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Thus, given the importance of operating this cycle with high 12 14 18 18
efficiency, studies have been extensively conducted to enhance Potential (-/R) vs. RHE (V)

the activity of transition-metal-based layered double hydroxide (LDH) catalysts. The use of metal foam as a
substrate for LDH growth is considered the most effective method. However, most studies aimed at improving the
performance of heterostructured catalysts have generally focused on controlling the active materials grown on the
foam rather than the foam itself. Herein, we propose a new perspective on the role of foam, emphasizing that it is
more than a mere supporting medium for growth. Density functional theory (DFT) calculations were performed to
investigate the effects of NiFe foam (NFF) by modeling a heterostructure comprising NiAI-LDH and NFF. The
calculation results demonstrated electron redistribution at the NiAl-LDH@NFF interface, which effectively
influenced the OER performance and interfacial binding energy. Furthermore, we obtained insights into the role
of foam by investigating changes in the OER overpotential caused by differences in the elements comprising the
foam (Ni foam, 327 mV at 10 mA cm™%; NFF, 214 mV at 10 mA cm2). This study affords flexibility in the
utilization of metal foam-based heterostructured catalysts.

Keywords: NiFe foam; NiAl-LDH; oxygen evolution reaction; heterostructure modeling; density functional
theory; substrate effect

1. Introduction

Fossil fuels have been a key resource for the advanced development of humanity worldwide. The ongoing
development of highly efficient technologies for the production of shale gas has led to a continuous rise in the
global production of fossil fuels [1-3]. Nevertheless, fossil fuels present a significant drawback—the
substantialemission of carbon dioxide, a major contributor to global warming. Consequently, it is imperative to
explore and implement clean energy alternatives for the sustainable development of humanity [4-6].
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Among various eco-friendly energies, hydrogen is the most promising candidate. It is abundant on Earth,
exhibits no regional scarcity, and has a higher energy density than fossil fuels. The energy density of hydrogen,
petroleum, and coal is 120, 44, and 25 MJ/kg, respectively. Nevertheless, the delay in the replacement of fossil
fuels by hydrogen is primarily attributed to the limited efficiency of water electrolysis, which is the predominant
carbon-neutral production method for hydrogen [7]. The bottleneck is the oxygen evolution reaction (OER), a
crucial half-reaction of water electrolysis characterized by inherently sluggish kinetics. Previous studies have
frequently used noble-metal-based (Ru, Ir, Pt, etc.) electrocatalysts to enhance the OER efficiency [7-9]. However,
these materials have failed to significantly improve the efficiency of water electrolysis, largely due to cost
implications from the finite availability of noble metals. Thus, current studies have intensified their focus on
materials with layered structures, particularly those comprising four-period transition metals [10—12].

Among these materials, NiAl-layered double hydroxide (NiAI-LDH) is a highly promising electrocatalyst.
The incorporation of Al has been observed to be advantageous because it enhances the structural stability of Ni-
based catalysts and increases the proportion of low-coordinated Ni species [13]. Furthermore, using foam as the
growth environment for electrocatalysts offers significant advantages, including a high specific surface area,
efficient material utilization, low mass density, versatile porous channels, and good conductivity [14—16]. The use
of foam comprising well-established elements, such as Ni and Fe, which have been extensively validated, is a
robust strategy for maximizing the potential of NiAl-LDH. In addition, it simultaneously addresses the limitations
associated with the existing rotating disk electrode configurations.

Previous studies on electrocatalysis using density functional theory (DFT) calculations have focused on
understanding the interaction between catalyst materials and their interfaces [17,18]. However, recent studies
involving catalysts directly grown on substrates, such as single-atom catalysts [19,20], have revealed that changes
in catalytic activity can arise from interactions between reactants and the catalyst surface, as well as from
interactions between the substrate and catalyst [21-23]. Thus, this study was aimed at investigating the effect of
foam on electrocatalytic reactions and examining the interface between LDH and foam. This was achieved by
meticulously modeling a heterostructure comprising LDH and foam.

