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ABSTRACT

Advancing efficient and affordable electrocatalysts to boost the oxygen evolution reaction (OER) is pivotal for sustainable green
hydrogen production. Herein, we propose the fabrication of nickel-iron alloy nanoparticles-encapsulated on N-doped vertically
aligned graphene array on carbon cloth (NiFe@NVG/CC) as a highly active three-dimensional (3D) catalyst electrode for OER. In
1 M KOH, such NiFe@NVG/CC demonstrates outstanding catalytic performance, necessitating merely overpotential of 245 mV
for achieving a current density of 10 mA-cm™, a remarkably low Tafel slope of 36.2 mV-dec™. Furthermore, density functional
theory calculations validate that the incorporate of N species into graphene can reinforce the electrocatalytic activity though
reducing the reaction energy barrier during the conversion of *O to *OOH intermediates. The outstanding performance and
structural benefits of NiFe@NVG/CC offer valuable insights for the development of innovative and efficient electrocatalysts for

water oxidation.
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1 Introduction

Hydrogen (H,) is recognized as a clean and sustainable energy
carrier, offering a viable alternative to fossil fuels and natural gases.
Its notably high energy density and production of zero carbon
emissions make it particularly attractive [1-3]. One effective
method for producing H, is water electrolysis [4-10]. However,
the process faces a significant challenge during the anodic oxygen
evolution reaction (OER). This reaction, crucial for water
electrolysis, involves a complex multi-electron transfer process to
form covalent O-O bonds and is hindered by slow reaction
kinetics [11-18]. To address this, active OER electrocatalysts are
essential for reducing the substantial overpotential required.
Unfortunately, the benchmarked OER electrocatalysts, RuO, and
IrO,, are limited by their low abundance and high cost, impeding
their broader application.

Recently, 3d transition metals and their compounds have risen
to prominence as viable substitutes for noble metals for their cost-
effectiveness, abundant availability, and exceptional catalytic
properties [19-26]. Nickel-iron (NiFe) bimetallic catalysts are
particularly notable within this group for their synergistic effect,
which contributes to low overpotential and increased durability,
especially under alkaline conditions [22, 25,27-30]. Nevertheless,
bare NiFe catalysts that come into direct contact with liquid
electrolytes are susceptible to erosion, and the particles within
these catalysts can agglomerate during the water oxidation, leading
to a significant decline in catalytic performance [27, 28]. Presently,

the integration of these catalysts with nano carbonaceous materials
to create carbon-encapsulated composites has been conclusively
demonstrated as an efficacious approach for enhancing their
electrocatalytic performance [22,31-35]. As an illustrative case,
Zhang et al. showcased significant catalytic activity through the
synthesis of nitrogen (N)-doped carbon-encapsulated NiFe
nanoparticles via a one-step calcination process with a precursor
derived from metal organic compounds. Notably, their catalytic
activity demonstrated superior performance compared to RuO,
for OER [34]. The research team, led by Han, reported their work
on encapsulating NiFe alloy nanoparticles in carbon nanofibers,
which resulted in highly efficient water oxidation [22]. While
innovative carbon-encapsulated NiFe nanomaterials have
demonstrated improved catalytic performance for the protective
carbon shell and enhanced conductivity, challenges arise from
excessively thick carbon layers and limited specific surface areas in
electrocatalysts for exposing more active sites. Also, the necessity
for binders has proven detrimental to the catalytic performance of
NiFe for OER. Three-dimensional (3D) vertically aligned
graphene (VG) nanosheet array, with its open channels, abundant
edges, large specific surface areas, and excellent conductivity, is
considered the ideal 3D scaffold for active materials and has been
widely used in the realm of electrochemical energy storage and
conversion [36-39]. It is envisaged that 3D VG array
encapsulating NiFe will serve as an ideal OER electrocatalyst, a
potential that remains to be explored.
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In this study, we demonstrate our recent effort to advance this
objective by fabricating NiFe alloy nanoparticles encapsulated
within N-doped VG array on carbon cloth (NiFe@NVG/CC) via a
rapid Joule heat (JH) process. When employed as a 3D electrode
for OER, NiFe@NVG/CC exhibits robust catalytic activity,
requiring only a 245 mV overpotential to achieve a current density
() of 10 mA-cm™ in a 1.0 M KOH electrolyte. Notably, this
electrode showcases outstanding long-term electrochemical
durability. Additionally, through density functional theory
calculations (DFT), we elucidated the synergistic effect between
NiFe and NVG, which enhances the adsorption capabilities of
*OOH.

