Journal of Colloid and Interface Science 679 (2025) 487-495

Contents lists available at ScienceDirect

Journal of Colloid And Interface Science

ELSEVIER journal homepage: www.elsevier.com/locate/jcis

Regular Article ' :.) ‘
Unveiling active sites in FeOOH nanorods@NiOOH nanosheets

heterojunction for superior OER and HER electrocatalysis in water splitting

Sun Hua®, Sayyar Ali Shah®®", Gabriel Engonga Obiang Nsang “, Rani Sayyar b,
Badshah Ullah ? Noor Ullah®, Naseem Khan®, Aihua Yuan™ , Abd. Rashid bin Mohd Yusoff®,
Habib Ullah %"

@ School of Environmental & Chemical Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, PR China
Y School of Materials Science & Engineering, Jiangsu University of Science and Technology, Zhenjiang 212003, PR China

¢ Department of Physics, Faculty of Science, Universiti Teknologi Malaysia, Johor Bahru, Malaysia

4 Department of Engineering, University of Exeter, Penryn Campus, Penryn, Cornwall TR10 9FE, United Kingdom

GRAPHICAL ABSTRACT

0:+HO +e o
Pl \*
oH_71V Surface*

(*oH )

Density of States / a.u.

Hz0 +e
ARTICLE INFO ABSTRACT
Keywords: The development of cost-effective, highly active, and stable electrocatalysts for water splitting to produce green
FeQOH nanorods@NiOOH nanosheets hydrogen is crucial for advancing clean and sustainable energy technologies. Herein, we present an innovative
Heterojunction in-situ synthesis of FeOOH nanorods@NiOOH nanosheets on nickel foam (FeOOH@NiOOH/NF) at an unprec-

Overall water splitting
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edentedly low temperature, resulting in a highly efficient electrocatalyst for overall water splitting. The opti-
mized FeEOOH@NiOOH/NF sample, evaluated through time-dependent studies, exhibits exceptional oxygen
evolution reaction (OER) performance with a low overpotential of 261 mV at a current density of 20 mA cm 2,
alongside outstanding hydrogen evolution reaction (HER) activity with an overpotential of 150 mV at a current
density of 10 mA cm~2, demonstrating excellent stability in alkaline solution. The water-splitting device
featuring FeOOH@NiOOH/NF-2 electrodes achieves a voltage of 1.59 V at a current density of 10 mA cm ™2,
rivalling the state-of-the-art RuOy/NF||PtC/NF electrode system. Density functional theory (DFT) calculations
unveil the efficient functionality of the Fe sites within the FeOOH@NiOOH heterojunction as the active OER
catalyst, while the Ni centres are identified as the active HER sites. The enhanced performance of OER and HER is
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attributed to the tailored electronic structure at the heterojunction, modified magnetic moments of active sites,
and increased electron density in the dx-y? orbital of Fe. This work provides critical insights into the rational
design of advanced electrocatalysts for efficient water splitting.

1. Introduction

In order to replace fossil fuel for hydrogen production in the future,
water splitting is regarded as one of the promising, carbon-neutral, and
facile approaches for obtaining clean and sustainable hydrogen fuel [1].
Overall water splitting proceeds through cathodic and anodic half-
reaction i.e., hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), respectively [1,2]. Generally, these half-reactions are
relatively sluggish in kinetics especially the OER due to four proton-
coupled electron transfer and a main issue of overall water splitting
[3,4]. Therefore, a highly active catalyst is required to overcome the
activation barrier and the sluggish reaction kinetics of overall water
splitting. Pt-based materials are well-documented catalysts for HER and
Ir- or Ru-based materials are known as efficient catalyst for OER [5,6].
However, these catalytic metals are costly and scarce, which limits their
large-scale industrial applications [7]. It is essential to design and pre-
pare inexpensive, earth-abundant, and equally effective electrocatalyst
for both OER and HER.

Several efforts have been devoted in developing precious metal-free
electrocatalyst for overall water splitting with good performance and
stability. In this regard, 3d Metal oxyhydroxide-based electrocatalysts
have attracted great interest for water splitting performance [8-10]. For
example, Iron (oxy)hydroxide (FeOOH) has been successively explored
for electrocatalytic water splitting performance and stability [11-15].
However, single 3d metal (oxy)hydroxides still suffer from large over-
potential and cannot achieve the desired results [16]. Recently, 3d metal
(oxy)hydroxides nanocomposites were reported for enhanced electro-
catalytic performance [17,18]. Wu et. al. electrochemically converted
NiFe nitride and phosphide nanosheet arrays to NiOOH/FeOOH heter-
ostructure composites on Ni foam (NF) and found outstanding OER
performance with an overpotential of 292 mV to reach the current
density of 500 mA cm 2 [19]. On the other hand, Wan and co-workers
synthesized an urchin-like FFOOH@NiOOH heterostructure on NF and
found excellent electrocatalytic activity for both OER and HER. The
excellent activity can be attributed to the unique urchin-like
morphology and the synergy between Ni and Fe species [20]. Wang
et al. reported FeOOH nanosheet arrays and in-situ-generated NiOOH
during an electrochemically cyclic process and produced FeOOH/
NiOOH heterostructure for enhanced water splitting performance [21].
These results reveal that the syngenetic effect between Fe and Ni (oxy)
hydroxides enhances the electrocatalytic performance.