Herein, we present a paper detailing the direct growth of catalysts on metal foams and the resulting alterations
in catalytic activity induced by the charge structure modification facilitated by the metal foam. The NiFe foam
(NFF) used remarkably enhanced the catalytic activity of NiAl-LDH in the OER. The OER overpotential at 10
mA cm ! using the NiAI-LDH@NFF (214 mV) as a catalyst was significantly reduced compared with that of the
NiAl-LDH@N!i foam (NF) (327 mV). The activity trend was elucidated by calculating the interaction between the
well-modeled NFF and NiAl-LDH. The investigation revealed that the interactions between catalysts and
substrates can control the electronic structures of catalysts through charge transport from the metal substrate. This
phenomenon is similar to the charge transport-induced enhancement of catalytic activity observed for single-atom
catalysts. These findings provide a promising approach to the rational design of OER catalysts, wherein electronic
structure control through interactions with metal substrates is leveraged at the atomic scale and at larger scales,
rendering them applicable for practical implementation.

2. Experimental Section

2.1. Materials and Methods

Nickel chloride (NiCly; 98%), aluminum chloride (AlCl3-6H,0; 99%), urea (99%), ruthenium oxide (RuO,,
99.9%), and hydrochloric acid (HCI; 37%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). NFF and
NF were purchased from Medipl and 4science (Seoul, Korea), respectively. Nafion solution (D520, DuPont) was
used as received. All the reagents were of analytical grade and used without further purification.

2.1.1. Synthesis of NiAl-LDH@NFF and NiAl-LDH@NF

NiAI-LDH@NFF was synthesized following a reported method that was optimized to suit the present
experimental conditions [24]. The NFF (1.4 x 1.4 cm) was pretreated in HCI (3 M) for 10 min to remove the surface
oxide layer. It was subsequently rinsed twice with a water and ethanol solution and dried at room temperature for
3 h. Next, NiCl, (1.6 mmol) and AICl3-6H>O (0.8 mmol) were dissolved in distilled water (12 mL) with continuous
magnetic stirring at 450 rpm for 10 min. Thereafter, urea (1.2 mmol) was added. The acid-treated NFF and mixed
solution were transferred into a Teflon-lined stainless-steel reactor, sealed, and maintained at 120 °C for 12 h in a
convection oven. Afterward, the synthesized NiAl-LDH@NFF was sonicated thrice for 2 min in a mixture of water
and ethanol and dried at room temperature for future use. NiAl-LDH@NF was synthesized using the same method,
except for the replacement of NFF with NF.
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2.1.2. Characterization

Transmission electron microscopy (TEM) was performed using a JEM-2100F microscope (Jeol, Osaka,
Japan) at 200 kV. Scanning electron microscopy (SEM) images were obtained using a LEO SUPRA 55 microscope
(Zeiss, Dublin, CA, USA). Powder X-ray diffraction (XRD) patterns were recorded at room temperature using a
D/MAX-2200PC X-ray diffractometer (Rigaku, Tokyo, Japan) equipped with graphite-monochromatized Cu Ka
radiation (A = 1.5418 A). The step scan mode was employed in the 20 range of 10-90°, with a step size of 0.02°
and a counting time of 4 s per step. An inductively coupled plasma (ICP) spectrometer (Direct Reading Echelle
ICP, Leeman, Hudson, NH, USA) was used to determine the Al/Ni molar ratio in the LDH. The X-ray
photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific, Waltham, MA, USA) was employed to
investigate the oxidation states of NiAl-LDH@NF and NiAl-LDH@NFF