2 Experimental

2.1 Materials

Iron(Ill) acetylacetonate was bought from Shanghai Aladdin
Biochemical Technology Co. Ltd., and urea and nickel(II)
acetylacetonate were obtained from Shanghai Macklin
Biochemical Co., Ltd. Ethanol was supplied by Sinopharm
Chemical Reagent Co., Ltd. All chemicals were used as received
without further purification. CC was obtained from CeTech Co.,
Ltd. Ultrapure water was used throughout the experiments.

2.2 Synthesis of VG/CC

VG/CC was synthesized using a custom-built plasma-enhanced
chemical vapor deposition (PECVD) system. The PECVD was
preheated to 500 °C, and CC substrate (20 mm x 50 mm) was
positioned centrally. The system was evacuated to below 50 Pa
before introducing a gas mixture of CH, (6 sccm), Ar (20 sccm),
and H, (10 sccm). A 500 W radio frequency power source
generated plasma for 8 min, with CH, as the carbon source for
VG growth. The VG/CC was acquired subsequent to its cooling
down to room temperature.

2.3 Synthesis of NiFe@NVG/CC

In synthesizing NiFe@NVG/CC, a precursor solution was first
prepared by dissolving Ni-Fe metal precursor (mass ratio 7:3) at
10 mgmL™" and urea (20 mgmL”, acting as a combustion
promoter and N source) in ethanol. A VG/CC substrate (1.5 x
6 cm) was then immersed in this solution for 3 min to ensure
complete impregnation. After air-drying, the substrate was placed
in a homemade JH reaction chamber and subjected to a 10 A
current for 0.2 s under vacuum to prevent oxidation. This process
was repeated five times to yield NiFe@NVG/CC. Similar
procedures were employed to fabricate NiFe@VG/CC,
Ni@NVG/CC, Ni@VG/CC, Fe@NVG/CC, and Fe@VG/CC
samples for comparative studies.

24 Characterization

The samples’ physical and chemical properties were analyzed
using X-ray diffraction (XRD, Rigaku Ultima IV), scanning
electron microscopy (SEM, FEI Nova NanoSEM 450),
transmission electron microscopy (TEM, FEI Tecnai G2 F20), X-
ray photo electron spectroscopy (XPS, Axis Supra), and Raman
spectroscopy (WITec-CRM200 Raman system with a laser
wavelength of 532 nm). The contact angles of gas bubbles
submerged in the electrolyte were tested using an OCA 50 AF
(Dataphysics).

2.5 Electrochemical measurements

OER tests were performed on a CHI 660E workstation (Chenhua
Instrument, China), with graphite and Hg/HgO electrodes as
counter and reference electrodes, respectively. The working
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electrode was activated through 20 cyclic voltammetry (CV) cycles
at 50 mV-s™' between 1.0 and 1.7 V, and linear sweep voltammetry
(LSV) scanning was conducted from 1.0 to 1.7 V at 5 mV-s™.
Electrochemical impedance spectroscopy (EIS) measurements
spanned between 10° and 107 Hz. Electrochemically active surface
areas (ECSAs) were calculated from CV in the non-faradaic zone
at 20-100 mV-s™" scan rates. Catalyst durability was assessed using
chronopotentiometry at 20-100 mA-cm™ for 80 h. Potential scales
were adjusted to reversible hydrogen electrode (RHE) using the
Nernst equation (Egy = Epgrigo + 0.059 x pH + 0.098), and iR
corrections were manually applied. All tests employed 1.0 M KOH
electrolyte.