Alternatively, precipitation or electrodeposition strategies are usu-
ally used for the synthesis of Fe and Ni oxyhydroxide materials [22-24].
The co-precipitation technique is frequently carried out in mild basic
conditions and is difficult to control the morphology of products usually
stack on top of each other [25]. In homogeneous hydrothermal or sol-
vothermal precipitation, Fe and Ni layered double hydroxide are formed
[26,27]. While electrocatalysts can be obtained through these methods,
they are relatively time-consuming. Fe and Ni oxyhydroxides prepared
via electrodeposition procedures are relatively facile and cost-effective
[28,29]. However, the electrodeposition bath solution tends to be in the
acid range. Synthesizing Fe and Ni oxyhydroxide electrocatalysts for
water splitting performance through the hydrolysis route at low tem-
peratures without the addition of surfactants or organic ligands is rarely
reported.

In this study, we have presented a novel approach for synthesis of
FeOOH nanorods decorated with NiOOH nanosheets on NF substrate,
denoted as FeEOOH@NiOOH/NF-X (where X represents the reaction
time), via a low-temperature hydrolysis method. We found that the re-
action time significantly influences the electrocatalytic performance of
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the material. The optimized FeEOOH@NiOOH/NF-2 sample demon-
strates excellent electrocatalytic activity for both OER and HER in 1 M
KOH solution. Moreover, electrolysis using FFOOH@NiOOH/NF-2 as
both the anode and cathode exhibits water splitting performance com-
parable to that of Pt/C and RuO electrodes. Through DFT simulations,
we identified Fe and Ni are active sites for OER and HER within the
FeOOH@NiOOH heterojunction, respectively. Additionally, the simu-
lated electronic properties reveal a transformation in charge distribution
within the heterojunction, shedding light on its underlying catalytic
mechanisms.

2. Materials and methods
2.1. Synthesis of FFOOH@NiOOH/NF

The NF pieces with dimension into 3 x 1 cm kept in HNO3 (M) so-
lution for 30 min in the order to remove the surface oxides. It was
washed with water and ethanol and then dried in vacuum oven for 6 h.
The 0.2 g of each FeCl, and NiCl, were dissolved together in the 30 mL of
water. Ni foam was carefully suspended in solution and kept in oil bath.
The solution was vigorously magnetic stirred at 40 °C for 2 h. NF was
removed and washed with water an ethanol four times and dried in
vacuum oven. Similarly, other samples were prepared with same pro-
cedure and keeping experiment for 1, 3, and 4 h in oil bath (Table S1).

2.2. Synthesis of FeOOH/NF and NiOOH/NF

The same procedure and conditions were adopted for synthesis of
FeOOH nanorods using 0.2 g of FeCly, while 0. 2 NiCl, solution was used
for the synthesis of NiOOH nanosheets.

2.3. Characterizations

The microstructure and morphology of the samples were observed by
SEM and TEM. The elementally mapping images were recorded by EDX
attached TEM. Crystal phase structure of the as-prepared material was
characterized by using X-ray diffraction (XRD). The Raman spectrum
was recorded at wavelength by laser Raman spectrometer at room
temperature. The surface composition and chemical valence state of the
element in composite material was examined by X-ray photoelectron
microscopy (XPS) using Thermo ESCALAB 250 XI spectrometer (Thermo
Fisher Corporation).

2.4. Electrochemical measurements

All the as-prepared samples were tested for electrochemical perfor-
mance using three-electrode electrochemical workstation system (CHI
760D, Shanghai, Chenhua Co. LTD). The as-prepared electrode without
any binding was directly as a working electrode. The graphite rod (7 mm
in diameter) and Hg/HgO electrode were selected as counter and
reference electrodes, respectively. First, cyclic voltammetry (CV) scan-
ning was tested at the scan rate of 100 mV/s for 100 cycles in alkaline
solution of 1 M KOH. Then linear sweep voltammetry (LSV) measured at
the scan rate of 5 mV/s in the same alkaline solution. CV cycles stability
was measured at a scan rate of 100 mV/s in potential windows and V (vs.
Hg/HgO) for HER and OER, respectively. The LSV curves was again
measured after 1000-3000 CV cycles for both HER and OER. The
amperometry (i-t) tests were measured at a constant potential for OER
and HER for 24 h. The double-layer capacitance was calculated from CV
curves at different scan rates of 5 mV/s in potential range of 0-0.1 V (vs.
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Hg/HgO in order to investigate of electrochemical active surface area.
Electrochemical impedance spectroscopy (EIS) measurements were
tested in a frequency range from 100 kHz to 100 mHz by applying an AC
voltage with 5 mV amplitude in 1 M KOH solution. The i-t test was
performed for 100 h at current density 50 mA cm ™2 to checked stability
of sample. The catalytic electrodes used directly as anode and cathode
for overall water splitting. Pt/C or RuO and Nafion solution were
dispersed in water to prepared Pt/C or RuO inks. The Pt/C or RuO
electrodes were constructed by depositing the Pt/C and RuO inks on NP.

