electrode materials and
catalyst supports because of their high electrical conductivity,
large specific surface area, and excellent electron transfer rate on
the electrodes.[3134 We believe that NiFe catalysts integrating
graphene sheets as catalytic composites are expected to have high
OER performances and enhance electron transferability and elec-
trical conductivity.3>! Although several studies have investigated
NiFe-C catalysts, fast anchoring the disordered NiFe nanoparti-
cle on graphene is still unexplored.
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This work presents a fast and straightforward method to syn-
thesize bimetallic nanoparticles-graphene composites with an
enriched two-dimensional (2D) catalytic interface structure, com-
posed of NiFe nanoparticle nest coupled with different amounts
of graphene (NiFe NNG). Specifically, the NiFe NNG is synthe-
sized by adding graphene oxides into mixed Ni and Fe precur-
sors, which are rapidly reduced by sodium borohydride. Due to
the outstanding intrinsic catalytic activity of NiFe and the special
properties of the graphene, the obtained NiFe NNG exhibits ex-
cellent water-splitting OER activities in alkaline media, showing a
low overpotential of 292.3 mV at a current density of 10 mA cm=2,
as well as a small Tafel slope of 48 mV dec™!. X-ray absorption
spectroscopy (XAS) has been conducted thoroughly on the best-
performing electrocatalyst before and after OER tests to analyze
the changes in structure and oxidation states.

2. Results and Discussion

Figure 1a depicts the schematic illustration of the synthesis pro-
cess for NiFe NNGs. In detail, graphene oxide (GO) is dispersed
in water with the assistance of sonication. Then, the Ni and Fe
precursors (Ni(NO;),-6H,0 and Fe(NO;);-9H,0) in a 2:1 mole
ratio are dissolved in the GO-dispersed solution with vigorous
stirring for &5 min at room temperature. The ratio of Ni and
Fe (2:1) selected in the precursor solution is based on our pre-
vious research.}?] A freshly prepared NaBH, solution is then
quickly injected into the above mixture. The mixture is stirred
for 5 min, and then to collect the black solids. Both metal precur-
sors and GO are simultaneously reduced during the nucleation
and growth stage, providing a straightforward strategy to pre-
pare NiFe alloys loaded on reduced graphene. The obtained NiFe
NNGs are collected through centrifugation followed by freeze-
drying (see the Experimental Section in Supporting Information
for more details). To investigate the effect of GO quantity on
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Figure 2. a) Low magnification (inset: SAED pattern) and b) high magnification of STEM images of NiFe NNG-20. c¢) EDS mapping images of C, O,
Fe, and Ni, respectively. d) XRD patterns of the NNGs. e—i) TEM images of the as-synthesized NiFe NNG-20. Upper inset: SAED pattern. Below inset:

HRTEM crystal lattice images.

the structural and catalytic performance of NiFe NNGs, differ-
ent amounts of GO (10, 20, and 30 mg) are used. These NNGs
are named NiFe NNG-10, NiFe NNG-20, and NiFe NNG-30, re-
spectively. The distribution of NiFe on graphene was investigated
using transmission electron microscopy (TEM) in Figure 1b-d.
As we can see from the morphology of NiFe NNG, the NiFe
nanoparticles are dispersed on the surface of the graphene sur-
face, forming a dense distribution in NiFe NNG-10 and NiFe
NNG-20. However, some isolated NiFe nanoparticles not coupled
with graphene are also observed (inset of Figure 1b). This occurs
because the amount of GO in the precursor is insufficient to ac-
commodate all the reduced Ni and Fe, thus limiting the complete
formation of the nest structure. Notably, the NiFe nanoparticles
within the NiFe NNG catalyst are composed of a multitude of
individual nanoparticles that are intricately assembled together.
For the NiFe NNG-30, some bare graphene sheets without NiFe
nanoparticles are observed (Figure 1d). Hence, 20 mg of starting
GO is determined to be the most suitable amount for anchoring
NiFe nanoparticles uniformly on their surface and constructing
an electrocatalyst nest structure from a morphology perspective.