2.1.3. Electrochemical Measurement

Electrochemical measurements were conducted using an SP300 electrochemical workstation (BioLogic
Science Instruments, Seyssinet-Pariset, France) in a standard three-electrode configuration with a 1 M KOH
electrolyte. The reference and counter electrodes were an Hg/HgO electrode and Pt mesh, respectively. To assess
the electrocatalytic activity of NiAl-LDH toward OERs, linear sweep voltammetry (LSV) was performed at a
sweep rate of 2 mV s™!. Electrochemical impedance spectroscopy (EIS) was conducted at an amplitude of 0.01 V
over a frequency range of 0.01-100,000 Hz under a bias of 0.6 V vs. Hg/HgO. The potential of the working
electrode was converted into the reversible hydrogen electrode (RHE) using the following equation:

Erue = 0.098 + (0.0592 - pH) + Engngo.

The OER overpotential (1) was determined by subtracting 1.23 V, the theoretical potential for water
oxidation, as shown in the following equation:

n= ERHE —1.23.
The Tafel slopes, as per the LSV curve, were fitted using the following equation:
n=a+blogJ,

where a represents a constant, b is the Tafel slope, and J denotes the current density. Chronopotentiometry was
performed to evaluate long-term stability.

The electrochemically active surface area (ECSA) was estimated based on the electrochemical capacitance
of the double layer. Cyclic voltammetry was performed to determine the capacitance of the double layer (Ca) by
extracting the slope of the geometric current density vs. the scan rate (5-30 mV s™'). No peaks were observed in
the non-Faradaic potential range of 0—0.2 vs. RHE owing to the absence of kinetic polarization. The linear slope
was equivalent to twice the Cy, representing the ECSA [25].

The turnover frequency (TOF) was calculated using the following equation:

TOF = J/(4 x n x F),

where J represents the current density at a given potential, 4 is the number of electrons transferred during the OER,
n is the number of active sites of all the metal ions available for the OER (including Ni and Al), and F is Faraday’s
constant (96,485 C mol ™) [26,27].

2.1.4. Computational Methods

Spin-polarized DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP) [28,29].
The projector augmented wave (PAW) method was employed to efficiently represent the interaction between valence
electrons and the ion core. The generalized gradient approximation with the Perdew, Burke, and Ernzerhof functional
(GGA-PBE) was employed to describe the exchange-correlation energy [30,31]. The cutoff energy was set to 400 eV
for the plane-wave expansion, and the convergence criteria were set to 0.037! and 107 eV for the residual force and
energy, respectively. The Monkhorst—Pack schemes of the k-point grid for the LDH, NFF, NF slab and LDH@NFF,
and LDH@NF heterostructure supercells were sampled by 2 X 2 X 1 for geometry optimization and Bader charge
calculations [32].

Prior to modeling the heterostructure, NiFe(111), Ni(111) and NiAI-LDH(001) slabs were constructed. The
optimized lattice parameters of the FeNi; and Ni bulks were 3.55 and 3.52 A, respectively, similar to previous
experimental and theoretical reports [33,34]. The NiFe(111) and Ni(111) surfaces were modeled with three atomic
layers, where the bottom layer was fixed to describe the bulk positions. For the Ni(OH), monoclinic bulk structure,
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the optimized lattice parameters were 3.16, 3.16, and 4.64 A for the x-, y-, and z-directions (o =  =90°, y = 120°),
respectively. To simplify the heterostructure, the original unit cells of NiFe(111), Ni(111), and Ni(OH), were
converted into an orthorhombic unit cell. To mimic the experimental ratio of Ni and Al (Ni:Al = 3:1), NiAl-LDH
was constructed by replacing one Ni atom with one Al atom in the (2 X 2) Ni(OH), unit cell (Figure S1). For the
heterostructure modeling, a (2 X 3) surface unit cell of the NiAl-LDH slab was attached to a (3 X 2) surface unit
cell of NiFe(111) and Ni(111), to minimize the strain induced by the lattice mismatch. The NiFe(111) and Ni(111)
slabs of the heterostructure were compressed by as much as 4.31% and 3.51% in the y-direction, respectively. The
NiFe(111), Ni(111) and NiAI-LDH(001) slabs had vacuum thicknesses of 15 A to avoid artificial interactions
between its periodic images in the z-direction (Figure S2).