2.5. Computational methodology

We utilized QuantumATK software for our simulations employing
the Density Functional Theory (DFT) method with the Generalized
Gradient Approximation (GGA) and Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional. The NiOOH unit cell, based on Kazi-
mirov et al.’s work [30], had a Trigonal crystal system and P3m1 space
group, with lattice parameters of a =b = 2.98 A,c=458A 0= B =90°,
and y = 120°. The FeOOH unit cell, also Trigonal with a P3m1 space
group, had lattice parameters of a = 10.95 10\, b=3.08 A, c=>5.32 ;\, o=
y =90°, and p = 118.86°. After fully relaxing the unit cell of NiOOH and
FeOOH, followed by replicating them, resulting in 64-atom structures
(supercells), we optimized and cleaved them along the (100) direction
for surface reactions like OER and HER. The final heterojunction catalyst
is created from the equal contribution of NiOOH and FeOOH
(NiOOH@FeOOH) along 100 directions and exposed for surface re-
actions (Details in Text of Supporting information).

FeOOH@NiOOH/NF

@/ e
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3. Results and discussion
3.1. Synthesis and characterization

The synthesis process of FfFOOH@NiOOH hybrid on the NF shown in
Fig. 1a. The Fe and Ni ions solution under vigorous magnetic stirring
hydrolyzed to form a FeFOOH@NiOOH hybrid in NF substrate. The major
product of direct hydrolysis is FEOOH phases confirmed in several re-
ports [31,32]. The phase stability of different Fe** polymorphs
including oxides/oxyhydroxides/hydroxides, depends on their sizes,
surface energetics, and environment. The most stable phase in bulk is
Fe;03, while the presence of a hydrated environment at the nanoscale,
FeOOH is predicted to be the most stable phase due to its much lower
surface energy [33]. Furthermore, the hydrolysis of Fe3* ions more
favorable [Ksp for Fe(OH)3 = 4 x 10738] then Fe?* [Ksp for Fe(OH); is 8
x 10716] [34]. This suggests that Fe?>' ions do not significantly hydro-
lyze and precipitate. However, the Fe?" ions can be easily oxides to Fe>*
with dissolved oxygen in water.

4Fe?" + 0, + 4H" - 4Fe®" + 2H,0
This is followed by a hydrolysis reaction of Fe** to produce FeOOH.

Fe3* + 2H,0-FeOOH+3H*

On the other hand, Ni?* ions also undergo hydrolysis to generate
NiOOH nanosheets during the synthesis process under similar condi-
tions.

The solubility product constant (Ksp) for Ni(OH), is

2 3.4 5 G/

cm1

A 00 0 0 o o

Fig. 1. A) Schematic illustration of the synthetic process of FFOOH@NiOOH/NF. b) Digital photographs of FeFOOH@NiOOH catalyst loaded NF at various time
intervals alongside bare NF. SEM images of ¢, d) FeFOOH/NF-2, e, f) NiOOH/NF-2 and g, h) FeFOOH@NiOOH/NF-2 samples.
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approximately 2.0 x 10%, which means Ni?* jons can stay in solution
at near-neutral pH without substantial precipitation and allow it for
gradual precipitation of Ni(OH),, which further oxidized to NiOOH
nanosheets.

Since FeOOH forms more readily and rapidly under the conditions
because Fe?* is easily oxidated to Fe3* than Ni?* to Ni®*, it is likely to be
first precipitated. The FeOOH grow in nanorod morphology due to
crystallographic twinning according to Mackay’s Twin [35]. The slower
formation and subsequent oxidation of Ni(OH), to NIOOH may result in
the NiOOH nanosheet phase being deposited around the FeOOH nano-
rods, leading to a core-shell-like structure. Shanmugapriya et al. also
reported a one-pot synthesis of Ni(OH);NiOOH nanosheets/FeOOH
nanorods heterostructure using a hydrothermal method [36].
Throughout the synthesis, the colour of the NF substrate changes from
its original state to light brown initially and eventually to brown with
time (refer to Table S1. Supporting Information and the digital photo-
graph in Fig. 1b). For further insights into the synthesis process, please
refer to the Experimental Section provided in the Supporting
Information.