3 Results and discussion

The synthesis of NiFe@NVG/CC began with the growth of
vertically aligned graphene arrays on CC via PECVD, followed by
JH-driven growth of NiFe nanoparticles alloy on VG/CC,
simultaneously achieving N doping (Fig. 1(a)). The XRD pattern
of NiFe@NVG/CC, depicted in Fig. 1(b), exhibits characteristic
peaks at 44.5° and 51.8°, which correspond respectively to the
(111) and (200) crystallographic planes of FeNi; alloy (JCPDS No.
38-0419), respectively. Additionally, a broad peak at
approximately 25°, indicative of carbon, is also observed [40, 41].
SEM images (Figs. 1(c) and 1(d) and Fig. S1 in the Electronic
Supplementary Material (ESM)) illustrate the uniform distribution
of NiFe nanoparticles across the 3D NVG, consistent with the
morphology observed in NiFe@VG/CC synthesized without urea
(Fig. S2 in the ESM). Further, TEM images (Figs. 1(e) and 1(f))
show numerous nanoparticles firmly anchored on the carbon
sheets. The high-resolution TEM (HRTEM) image of a
nanoparticle reveals a lattice spacing of 0.204 nm, indicative of the
(111) plane of NiFe alloy. Elemental distribution analysis,
conducted using high-angle annular dark-field scanning TEM
(HAADF-STEM) (Fig.1(h)) and corresponding elemental
imaging, confirms the even dispersion of Ni, Fe, C, and N within
NiFe@NVG.

The Raman spectrum of NiFe@NVG (Fig. 2(a)) displays two
main peaks at 1332 and 1594 cm™, attributable to the D- and G-
bands of carbon, respectively [42]. Bands at 477, 549, and
684 cm™, suggesting Ni-O and Fe-O vibrations, indicate partial
oxidation of the FeNi alloy surface [43]. The XPS survey spectrum,
as shown in Fig. 2(b), further confirms the presence of Ni, Fe, C,
and N elements. Notably, the Ni 2p XPS spectra (Fig. 2(c)) display
metallic Ni (Ni’) peaks at 853.3/870.7 eV and Ni 2ps;, and Ni 2p,,
peaks at 856.1/874.4 eV in NiFe@NVG, accompanied by satellite
peaks at 861.3 and 880.7 €V [32, 44, 45]. Furthermore, the Fe 2p
high-resolution XPS spectra (Fig. 2(d)) show peaks at 706.6 and
718.5 eV for metallic Fe (Fe°), with ionic Fe peaks at 710.6, 714.5,
724.3, and 726.4 eV, and satellite peaks at 714.4 and 732.5 eV [44,
46-48]. Additionally, the N 1s XPS spectrum (Fig. 2(e)) features
peaks at 398.50, 399.53, 400.83, and 403.92 eV, aligning with
pyridinic, pyrrolic, graphitic, and oxidized N, indicating successful
N incorporation into NiFe@NVG [22,31,49]. The C 1s spectra
(Fig. 2(f)) reveal peaks at 284.71, 28556, and 287.52 eV,
corresponding to C-C, C-N/C-0, and C=0 [32, 34].

The OER activity of NiFe@NVG/CC was evaluated in a three-
electrode cell employing a 1.0 M KOH electrolyte. This assessment
included  other = Ni/Fe-based catalysts (NiFe@VG/CC,
Fe@NVG/CC, Fe@VG/CC, Ni@NVG/CC, and Ni@VG/CC) for
comparison purposes. And the XRD patterns, Raman spectra, and
SEM images for these catalysts are presented in Figs. S3-S5 in the
ESM. The polarization curves demonstrated NiFe@NVG/CC'’s
superior performance, owing to its synergistic effect of Ni and Fe
and a 3D NVG array (Fig. 3(a)). Remarkably, NiFe@NVG/CC
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Figure1 (a) Schematic of the synthesis process of NiFe@NVG/CC. (b) XRD pattern of NiFe@NVG/CC. (c) Low- and (d) high-magnification SEM images of
NiFe@NVG/CC. (e) Low- and (f) high-magnification TEM and (g) HRTEM images of NiFe@NVG. (h) HAADF-STEM and its corresponding mapping images of