According to the widely accepted OER mechanism that involves the elementary steps of the four-electron
mechanism, the OER occurs via three oxygen-containing intermediates as follows (Equations (1)—(4)):

H,0 + * - *OH + H* + e, (1)

*OH - "0+ H™ + e, (2)
H,0+ *0 - *00H + H* +e", 3)
*OOH - 0,(g)+ * + H + e, 4)

where the asterisk denotes an active site [35]. Under standard conditions (T = 298.15 K, p = 1 bar, pH = 0), the
energy of H* + e~ was represented by 1/2 H, using the standard hydrogen electrode (SHE) [36]. The Gibbs free
energies of each step AG;(i = 1,2,3,4) were calculated by correcting the DFT energy (E) with the zero-point
energy (ZPE) and entropy (S) as follows:

AG; = AE + AZPE — TAS,

where T =298.15 K. The ZPE correction and S calculations used the vibrational frequencies obtained by applying
the finite difference method in the DFT. The thermodynamic entropy was referenced to H,O (g) under a pressure
0f 0.035 bar because it was in equilibrium with H,O (1) at 298.15 K.

During the OER process, the step with the highest free energy change is referred to as the potential
determining step (PDS). The theoretical overpotential () can be expressed as

n = max(AG;) /e — 1.23V
The charge distributions of the heterostructures were evaluated using the Bader charge analysis method [37].

The interfacial binding energy between NiAl-LDH(001) and NiFe(111), Ni(111) was determined using the
following equation:

E = ELDH@foam - ELDH - Efoam
b — ]
Sinterface

where Ejpy@foams Erpn, and Efqqy denote the total energies of the LDH@foam heterostructure, LDH, and
foam, respectively, and Sipserrqce denotes the surface area of the unit cells.

2.2. Results and Discussion

Figure 1 shows the morphology and crystal structure of NiAI-LDH@NFF prepared using an aqueous phase
hydrothermal synthesis method. Figure 1a shows a low-magnification SEM image, revealing its three-dimensional
macroporous structure and rough surface features. This was attributed to the formation of plate-shaped NiAl-LDH
on the NFF surface. To confirm the microstructure of the NiAI-LDH@NFF, we observed the yellow dotted box
in Figure la using field-emission (FE)SEM and measured its thickness at random points (Figure 1b). Through
these measurements, we determined that NiAl-LDH nanoplates with an average thickness of 41.6 + 7.9 nm were
formed on the NFF. Figure lc shows a TEM image of the NiAI-LDH@NFF, indicating the formation of plate
morphology. This corresponds to the SEM images in Figure 1a,b. Diffraction peaks at 44.28°, 51.53°, and 75.87°
from the XRD patterns of NiAl-LDH@NFF and NFF corresponded to the (111), (200), and (220) planes of FeNis
(JCPDS #38-0419), respectively (Figure 1d) [38]. Contrarily, diffraction peaks at 11.73°, 23.58°, 35.12°, and
39.71° observed for NiAI-LDH@NFF, which were not observed for NFF, could correspond to the (003), (006),
(012), and (015) planes of NiAl-LDH (JCPDS #15-0087), respectively [39,40]. Based on the crystal structure
analysis, it is necessary to double-check NiAl-LDH by measuring the lattice distance in the white dotted square in
Figure 1c. After sufficiently increasing the magnification to investigate the lattice distance in the white dotted
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square, the length of 10 spacing was measured to be 2.55 nm (Figure S3). One spacing was 2.55 A, corresponding
to the (015) plane of NiAl-LDH, evidencing the NiAl-LDH, as typically observed by high-resolution (HR)
TEM [24,41]. In addition, after the hydrothermal reaction, the color of the NFF and NF changed to greenish-gray,
indicating the formation of NiAl-LDH (Figure S4) [42]. The sequential comparison of low-magnification SEM
images of the samples prior to (Figure S5a,b) and after the hydrothermal reaction confirmed the morphological
evolution of the foam surface after the reaction (Figure S5¢,d). Moreover, energy-dispersive spectroscopy (EDS)
mapping images of NiAl-LDH@NFF demonstrated an even distribution of Ni, Fe, and Al on the foam surface,
revealing that NiAl-LDH was well-grown on the entire NFF surface (Figure S6a).