Fig. 1(c-h) presents scanning electron microscopy (SEM) images of
our synthesized products. In Fig. 1c, the SEM image of the FeOOH/NF-2
sample reveals the presence of nanorods on the NF skeleton. These
nanorods exhibit a nearly homogeneous distribution with lengths
reaching up to several micrometres, as depicted in Fig. 1d. Additionally,
a minimal number of nanoparticle-like structures can be observed on the
NF surface. The surfaces of the nanorods appear relatively smooth and
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regular. Upon utilizing Ni salt as the initial precursor in the reaction, the
NiOOH nanosheets grow on the NF skeleton. These NiOOH nanosheets
exhibit a hierarchical-like morphology, predominantly growing verti-
cally on the surfaces of the NF, as illustrated in Fig. 1e and f. A few flake-
like structures can also be observed within this vertical corrugation
morphology, possibly representing NiOOH nanosheets detached from
the surface of the NF.

In the case of FeFOOH@NiOOH hybrid samples, both Ni and Fe pre-
cursors were employed under the similar conditions. Fig. 1g and h
demonstrate the presence of one-dimensional nanomaterials with
corrugation morphology, where some nanosheets are also evident on the
NF. Notably, these one-dimensional nanomaterials with corrugation
morphology correspond to NiOOH nanosheets, grown on FeOOH
nanorods. These nanosheets are extremely thin and nearly perpendic-
ular to the nanorods.

The morphology and microstructure of FFOOH@NiOOH-2 compos-
ite were further elucidated through TEM observations. Fig. 2a illustrates
a TEM image revealing the corrugation structure of the prepared sample.
This structure presents a core-shell architecture revealed by a relatively
dense black core surrounded by a transparent shell (Fig. 2b). The core
consists of one-dimensional nanorods, while the shell exhibits a nano-
sheet morphology, with the transparency indicating the thin nature of
the nanosheets, consistent with SEM observations. Furthermore, high-
resolution TEM (HRTEM) analysis of the FFOOH@NiOOH composite is
also performed as depicted in Fig. 2c. The lattice fringe with a spacing of
0.334 nm corresponds to the (130) plane of FeOOH, while the fringe

h JCPDS#01-1260 i + FeOOH, JCPDS# 75-1594 . FeOOH@NiOOH/NF-2
j A NF « NiOOH, JCPDS# 06-0075 J
I
-~ 1 o 1= -
z l H/N g z
< 0 S z
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= 3 <
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Fig. 2. a, b) TEM images showing the morphology of FFOOH@NiOOH/NF-2 composite. ¢) HRTEM image revealing detailed crystal structure. Inset image of Figure c
shows the enhanced lattice fringes for (102)nioon and (130)reoon planes. d) Dark-field TEM image for enhanced contrast. Elemental mapping images displaying
distribution of e) Fe, f) Ni, and g) O across the composite material. h) XRD patterns of the synthesized samples. i) XRD patterns of FFOOH@NiOOH collected from the

surface of NF. j) Raman spectrum of the FFOOH@NiOOH/NF-2 composite.
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spacing of 0.234 nm aligns with the (102) plane of NiOOH, confirming
the composition of the product.

To assess the composition of the FeOOH@NiOOH hybrid, energy-
dispersive X-ray spectroscopy (EDS) elemental mapping was conduct-
ed as shown in Fig. 2d-g. The intensity of the Ni signal appears higher at
the edges in the elemental mapping image (Fig. 2e), whereas Fe is more
concentrated at the centre of the FeFOOH@NiOOH composite (Fig. 2f).
Additionally, oxygen signals are uniformly distributed throughout the
corrugation structure (Fig. 2g). These findings provide further evidence
that NiOOH nanosheets grow on FeOOH nanorods, forming a nanorod-
nanosheet FEFOOH@NiOOH structure.

X-ray diffraction (XRD) analysis was employed to investigate the
crystal phases present in the synthesized samples. The XRD patterns of
the samples exhibited similar characteristics, displaying peaks at
approximately 8.9°, 32.5°, and 56.8°, corresponding to the (002), (100),
and (110) crystal phases of Ni (JCPDS No. 01-1260), respectively
(Fig. 2h). However, other phase diffraction peaks were not observed in
any of the samples, possibly due to their relatively low diffraction in-
tensities. The diffraction peaks, centered at 11.9°, 16.8°, 26.8°, 34.1°,
35.2°, 39.4°, 46.6°, 52.3°, 56.1°, and 64.7°, correspond well with the
crystal planes (110), (200), (130), (400), (211), (301), (411), (600),
(251), and (541) of FeOOH phase (JCPDS No. 75-1594). The relative
low intensity peaks at 12.9°, 26°, 37.9°, 43.3°, 51.6° are associated with
(033), (006), (102), (105) (108) crystallographic planes of NiOOH
(JCPDS No. 06-0075). The XRD patterns suggests that FeOOH and
NiOOH phase exists in the product and NiOOH and FeOOH are suc-
cessfully prepared. XRD results are consistent with HRTEM observa-
tions. Furthermore, the Raman spectrum is recorded for
FeOOH@NiOOH/NF-2 sample (Fig. 2j). The peaks at 477 and 551
cm™! are characteristic bands to the NiOOH nanosheets and peak
centered at 698 cm ™! should be assigned to FeOOH phase of nano-
composite [19].