The morphology of NiFe NNG-20 was further characterized
by scanning TEM (STEM) images (Figure 2a), and we can see
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that NiFe nanoparticles are located on the surface of graphene.
Additionally, the selected area electron diffraction (SAED) pat-
tern in the inset shows the crystal structure of the as-prepared
NiFe nanoparticles. As shown in Figure 2b, the NiFe nanoparti-
cles are anchored to graphene, which constructs the basic unit
of the electrocatalyst nest. STEM energy-dispersive X-ray spec-
troscopy (EDS) elemental mapping further confirms the uniform
distribution of Fe and Ni on the hybrids, as shown in Figure 2c
and Figure S1 (Supporting Information). Moreover, the cross-
sectional compositional linear scan (Figure S2, Supporting In-
formation) further proved that the localized structure in NiFe
nanoparticles consisted of Ni and Fe nanoparticles. Powder X-ray
diffraction (PXRD) was employed to measure and reveal the crys-
tal structure of NiFe NNG-10, NiFe NNG-20, and NiFe NNG-30.
These three composite materials showed similar characteristic
peaks (Figure 2d). Specifically, the peaks observed at 43.4°, 50.9°,
and 74.5° correspond well with the face-centered cubic structure
of Ni—Fe alloy (PDF#47-1417), attributed to its (111), (200), and
(220) facets, respectively. Furthermore, the Ni—Fe mixed oxide
diffraction pattern showed sharp peaks at the 26 values of 18.3°,
25.3°,30.2°, 30.5°, 43.2°, 57.2° 62.9, corresponding to the pres-
ence of the Rhombohedral phase crystallographic structure of
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Fe, 0, (JCPDS: 39-1346), while the existence of the diffraction
peaks at 260 values of 37.2°, 43.3°, and 63.0° are owing to the
structure of NiO (JCPDS: 47-1049). The intensive peaks situ-
ated at the 26 values of 18.4°, 30.3°, 35.6°, 37.4°, 43.4°, 53.8°,
57.3°,63°, and 74.6° are ascribed to the face-centered cubic phase
crystallographic structure of spinel NiFe,O, (JCPDS: PDF#10-
0325). Moreover, the existence of the diffraction peaks at 20 at
18.5°,30.4°, 35.9°,37.6°,43.6°, 54.1°, and 57.7° indicates the face-
centered cubic crystallographic structure of FeNi,O, (JCPDS:
PDF#01-074-6507).3%%7] It is also noted that the obvious peak
at ~11° (0.84 nm) corresponds to the (001) plane of GO.*®! In
addition, the microstructures of the NiFe NNG-20 were investi-
gated by bright field STEM (BF-STEM) imaging, as illustrated
in Figure 2e-i. Similarly, the information on lattice spacings can
be obtained through fast Fourier transformation (FFT) and in-
verse fast Fourier transformation (IFFT). It is worth noting that
graphene lattice fringes (d = 0.84 nm) were also found in the
STEM imaging of NiFe NNG-20, which can be attributed to the
(001) crystal plane (Figure 2e). Based on the crystal orientation re-
lationship, the lattice spacings of 0.146 and 0.251 nm should be
assigned to the NiFe (121) and (110) moieties, respectively, with
the corresponding crystallographic zone axis being (111), as illus-
trated in Figure 2f. This confirms the presence of alloyed NiFe
species, which is consistent with the XRD results. Interestingly,
in the STEM imaging of NiFe NNG-20, lattice spacings and crys-
tallographic zone axes (Figure 2g—i) that are in agreement with
Fe, 05, NiO, and NiFe, O, are identified. This is highly consistent
with the above XRD results, indicating that NiFe NNG-20 con-
sists of NiFe alloy mixed with metal oxides. The oxide compounds
might come from oxidation during the freeze-drying and storage
process toward NiFe species by air.