- NiAI-LDH@NFF
- [=]
& s )
= ] = s & [
= o
3 €& §3
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. NFF
=
2 ._J-—'-‘-
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|
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Figure 1. Characterization of NiAl-LDH@NFF. (a) Low (x1000) and (b) high (x100,000) magnification SEM
images of NiAI-LDH@NFF including thickness measurements at several points. (¢) TEM image of NiAl-LDH
grown on NFF. The white dotted square corresponds to the area for measuring d-spacing of NiAl-LDH in Figure
S3. (d) XRD patterns of NiAI-LDH@NFF and NFF with reference XRD patterns.

For comparison, NiAl-LDH@NF was prepared using the same synthesis method except that the procedure
was conducted with NF instead of NFF. A low-magnification SEM image of NiAI-LDH@NF (Figure 2a) revealed
that the foam surface was relatively smoother than that of NiAI-LDH@NFF. The average thickness of the NiAl-
LDH nanoplates was 21.2 & 2 nm, thinner than the nanoplates on NFF (Figure 2b). We believe that a relatively
insufficient growth of the nanoplate could have led to the reduced thickness and blunt interface of NiAl-LDH@NF.
Figure 2c shows a TEM image, indicating the formation of a small nanoplate, compared with that of NiAl-
LDH@NFF, which corresponded with the SEM results (Figure 2b). The XRD patterns of NiAl-LDH@NF
exhibited 44.5°, 51.85°, and 76.38° peaks corresponding to the (111), (200), and (220) planes of metallic Ni
(JCPDS #87-0712), respectively (Figure 2d) [43—45]. Diffraction peaks were not observed for NiAl-LDH,
potentially attributed to its low concentration on NF.

367



Mater. Interfaces 2025, 2(3), 363-374 https://doi.org/10.53941/mi.2025.100028

(111)

NiAl-LDH@NF

e (200)
- (220)

| ——

NiAl-LDH JCPDS file No. 15-0087
I | L 1l 1l )
| Ni JCPDS file No. 87-0712

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (deg.)

Figure 2. Characterization of NiAlI-LDH@NF. (a) Low (x1000) and (b) high (x100,000) magnification SEM
images of NiAI-LDH@NF including thickness measurement at several points. (¢) TEM image of NiAl-LDH grown
on NF. (d) XRD patterns of NiAI-LDH@NF and NF with reference XRD patterns.