XPS analysis was performed to elucidate the surface chemical com-
positions and valence states of FeOOH/NF-2, NiOOH/NF-2, and

=
S
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FeOOH@NiOOH/NF-2 samples. The survey XPS spectra confirmed the
presence of Fe, Ni, and O elements in all samples (Fig. S1a, Supporting
Information). The Ni signal observed in the FeEOOH/NF-2 sample orig-
inates from the NF surface. In the Ni 2p region of the FFOOH@NiOOH/
NF-2 product, two spin-orbit doublet peaks appeared at 856.6 and
874.4 eV for Ni 2ps 2 and Ni 2p; 2 bands, respectively, indicative of Ni®*
oxidation state (Fig. S1b, Supporting Information) [31,37]. Addition-
ally, satellite peaks at 862.4 and 880.5 eV were observed corresponding
to the Ni 2p3,2 and Ni 2p; 2 bands, respectively [31]. The Fe 2p3,5 and
Fe 2p;1 /2 binding energies of the FeOOH/NiOOH-2 sample were centered
at 713.7 and 725.8 eV, respectively, consistent with the high valence
state of Fe>* (Fig. Slc, Supporting Information) [38,39]. Satellite peaks
at 719.8 and 730.2 eV were also detected, indicating the presence of
satellite bands for Fe 2ps,2 and Fe 2p; /5, respectively. Notably, in the
FeOOH@NiOOH/NF-2 sample, the Fe 2p3,, peak shifted to a lower
binding energy of 713.4 eV compared to FeOOH/NF-2, suggesting an
interaction between FeOOH nanorods and NiOOH nanosheets in the
heterostructure composite. The O 1 s spectrum is deconvoluted into
three components at binding energy 529.7, 531.6 eV, and 532.7 eV
corresponding to 0% and/or O~ and hydroxyl group (-OH), and
absorbed oxygen or water molecules respectively (Fig. S1d, Supporting
Information) [40]. The weak peak at 529.7 eV may be due to Ni and/or
Fe oxide, while stronger peaks at 531.6 eV represent the bonding of Ni
and Fe with hydroxyl group.

3.2. Electrochemical performance

The electrochemical performance of all catalysts was assessed in a 1
M KOH solution, with the linear sweep voltammetry (LSV) results for the
oxygen evolution reaction (OER) depicted in Fig. 3a. Among the sam-
ples, FFOOH@NiOOH/NF-2 demonstrated the most favorable catalytic
OER performance, exhibiting the lowest overpotential of 261 mV at a
current density of 20 mA cm 2 Notably, FeOOH@NiOOH/NF-1,
FeOOH@NiOOH/NF-3, and FeOOH@NiOOH/NF-4 composites also

|~ FeOOH@NOOH/NF-1 | 044 -\ 0.30
a‘ lmu,‘z\.wu'\} 2 y FeOOH@NIOOH/NF -1 * FeOOH@NiOOH/NF-1
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Fig. 3. A) the Isv curves of RuO catalysts and as-prepared samples, b) Tafel plots derived from LSV curves. c¢) The Cdl values was calculated by plotting the AJ = (Ja-
Jc) at 0.05 V vs. Hg/HgO against various scan rates in nonperiodic region. d) Nyquist plots and equivalent circuit (inset of d). e) Overpotential (V vs RHE) at constant
current density 20 mA cm 2 of FeFOOH@NiOOH/NF-2 composite before and after 1000-3000 CV cycles and f) the chronoamperometric curve of FFOOH@NiOOH/