NiFe@NVG.

achieved a j of 10 mA.cm™ at a notably low overpotential of
245 mV, significantly outperforming NiFe@VG/CC (284 mV),
Ni@NVG/CC (313 mV), Ni@VG/CC (335 mV), Fe@NVG/CC
(377 mV), and Fe@VG/CC (351 mV), as shown in Fig. 3(b).
Besides, NiFe@NVG/CC exhibits the smallest Tafel slope of
362 mV-dec' (vs. 869 mV-dec' for NiFe@VG/CC, vs.
82.7mV-dec™ for Ni@NVG/CC, vs. 58 mV-dec™ for Ni@VG/CC, vs.
75 mV-dec™! for Fe@NVG/CC, vs. 100 mV-dec™ for Fe@VG/CC)
(Fig. S6 in the ESM), proving the 3D NVG array’s effectiveness in
enhancing the OER catalytic kinetics of NiFe/CC.
NiFe@NVG/CC, with its remarkably low overpotential and small
Tafel slope, surpasses current NiFe-based alloys and most
advanced OER electrocatalysts (Fig.3(c) and Table S1 in the
ESM). To evaluate ECSA, the electrochemical double-layer
capacitance (Cy) was measured. CV curves (Fig. S7 in the ESM)
showed Cy values (Fig. S8 in the ESM) for Ni-Fe-based samples:
NiFe@NVG/CC (12.2 mF-cm™) demonstrated the highest ECSA,
consistent with superior OER performance, surpassing
NiFe@VG/CC, Ni@NVG/CC, Ni@VG/CC, Fe@NVG/CC, and
Fe@VG/CC. And the Tafel slope of NiFe@NVG/CC significantly
outperforms those of other Ni-, Fe-, or NiFe-based catalysts,
underscoring its enhanced electrocatalytic efficiency (Fig. 3(d)).
Furthermore, EIS measurements assessed charge transfer kinetics
in synthesized catalysts. Nyquist plots (Fig. S9 in the ESM) across

Tsinghua University Press

samples indicated similar charge transfer processes and OER
mechanisms. Variations in solution resistances among these
catalysts in the same electrolyte are attributed to differing contact
resistances between electrodes and electrolytes. Notably,
NiFe@NVG/CC exhibits the lowest contact resistance. Its Nyquist
plot shows the smallest semicircle diameter, which suggests that
NiFe@NVG/CC has the lowest charge transfer resistance at the
catalyst/electrolyte interface and the most rapid electron transfer
rate during the OER. Besides, the stability of the catalyst is of
critical importance for practical applications in water electrolysis.
The multi-step chronopotentiometry curve of NiFe@NVG/CC
catalysts was examined under various j, ranging from 20 to
100 mA-cm™, as depicted in Fig. 3(e). It illustrates a consistent
capability to sustain a potential of 20 mA-cm™ for 24 h. As the j
was incrementally raised, there was a noticeable but modest
decline in the potential activity. However, upon returning to
20 mA-cm?, the potential remained nearly constant within 24 h,
and it verifies a slight impedance increase after continuous
operation for 80 h at different j (Fig.S10 in the ESM),
demonstrating  robust electrolytic  stability.  Furthermore,
NiFe@NVG/CC exhibited stable operation at 100 mA-cm™ for
200 h in 1 M KOH (Fig. S11 in the ESM). Additionally, the XRD
patterns (Fig.S12 in the ESM) and SEM image (Fig.S13 in the
ESM) of NiFe@NVG/CC following an 80-h stability test affirmed
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Figure2 (a) Raman spectrum of NiFe@NVG. (b) XPS survey spectrum, and high resolution XPS spectra in the (c) Ni 2p and (d) Fe 2p, (e) N 1s, and (f) C 1s regions

of NiFe@NVG.