However, the EDS mapping analyses confirmed that Ni and Al were evenly distributed over the entire sample
area, supporting the formation of NiAl-LDH (Figure S6b). To quantitatively analyze Ni and Al in NiAI-LDH@NF,
an ICP analysis was performed (Table 1). It was observed that the amount of NiAl-LDH synthesized on NF was
lower than the amount of LDH on NFF. The amount of NiAI-LDH on NFF was 1.86 times that of the LDH on NF,
as determined by the calculation based on Al content (0.0179 mmol for NiAl-LDH@NFF and 0.0096 mmol Al for
NiAI-LDH@NF). In addition, the amount of NiAl-LDH on NF did not significantly increase when the amount of
Al precursor was increased three and five times, demonstrating that the use of NFF was key in increasing the
amount of NiAl-LDH on the foam (Figure S7). XPS analysis was additionally conducted to examine the oxidation
states of NiAl-LDH deposited on different substrates. The Ni 2p spectra of NiAI-LDH@NF showed Ni 2ps/; and
Ni 2p1» peaks at 855.8 eV and 873.5 eV, respectively, while those of NiAlI-LDH/NFF exhibited a slight positive
shift to 856.2 eV and 874.0 eV, indicating a minor oxidation of Ni species upon changing the substrate from NF
to NFF (Figure S8a). In contrast, the Al 2p binding energy decreased from 74.5 eV in NiAl-LDH@NF to 74.3 eV
in NiAI-LDH@NFF, suggesting a slight reduction of Al species (Figure S8b). The Fe 2ps;, peak at 711.3 eV
confirmed the presence of oxidized Fe species (Figure S8c), while the O 1s spectra revealed contributions from
M-OH groups at 531.4-531.5 eV and adsorbed H>O near 533 eV (Figure S8d). These findings indicate that the
oxidation state of NiAl-LDH is affected by the substrate, which is likely due to the NFF substrate serving as an Fe
source that promotes the formation of oxidized Fe species.

To evaluate the electrocatalytic characteristics of NiAI-LDH@NF and NiAl-LDH@NFF, LSV
measurements were performed. The LSV curves revealed that the overpotential of the NiAI-LDH@NFF electrode
was considerably lower than that of NiAl-LDH@NF (Figure 3a). At a current density of 10 mA cm 2, NiAl-
LDH@NF and NiAl-LDH@NFF exhibited overpotentials of 327 and 214 mV, respectively. For comparison, the
bare NF, RuO,@NF, bare NFF, and RuO,@NFF electrodes showed overpotentials of 400, 344, 294, and 254 mV,
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respectively. Notably, NiAl-LDH demonstrated higher activity than the commercial RuO, catalyst, and both NiAl-
LDH and RuO; exhibited enhanced performance when supported on NFF compared to NF. This indicated a
substantial improvement in the OER activity attributable to the critical function of the NFF.
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Figure 3. (a) LSV curves in the 1 M KOH electrolyte at a scan rate of 2 mV s, (b) Tafel slopes, (¢) TOF curves,
(d) Nyquist plots, (e) linear fitting of capacitive currents of the electrocatalysts vs. scan rate, and (f) Chrono
potentiometric stability test of NiAl-LDH@NFF recorded at a constant current density. The sharp potential drop
observed around 80 h is attributed to the replenishment of electrolyte.

Furthermore, to determine the catalytic activity per amount of Ni active site, the mass activities of NiAl-
LDH@NF and NiAl-LDH@NFF were investigated based on the ICP results (Table 1, Figure S9). The mass
activity of NiAI-LDH@NFF exhibited an overpotential of 270 mV at 100 mA mgy;"!, significantly higher than
that of NiAI-LDH@NF (1.54 mA mgy; ") at the same potential.

Tafel plots derived from the LSV data were scrutinized to further assess the electrocatalytic kinetics of NiAl-
LDH@NF and NiAl-LDH@NFF (Figure 3b). NiAl-LDH@NFF exhibited a significantly lower Tafel slope (18.88
mV dec!), whereas NiAI-LDH@NF exhibited 62.45 mV dec™!. For comparison, RuO,@NF and RuO,@NFF
showed Tafel slopes of 51.46 and 23.9 mV dec!, respectively. These values implied that NiAl-LDH@NFF
significantly reduced the OER overpotential and augmented the reaction kinetics. The Tafel slope was substantially
lower than that of other reported transition-metal-based catalysts and superior to those of noble-metal-based
catalysts. This extremely low Tafel slope observed for NiAl-LDH@NFF, indicating a significantly less
overpotential at a high current density, highlights its potential application as an anode for industrial-scale green
hydrogen production via water electrolysis. Moreover, it can function as a counter electrode for other catalytic
reactions, such as CO; reduction reactions.