NF-2 composite.
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displayed superior OER performance compared to the commercial RuO,
catalyst (Table S2, Supporting Information). The relatively inferior OER
performance of the FFOOH@NiOOH/NF-1 sample may be attributed to
the lower amount of catalyst loaded on NF due to a shorter reaction
time. Conversely, the FeFOOH@NiOOH/NF-4 samples, with a reaction
time of 4 h for catalyst loading, exhibited a high amount of catalyst
growth on NF, potentially blocking most active sites for OER perfor-
mance. It is suggested that an optimal reaction time of approximately 2 h
for loading the catalyst on NF yields the best OER performance, with
FeOOH@NiOOH/NF-2 demonstrating superior or comparable OER
performance to other reported Fe and Ni-based oxyhydroxide materials.
The overpotentials of NIOOH/NF-2 and FeOOH/NF-2 catalysts were
406 mV and 387 mV, respectively, at a current density of 20 mA cm 2,
indicating poor OER performance of the as-prepared samples. Ni foam
exhibited the worst OER performance, with an overpotential of only 421
mV at a current density of 10 mA cm 2. FeOOH@NiOOH/NF-2 catalyst
displayed comparable or superior performance to previously reported
FeOOH and/or NiOOH-based catalysts in alkaline solutions (Table S3,
Supporting Information). The enhanced OER performance of
FeOOH@NiOOH/NF-2 composite nanomaterials can be attributed to the
synergistic effect between FeOOH nanorods and NiOOH nanosheets,
with NF serving as a growth substrate for the catalysts and providing a
conductive substrate. Additionally, analysis of the Tafel plots revealed a
smaller Tafel slope of 35.9 mV dec™! for FFOOH@NiOOH/NF-2, indi-
cating faster reaction kinetics for water oxidation compared to the other
samples (Fig. 3b)

The electrochemical double layer capacitance (Cq) values of the as-
prepared samples and bare NF electrodes were calculated from cyclic
voltammetry (CV) cycles (Fig. S2, Supporting Information). The
FeOOH@NiOOH/NF-2 sample exhibited a higher Cy4 value (2.337 mF
cm™2), indicating a larger electrochemical active surface area (Fig. 3c).
Additionally, electrochemical impedance spectroscopy (EIS) was
employed to evaluate the OER kinetics of the samples, with charge
transfer resistance (R.) calculated from fitting the Nyquist curve with an
equivalent-circuit model (Fig. 3d). The charge transfer resistance value
of FeOOH@NiOOH/NF-2 was found to be 1.83 Q, suggesting faster
charge transfer at the electrode/electrolyte interface.

The stability of the sample for OER was confirmed through both CV
and i-t testing. There was no obvious reduction in overpotential at a
current density of 20 mV cm~2 observed after 1000-3000 CV cycles
(Fig. 3e and Fig. S3, Supporting Information). SEM images revealed that
the corrugation nanorod morphology of the FEOOH@NiOOH product
sample was still evident on the NF surface after 3000 CV cycles (Fig. 54,
Supporting Information). TEM analysis further confirmed the presence
of nanosheets on the surface of the nanorods (Fig. S5, Supporting In-
formation). These results demonstrate the stability of the
FeOOH@NiOOH/NF-2 sample after 3000 CV cycles. Additionally, the i-t
plot indicated almost no decay in current density over a continuous 24-
hour period of OER operation (Fig. 3f), suggesting the high stability and
durability of our sample.

The HER performance of the commercial 20 % Pt/C sample was
evaluated which exhibited the best HER performance, reaching a cur-
rent density of 10 mA cm 2 with only an overpotential of 38 mV ina 1 M
KOH solution (Fig. S6a and Table S4, Supporting Information). Among
the as-prepared composite samples, the FFOOH@NiOOH/NF-2 sample
displayed the best HER performance, with an overpotential of 150 mV at
a current density of 10 mA cm ™2, demonstrating comparable or superior
performance to Fe and Ni-based oxyhydroxide catalysts under similar
conditions (Table S5, Supporting Information). The FeOOH/NF and
NiOOH/NF samples exhibited poor OER performance with higher
overpotential than the other FEFOOH@NiOOH/NF-X samples, and the
overpotential further increased for the pure NF under the same condi-
tions. This suggests that the enhanced HER performance of the
FeOOH@NiOOH/NF-X composites are due to the synergistic effect be-
tween the NiOOH nanosheet and FeOOH nanorod. The
FeOOH@NiOOH/NF-2 catalyst demonstrated the smallest Tafel slope
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value, except 20 % Pt/C catalyst (Fig. S6b, Supporting Information),
indicating effective reaction kinetics for HER.