To understand the oxidation state and local structures of Ni
and Fe in the alloys, X-ray absorption spectroscopy (XAS) mea-
surements were performed.***!1 The X-ray absorption near-edge
structure (XANES) spectra show that the absorption edge posi-
tion of NiFe NNG-20 in the Ni K-edge is higher than that of NiO,
indicating that the Ni species in the NNGs have an oxidation state
higher than +2 (Figure 3a).[*?] Besides, the Fe K-edge XANES
spectrum of NNG is located between FeO and Fe, O, (Figure 3D),
suggesting that the average valence state of Fe atoms falls be-
tween +2 and +3. The surface composition of NiFe NNG-20
was further analyzed by X-ray photoelectron spectroscopy (XPS)
and the presence of Ni, Fe, C, and O elements was revealed
(Figure 3c). The results indicated that the atomic ratio of Ni (4.10
at.%) to Fe (9.08 at.%) in the NiFe NNG catalyst is ~1:2.21. This
ratio closely aligns with the 1:2.38 ratio obtained from X-ray flu-
orescence (XRF) analysis, which reported Ni at 29.55% and Fe at
70.45% (refer to Figure S3a). The complex composition of NiFe
NNG may form a thermodynamically stable substance unrelated
to the starting precursor Ni/Fe molar ratio. It should be noted that
B (boron) remains present in the catalyst, and the doping of such
a heteroatom enhances its conductivity.* The high-resolution
O1s XPS spectrum (Figure 3d) could be deconvoluted into two
peaks centered at 530.6 and 534.8 eV, which could be indexed
to Ni—O/Fe-O and C—O—C. Figure 3e shows the high-resolution
XPS spectrum of Ni 2p, , and 2p, ,, which consists of Ni** (855.2
and 872.9 eV) and Ni** (856.9 and 874.7 eV) due to the exposure
to air and satellite (862.0 and 880.1 eV) peaks. This is also mu-
tually confirmed with the X-ray absorption near-edge structure
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spectrum (XANES) of Ni species.[***] The high-resolution XPS
spectrum of Fe (Figure 3f) also shows the peaks of Fe 2p,, and
2p;,, confirming the existence of +2 and +3 valence states of
Fe species in NiFe NNG-20, which also proved the existence of
mixture species of FeNi, O, and NiFe,0,.[*] Raman spectrum of
NiFe NNG-10, NiFe NNG-20 and NiFe NNG-30 (Figure 3g) dis-
play the D, G and 2D bands at 1347, 1578, and 2709 cm ™!, respec-
tively, which are characteristic of graphene.[*’*8] Moreover, the
intensity ratio of the two bands (I, /1) is related to the quantity
of defects and structural imperfections in carbon materials,!*!
and all of the NiFe NNGs own a higher I,/I ratio than that of
bare GO,*" which means the involved NiFe caused more disor-
dered carbon species. Among the three composites, NiFe NNG-
30 exhibits the lowest I, /1 ratio (0.82) because it has the highest
graphene content compared to the others. In contrast, NiFe NNG-
20 has the highest I,/I., indicating it possesses the most de-
fects, which can lead to the best electrocatalytic performance. The
3D porous structures of NiFe NNG-10, NiFe NNG-20, and NiFe
NNG-30 are demonstrated by nitrogen adsorption and desorp-
tion analysis (Figure 3h). This indicates that NiFe NNG-20 pos-
sesses the highest specific Brunauer-Emmett-Teller (BET) sur-
face area (57.83 m? g7') among the three electrocatalytic materi-
als. This higher surface area indicates the presence of more cat-
alytic sites, highlighting the potential for enhanced catalytic activ-
ity. This phenomenon can be attributed to the higher presence of
NiFe nanoparticles directly dispersed on the graphene surface (as
depicted in Figure 1c). This distribution of nanoparticles leads to
an increased number of defects (as illustrated in Figure 3g), ulti-
mately resulting in a higher specific surface area for NiFe NNG-
20. Compared with bare reduced graphene (13.66 m? g1, Figure
S4, Supporting Information), the increased specific surface area
of NiFe NNGs will benefit the OER properties. The pore size dis-
tribution indicates the mesoporous nature of all three samples,
with pore sizes ranging from micro to mesopores (Figure 3i). Re-
sults show that the total pore volume of NiFe NNGs-10/20/30
is 0.0583, 0.1241, and 0.1486 cm? g~!, respectively. This combi-
nation of high surface area, a large pore volume, and a higher
concentration of defects contribute to the enhanced electrocat-
alytic performance of NiFe NNG-20 compared to the other two
composites.[“#951-54]