TOF values were estimated to compare the intrinsic catalytic activities of NiAl-LDH@NF and NiAl-
LDH@NFF for OERs (Figure 3¢). The TOF of NiAl-LDH@NFF (0.1 s™! at an overpotential of 280 mV) exceeded
that of NiAI-LDH@NF (0.1 s ! at an overpotential above 550 mV). This indicated an enhancement of the intrinsic
catalytic properties through efficient charge transport with NFF. The EIS results corroborated the catalytic
performance trend for the NiAl-LDH (Figure 3d). NiAI-LDH@NF and NiAl-LDH@NFF exhibited similar
solution resistance (Ry) values of 2.5 and 2.6 W, respectively. The charge transport resistance (R.;) of NiAl-
LDH@NFF was significantly lower at 31.8 W, compared with that of NiAI-LDH@NF (2.3 W), corresponding
with the LSV trend. In addition, the bare NF, RuO,@NF, bare NFF, and RuO,@NFF electrodes exhibited R
values of 340, 65, 16.7, and 4.7 Q, respectively. These findings suggest that the NFF substrate can enhance
electrical conductivity and improve charge transport, resulting in a substantially higher OER -catalytic
performance.

As shown in Figure 3e, the Cy of the catalysts was obtained from CV curves at various scan rates within the
non-Faradaic potential range (Figure S10). The Cg values of NiAl-LDH@NF and NiAl-LDH@NFF were
estimated at 4.3 and 6.1 mF ¢cm2, respectively. This observation implied that the number of active sites in NiAl-
LDH@NFF exceeded that in NiAl-LDH@NF.
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To evaluate the durability of each catalyst, chronopotentiometry was measured at a current density of 10 mA
cm 2 (Figure 3f). Notably, the NiAI-LDH@NFF electrode exhibited long-term stability with a slight change in
potential (AV = 0.006 V for 97 h). The sudden potential drop observed around the 80 h mark was not indicative
of catalyst degradation, but was instead a direct result of electrolyte replenishment. Furthermore, the
electrochemical durability of NiAI-LDH@NFF was confirmed by TEM and XRD (Figure S11). Considering that
the electrochemical reaction is fundamentally destructive, the edge of the NiAl-LDH surface became slightly blunt.
However, XRD did not reveal a significant difference prior to and after the reaction, thereby demonstrating
excellent stability.

Table 1. ICP analysis of NiAl-LDH@NFF and NiAI-LDH@NF.

Sample Element Amount (mmol)
Ni 0.4106
NiAl-LDH@NFF Al 0.0179
Fe 1.3161
Ni 0.7156

NiAl-LDH@NF Al 0.0096

DFT calculations were performed to elucidate the origin of the improved OER activity of NiAl-LDH@NFF
and to clarify the role of NFF in catalytic performance. A heterostructure model of NiAl-LDH supported on NFF
was constructed and compared with that on NF, a conventional substrate for LDH synthesis (Figure 4a,b). The
OER pathway was analyzed by calculating the adsorption energies of key intermediates (*OH, *O, and *OOH).
The potential-determining step (PDS) was identified as the first proton-electron transfer for NiAI-LDH@NFF, in
contrast to the third step for NiAl-LDH@NF (Figure 4c). The corresponding overpotentials were 0.40 eV for NiAl-
LDH@NFF and 0.64 ¢V for NiAI-LDH@NF, demonstrating a substantial decrease of 0.24 eV in favor of the NFF-
supported system. This improvement indicates enhanced OER activity, in agreement with the experimentally
observed lower overpotential of NiAl-LDH@NFF.
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Figure 4. Model systems of (a) NiAI-LDH@NFF and (b) NiAlI-LDH@NF for DFT calculations. (¢) Gibbs energy
profiles of the four-electron OER mechanism and corresponding top-view intermediate structures on the
LDH@NFF surfaces. Here, PDS denotes potential-determining step.