The R, values of the samples increased in the following order:
FeOOH@NiOOH/NF-2 < FeOOH@NiOOH/NF-3 < FeOOH@NiOOH/
NF-4 < FeOOH@NiOOH/NF-1 < FeOOH/NF-2 < NiOOH/NF-2 < NF-2
(Fig. Séc, Table S4, Supporting Information). The smaller R, value of
7.9 Q of FFOOH@NiOOH/NF-2 indicates more efficient charge transfer
at the electrode/electrolyte interfaces. FFOOH@NiOOH/NF-2 demon-
strates durability for HER activity in alkaline conditions, with almost no
change in overpotential observed at a current density of 10 mV cm™2
after 1000-3000 CV cycles (Fig. S6d,e, Supporting Information). TEM
images after 3000 CV cycles of post-HER clearly show nanosheets
observed on the surface of nanorods (Fig. S7, Supporting Information).
The XPS analysis of the Ni 2p region of the FeOOH@NiOOH/NF-2
product shows two spin—orbit doublet peaks of Ni 2p3,5 and Ni 2p; 2
bands and satellites of Ni 2p3,2 and Ni 2p; 2 bands (Fig. S8a, Supporting
Information), with almost identical binding energy to that of the fresh
sample. No obvious changes in binding energy are observed in the Fe
2p3/2 and Fe 2p;,» bands of the Fe element in the nanocomposite
(Fig. S8b, Supporting Information). Almost no current density loss is
observed in the i-t plot for continuous 24 h of OER operation (Fig. S6f,
Supporting  Information). These results indicate that the
FeOOH@NiOOH/NF-2 sample is quite stable and durable in alkaline
conditions.

After evaluating the excellent OER and HER activity in alkaline
conditions of the FeEOOH@NiOOH/NF-2 catalyst, the overall water
splitting performance was tested. The FeOOH@NiOOH/NF-2 composite
was directly used as both the anode and cathode for overall water
splitting. The cell voltage of FFOOH@NiOOH/NF-2|[FeOOH@NiOOH/
NF-2 was measured to be 1.59 V at a current density of 10 mA cm 2,
demonstrating almost similar performance to that of the Pt/C||RuO; pair
electrodes (with a cell voltage of only 1.58 V at a current density of 10
mA cm’z) (Fig. 4a). However, the FeOOH@NiOOH/NF-
2|[FeOOH@NiOOH/NF-2 electrodes reached a high current density of
70 mA cm 2, whereas the Pt/C||RuO; pair shows water splitting per-
formance only up to 40 mA cm ™2 current density. The FFOOH@NiOOH/
NF-2|[FeOOH@NiOOH/NF-2 configuration displays comparative or su-
perior water splitting performance compared to Pt/C||RuO; and re-
ported electrode couples for overall water splitting (Table S6,
Supporting Information). Furthermore, the FeOOH@NiOOH/NF-2-
2||FeOOH@NiOOH/NF pair shows good durability for at least 100h
without any negligible current density loss. These results suggest that
the FeOOH@NiOOH/NF-2|[FeOOH@NiOOH/NF-2 pair exhibits both
good overall water splitting performance and stability.

3.3. Theoretical results

Additionally, a DFT study was undertaken to elucidate and confirm
the active site and catalytic mechanism for HER and OER in the exper-
imentally observed heterostructure. Model structures of pristine NiOOH,
FeOOH, and FeFOOH@NiOOH heterostructure are presented in Fig. S9
(Supporting Information). Comparative analysis of the 2D plot of elec-
trostatic potential revealed that pristine NiOOH has a higher work
function of 6.94 eV, while pure FeOOH has a lower work function of
5.55 eV (Fig. 5a). Within the heterojunction, the work function was
optimized to 6.20 eV, which may contribute to superior performance
compared to individual NiOOH and FeOOH. This optimized work
function may also indicate enhanced charge transfer capacity, beneficial
for the OER process, and increased stability of the resulting hetero-
junction. The electron localization function (ELF) maps of NiOOH,
FeOOH, and NiOOH@FeOOH heterojunction (Fig. 5b) demonstrate the
highest electronic cloud density in the heterojunction, particularly at the
interface where Ni and Fe atoms are connected. The higher ELF of Fe
compared to Ni suggests charge accumulation at the Fe sites. Calcula-
tions of net charges for Fe and Ni atoms further support a strong elec-
tronic modulation effect in the heterostructure, with Fe exhibiting
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higher interaction energy for water molecule. The simulated magnetic
moments of Ni in NiOOH and Fe in FeOOH are 1.92 and 4.34 pB,
respectively. In the heterojunction, these values decrease to 1.82 and
4.18 pB, indicating a change in the spin state of Fe from high-spin to low-
spin. We suggest that this change may improves catalytic activity,
contributing to higher OER/HER performance in the FFOOH@NiOOH
heterojunction compared to pure NIOOH and FeOOH. The 2D electro-
static difference potential (Fig. 5c) demonstrates FeOOH site within the
FeOOH@NiOOH heterojunction is became more negative compared to
pristine FeOOH. This synergistic effect in the heterojunction, leading to
enhanced charge separation and reduced energy barriers for the reac-
tion. So, charge transformation occurred between NiOOH and FeOOH
within the heterojunction and may responsible for efficient OER per-
formance. The oscillations in the electrostatic difference potential of
FeOOH@NiOOH indicate a greater ability to separate charges, poten-
tially lowering energy barriers for the OER/HER and improving overall
catalytic activity compared to pristine materials