The electrochemical characteristics of NNGs were first in-
vestigated using electrochemical impedance spectroscopy (EIS).
The charge transfer resistance decreases with the increase of
graphene content (Figure S5, Supporting Information), reveal-
ing that introducing graphene can enhance electrical conductiv-
ity and improve electron transfer during the catalytic process.
Figure 4a features the OER polarization curves of both the
studied NNGs and IrO, as the reference sample. NiFe NNG-
20 exhibits an OER potential (Ej = 10) of 1.522 V while main-
taining a current density of 10 mA cm~2. This OER potential
is much better than that of the reference IrO, (1.558 V) and
other NNGs (1.534 V for NiFe NNG-10; 1.546 V for NiFe NNG-
30). NiFe NNG-20 shows an obviously superior performance
with a low overpotential of # = 292.3 mV at 10 mA cm™.
This low overpotential is also exceptional when compared with
other reported NiFe-based OER catalysts (Table S1, Support-
ing Information). NiFe NNG-20 exhibits the lowest overpoten-
tial (350.2 mV) compared to NiFe NNG-10 (363.1 mV), NiFe
NNG-30 (370.8 mV), and the reference IrO, (400.1 mV) at
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Figure 3. a,b) Ni and Fe K-edge XANES spectra of NiFe NNG-20 and reference samples. c) XPS spectrum of NiFe NNG-20. d—f) O 1s, Ni 2p and Fe
2p XPS spectra of NiFe NNG-20. g) Raman spectra of NNGs. h,i) N, adsorption-desorption isotherm curves of NiFe NNG-10, NiFe NNG-20, and NiFe

NNG-30 by nonlocal density functional theory (NLDFT) method.

50 mA cm_2. In addition, the Ni NNG-20, Fe NNG-20, and
NNG-20 samples display higher overpotentials, indicating that
the superior OER performance primarily results from the NiFe
(Figure S6, Supporting Information).

Tafel plots shown in Figure 4b depict that the NiFe NNG-20’s
Tafel slope (48 mV dec™) is slightly smaller than that of commer-
cially available IrO, (74 mV dec™')) and other reported NNGs,
which suggests that OER is kinetically highly favorable on NiFe
NNG-20. Electrochemical surface area (ECSA) was determined
to exclude the contribution regarding the net amount or sur-
face area. The ECSA can be estimated from the electrochemical
double-layer capacitance (Figure S7, Supporting Information).l>!
The NiFe NNG-20 exhibits the highest ECSA than other NNGs
(Figure 4c), demonstrating an increased density of exposed ac-
tive sites in its structure, which reveals the superiority of NiFe
NNG-20 compared to other catalysts in terms of OER perfor-
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mance. EIS measurements were conducted at 1.5 V (V vs RHE),
and the results are shown in Figure S8 (Supporting Informa-
tion). The similarity of trends observed in all Nyquist plots in-
dicates that the catalysts’ charge transfer processes and electro-
chemical mechanisms toward OER are comparable. It is notice-
able that these catalysts exhibit distinct solution resistances (R,),
which can be attributed to the varying contact resistances (R,)
between the electrode and the electrolyte.l**>”] It can also be ob-
served that NiFe NNG-20 exhibits the lowest R, (8.38 Q), further
indicating it possesses the lowest charge transfer resistance at
the catalyst/electrolyte interface and the fastest electron transfer
rate during the OER process.[*®>?! The current density normal-
ized by ECSA reflects the intrinsic activity of the electrode, and
OER activity in the ECSA-normalized LSV (Figure 4d) is also con-
sistent with Figure 4a. The accelerated durability test (ADT) is
used to evaluate the stability of NiFe NNG-20. The linear sweep
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Figure 4. a,b) Polarization curves and Tafel plots of NiFe NNG-10, NiFe NNG-20, NiFe NNG-30, and IrO,. c) Overpotential and ECSA of NNGs.
d) Polarization curves normalized by ECSA for OER. €) LSV curves before and after 2000 potential cycles test in 1 M KOH aqueous solution. f) Overpo-

tential changes after the ADT at a current density of 10 mA cm™2.