the preservation of its crystalline structure and morphology. The
TEM image of NiFe@NVG (Fig. S14(a) in the ESM) demonstrates
the effective protection conferred by NVG, preventing significant
coarsening or agglomeration of NiFe particles. Furthermore, the
HRTEM image (Fig. S14(b) in the ESM) discloses a lattice fringe
with a d-spacing of 0.256 nm, corresponding to the (100) crystal
plane of NiFeOOH (JCPDS No. 14-0556), a feature emanating
from the oxidized surface of the NiFe alloy during the OER test
[29]. These observations are consistent with XPS depth profile
results, which indicate an increase in Ni** and Fe* in NiFe@NVG
(Fig. S15 in the ESM). Notably, NiFeOOH is identified as an active
species for OER [25, 29].

DFT calculations were employed to elucidate the origin of the
outstanding catalysis properties. The charge density difference
diagram reveals the electron accumulation (yellow color) and
depletion (cyan color) between NiFe and VG (NVG) layer
(intermediate and the active site in the models). It was observed
that enhanced electron transfer occurs on the surface of NiFe on
NVG, suggesting increased electron distribution around the
adsorbed intermediate, potentially boosting OER activity. It was
further substantiated through an analysis of interfacial charge
transfer, as elucidated by Bader charge calculations. Notably, the
Bader charge alteration for NiFe@NVG was quantified at 1.85|e|,
marginally exceeding that of NiFe@VG, which was measured at
1.81|e], as depicted in Figs. 4(a) and 4(b). OER processes involve a

4e transfer process with intermediates such as *OH, *O, and
OOH, where the asterisk (*) represents active sites on the
electrocatalyst surface [50]. Gibbs free energy calculations for these
intermediates at U = 0 V on both NiFe@NVG and NiFe@VG
(Fig. 4(c)) show that *OOH formation presents a significant
energy barrier, identified as the rate-determining step for both
catalysts. Notably, incorporating N into the VG layer of
NiFe@NVG lowers this energy barrier, reducing it from 2.21
(NiFe@VG) to 2.18 eV (NiFe@NVG). A lower free energy
correlates with reduced theoretical overpotential and enhanced
catalytic activity [51]. These theoretical calculations align with our
experimental findings, confirming that incorporating N species
into the VG layer of NiFe@NVG enhances electrocatalytic activity
by decreasing the reaction energy barrier during the conversion of
*O to *OOH intermediates.

The outstanding OER performance of NiFe@NVG/CC can be
attributed to several key factors: (1) 3D NVG array, notable for its
abundant edges and expansive specific surface area, effectively
anchors the NiFe alloy, impeding particles coarsening and thereby
exposing numerous of active sites. (2) During the OER process,
the in-situ formation of NiFeOOH acts as active site for the
reaction. (3) Integrating N species into NiFe@NVG markedly
boosts its electrocatalytic activity by reducing the energy barrier
associated with the transformation of *O to *OOH intermediates.
(4) The 3D array structure of NiFe@NVG/CC is beneficial to the
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Figure3 OER polarization curves (a) in 1 M KOH and (b) corresponding overpotential of Ni/Fe-based catalysts at a j of 10 mA-cm™
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(c) Gibbs free energy diagram of OER steps on models at U=0V.

mass transfer and bubble detachment, as evidenced by its
exceptional surface wettability (Video ESM1).

4 Conclusions

In summary, Joule heating is proven as an effective strategy for
rapid and facile fabrication of NiFe alloy nanoparticles
encapsulated within a 3D NVG array on CC. Benefiting from the
synergistic interplay of Ni, Fe, and NVG, the resulting
NiFe@NVG/CC catalyst exhibits remarkable OER performance,
including low overpotential, low Tafel slope, and excellent
durability. This work not only offers a high-performance
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electrocatalyst for alkaline water oxidation but would open new
avenue to construct bis-transition-metal alloy@3D VG arrays for
applications.
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