Bader charge analysis was conducted to probe interfacial electronic interactions. In the NiAl-LDH@NFF
heterostructure, Fe atoms in the foam donated electrons while Ni atoms in the NiAl-LDH layer accepted electrons.
The net charge transfer to NiAI-LDH was 0.32 e~ higher in NiAl-LDH@NFF compared with NiAl-LDH@NF
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(Table 2, Figure 5), indicating that Fe provides electrons to NiAl-LDH across the interface. The interfacial binding
energy was further examined to assess the thermodynamic stability of the heterostructures. The calculated binding
energies were —121.5 meV A2 for NiAI-LDH@NFF and —111.4 meV A2 for NiAl-LDH@NF, indicating that
both foams can stabilize the NiAl-LDH layer. The more negative binding energy of NiAl-LDH@NFF suggests a
stronger interfacial interaction, as reflected in the thicker growth of NiAl-LDH on NFF (Figures 1 and 2).

(@) (b)

NiAl-LDH@NF

©QFeON QA @0 OH

Figure 5. Charge density redistribution at the interface of NiAl-LDH and (a) NFF, and (b) NF. The yellow and
cyan colors represent charge accumulation and depletion, respectively.

The number of electrons gained by LDH was 0.32 ¢” more in the LDH@NFF model than in the LDH@NF
model, attributable to the increased supply of electrons in the foam owing to the influence of Fe. We investigated
the interfacial binding energy of a heterostructure to elucidate the thermodynamic stability of the heterostructure.
We calculated the interfacial binding energies of the heterostructure as —121.5 and —111.4 meV A2 for
LDH@NFF and LDH@NF, respectively, indicating that NFF and NF can form stable heterostructures with NiAl-
LDH. Furthermore, the stronger energy of LDH@NFF, compared with that of LDH@NF, demonstrated that a
greater amount of LDH can be generated in NFF. This shows that NiAl-LDH grows thicker on NFF than on NF
(Figures 1 and 2).

Table 2. Calculated Bader charge changes of Ni, Fe, and Al ions on heterostructured NiAl-LDH@NFF and NiAl-
LDH@NF. The negative and positive value represents electron rich and poor, respectively.

Total Bader Charge Change

Analyzed Component LDH@NFF LDH@NF
Ni —2.37 —2.05
LDH Al 0.06 0.06
Foam Ni 7.03 8.65
Fe 2.75 -

The OER overpotential of LDH@NFF was lower than that of LDH@NF. Through the Bader charge analysis
of the heterostructure on which LDH was formed on foam, it was confirmed that charge transfer occurred at the
interface. More electron transfer occurred at the interface of LDH@NFF than that of LDH@NF because of the
electron supply from Fe in NFF. In conclusion, it was observed that the LDH was better formed on NFF with
stronger interfacial binding energy, leading to a better OER performance.

3. Conclusions

The study successfully synthesized NiAl-LDH@NFF through a hydrothermal procedure, using NFF as the
growth substrate for NiAl-LDH. The heterostructured NiAl-LDH@NFF exhibited outstanding performance as an
OER catalyst. Notably, NiAl-LDH@NFF exhibited a significantly denser growth (more than thrice) compared
with cases where NF was employed as the growth substrate, leading to improved electrochemical performance
(overpotentials of 214 and 327 mV at 10 mA c¢cm2). DFT calculations revealed a higher electron transfer from the
foam to LDH in the LDH@NFF model compared with the LDH@NF model, thereby enhancing the
electrochemical performance. Moreover, the interfacial binding energy was stronger, providing evidence
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supporting the enhanced LDH growth on NFF. Consequently, this study emphasized the importance of the growth
substrate over the catalyst. Furthermore, this study suggests a more flexible and scalable approach in catalyst
development for large-scale hydrogen generation through water electrolysis in the future, with NiAl-LDH@NFF
as a promising initial step.
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