The mechanism of NiOOH, FeOOH, and FeOOH@NiOOH at U =
0 and U = 1.23 V (Fig. 5d), and optimized OER intermediates adsorbed
on slab models (Fig. S10, Supporting Information) were employed to
analyze the OER kinetics. At U = 0, *O formation is identified as the rate-
determining step for NiOOH and the Fe site of the FFOOH@NiOOH
heterojunction, while *OOH intermediate formation is the rate-
determining step for the Ni site of FFOOH@NiOOH. The free energy
diagrams at U = 0 suggest that the Fe site of FFOOH@NiOOH has the
lowest rate-determining step compared to other species. A similar trend
is observed at U = 1.23 V. Therefore, the Fe site of the FFOOH@NiOOH
heterostructure demonstrates superior OER catalytic performance,
aligning with our experimental results. So, the formation of FeFOOH@-
NiOOH promotes charge accumulation on the Fe sites, facilitating in-
termediate adsorption and enhancing OER activity. In contrast, FFOOH
exhibits a large rate-determining step of 1.91 eV, indicating poor OER
performance. However, in the FFOOH@NiOOH heterostructure, charge
accumulation at Fe sites reduces the rate-determining step to 1.74 eV,
improving overall OER performance. Calculate OER overpotentials of
NiOOH and FeOOH samples are 0.60 V and 0.68 V, respectively, while
0.54 V for the Ni site and 0.51 V for the Fe site in FeOOH@NiOOH
heterojunction catalysts (Fig. 5e). The theoretical simulations highlight
the FeOOH@NiOOH heterostructure’s outstanding OER activity,
attributing it to lower energy barriers that enhance electron transfer
between the Fe and Ni centres.

Besides OER calculations, identical models were applied for HER
simulations, involving the adsorption of a hydrogen atom on the cata-
lysts” active sites. We are aware that NIOOH, FeOOH, and their heter-
ojunction are excellent catalysts for the OER. However, our
consideration is that if one site of the heterojunction is proven to be
active for OER, it is reasonable to anticipate that the remaining site
might be proficient for the HER. The Gibbs free energy for HER was
determined (Fig. 5f) and indicate that the Ni site of FFOOH@NiOOH
exhibits the lowest AGy at 0.56 eV, while the AGy values for NiOOH is
0.99 eV, and Fe site of FeOOH and FeEOOH@NiOOH are 0.76 eV and
1.45 eV, respectively. This reveals that the Fe site in the heterojunction
performs poorly in HER, whereas it excels in OER.

Further insights are gained from the density of states (DOS) of the
five 3d orbitals of Fe in FFOOH@NiOOH as shown in Fig. 5g. In Fig. 5g,
the increased electron density of Fe in the d,%, orbital (spin down) leads to
a reduction in the magnetic moment (4.18 pB). Theoretical calculations
suggest that the Fe spin state (magnetic moment) in the FeFOOH@NiOOH
heterojunction is manipulated by the neighboring Ni through the 3d
electrons. This also suggests that charge transformation occurred be-
tween Ni and Fe atoms. Analyzing the comparative total DOS of NiOOH,
FeOOH, and FeFOOH@NiOOH heterojunction (Fig. 5h), it is evident that
the DOS near the Fermi level (spin down) is significantly enhanced in the
heterojunction. Fe atoms in the heterojunction make a substantial
contribution to the DOS near the Fermi level, thereby modulating the
electronic structure and creating a greater number of active electrons for
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the OER.

All these results show that in FeFOOH@NiOOH heterojunction Fe
sites displays best OER performance and Ni identified as the optimal
active site for HER. Thus, alterations in the electron structure of the
heterojunction, changes in the magnetic moment of active sites,
increased electron density of Fe in the d,%y orbital, and a high DOS near
the Fermi level, responsible for the lower overpotential of OER and HER
which leading to enhance water splitting performance.

4. Conclusion

In summary, FeOOH@NiOOH catalysts on NF were synthesized at
very low temperature as a high active electrocatalyst for overall water
splitting. The formed corrugation structure and time-dependent opti-
mized FeOOH@NiOOH/NF-2 sample exhibited bifunctional electro-
catalyst with excellent OER and HER performance, and good stability
and durability in alkaline solution. Water splitting device of
FeOOH@NiOOH/NF-2 electrodes display voltages of 1.59 at current
densities of 10 mA cm™2. Furthermore, DFT study comprehensively
explores the FeOOH@NiOOH heterojunction’s catalytic behavior,
unravelling key insights into its electronic structure, magnetic moments,
and charge transfer capabilities. The observed improvements in OER
and HER performance, attributed to altered electronic states and
enhanced charge separation at the heterojunction interface, underscore
the potential of this material for advanced electrocatalytic applications.
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