voltammetry (LSV) curves before and after NiFe NNG-20 endures
a 2000 potential cycle test are displayed in Figure 4e. Evidently,
the LSV curve of the NiFe NNG-20 after the ADT test shows a
slight positive shift of overpotential at 10 mA cm~? (Figure 4f). It
should be noted that the disappearance of the anodic peak here
may be attributed to the catalyst transitioning to an oxidized state.
Along-term chronopotentiometric test was also conducted to fur-
ther evaluate stability, and the results show that NiFe NNG-20
can still maintain 85% of the current response after 20 000 s at
50 mA cm™ versus RHE (Figure S9, Supporting Information).
The reduced stability might be due to loss of iron. XRF results
indicate that, after stability testing, the atomic ratio of Ni to Fe
in NiFe NNG-20 is ~1:1.73, and there is a noticeable decrease in
the Fe mass ratio, dropping to 62.79% from 70.45% before the
stability testing (Figure S3b, Supporting Information).

To further confirm the evolution of the oxidation state and crys-
tal structure of the constructed NNG, TEM, and XAS measure-
ments were conducted on NiFe NNG-20 at the beginning and end
of the OER cycling test. Seldom obvious morphology changes are
observed in NiFe NNG-20 after the OER reaction, and the NiFe
components still anchor on the graphene (Figure S10, Support-
ing Information). The XANES of Ni K-edge demonstrates that
the oxidation state of Ni increases after OER, which is featured
by the increase of white line intensity and right-shifted position
(Figure 5a). Similar results were also observed for the Fe ele-
ment (Figure 5c). The change in the local bonding environment
is further investigated by corresponding Fourier transforms (FT)
obtained from the extended X-ray absorption fine structure (EX-
AFS). The Ni/Fe-O peaks shown in the original NiFe NNG-20 are
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caused by oxidization in the air, and such results also correspond
with XRD and STEM analysis in Figure 2. It can be seen that the
intensity of the Ni-Metal backscattering peak, located at 2.1 A,
decreases after the ADT test. This is because the metal/alloy Ni
species switch to an oxidation state after a continuous oxidation
reaction. Besides, the Ni—O peak of NiFe NNG-20 has become
much broader as well as closer to the oxyhydroxide state, which is
consistent with the reported mechanism.[3>%°! Also, for the Fe K-
edge FT-EXAFS result (Figure 5d), the Fe—Fe/metal backscatter-
ing intensity disappeared after ADT, which further demonstrates
the oxidation of the catalyst. These findings suggest that the NiFe
NNG-20 electrocatalyst demonstrates both excellent stability and
performance in the OER process, with only minor changes in its
structure and oxidation states after 2000 potential cycles.

3. Conclusion

In conclusion, we have developed a NiFe NNG electrocatalyst to
enhance OER catalytic performance under alkaline conditions.
We used varying amounts of graphene in the system to construct
the NiFe NNG, enabling a comprehensive assessment of their
structural properties and catalytic performance. This novel NiFe
NNG electrocatalyst can be easily synthesized via a rapid reduc-
tion of Ni/Fe/GO precursors. Results indicate that NiFe NNG
with 20 mg of graphene (NiFe NNG-20) exhibits superior OER
activity compared to those with 10 and 30 mg, as well as the com-
mercial IrO, catalyst. Specifically, NiFe NNG-20 achieves a low
overpotential of 292.3 mV at a current density of 10 mA cm™
and a Tafel slope of 48 mV dec™!. The exceptional OER activity
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Figure 5. a—d) XANES and EXAFS spectra in Ni K-edge analysis of NiFe NNG-20 before and after ADT.

of NiFe NNG can be ascribed to its large surface area, the out-
standing intrinsic catalytic activity of NiFe, and the interactions
between NiFe nanomaterials and graphene. These attributes en-
dow the NiFe NNG catalyst with significant potential for applica-
tions in future energy storage and conversion devices. The devel-
opment of such highly efficient and stable electrocatalysts paves
the way for enhancing the performance of electrolyzers and other
technologies dependent on efficient OER catalysts in alkaline en-
vironments.

Supporting Information

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