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The creation of efficient, earth-abundant electrocatalysts is crucial to
address the sluggish kinetics of the oxygen evolution reaction (OER). In
this study, a straightforward immersion technique is employed to
fabricate a NiZnFe, LDH composite by embedding Fe(OH); nano-
particles onto NiZn LDH nanosheets. The optimized NiZnFe;>9 LDH
catalyst exhibits an overpotential of just 191 mV at 10 mA cm3,
significantly outperforming traditional OER catalysts. Additionally, it
demonstrates exceptional long-term stability, maintaining a current
density of 120 mA cm™2 for more than 125 hours. This approach fosters
the advancement of materials for water splitting and hydrogen produc-
tion, which are crucial for sustainable energy solutions.

Hydrogen is increasingly recognized as a clean alternative to fossil
fuels, offering a promising solution for sustainable energy systems.
Electrochemical water electrolysis, which produces high-purity
hydrogen, plays a key role in this field."® The OER is a critical yet
energy-intensive half-reaction in water electrolysis, involving complex
electron transfer steps that create significant energy barriers. As a
result, developing highly efficient OER electrocatalysts is essential for
improving the efficiency of water splitting and enabling scalable
hydrogen production.*> Research into OER electrocatalysts has
prioritized materials that reduce overpotentials to lower energy
demands. Despite the superior activity of IrO, and RuO,, their
scarcity and cost limit large-scale use.® Consequently, efforts now
focus on developing efficient, durable catalysts from earth-abundant
metals to enable sustainable and scalable OER technologies.
Layered double hydroxides (LDHs) offer significant potential
in electrocatalysis due to their low cost, abundance, and
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compositional flexibility.””® However, challenges such as poor
conductivity and limited active site exposure hinder their OER
efficiency. Strategies like exfoliation,”'® etching,'"'* decora-
tion,"* and doping">'® have been employed to enhance active
site accessibility, conductivity, and surface area. These advance-
ments not only improve intrinsic properties but also optimize
the electrochemical performance, making it a promising
electrocatalyst.

Nickel (Ni), cobalt (Co), and zinc (Zn)-based LDHs have
emerged as promising catalysts for the OER, owing to their
favorable catalytic properties. Incorporating iron (Fe) into these
materials, such as in Fe-Ni and Fe-Co LDHs, has been shown
to significantly enhance catalytic performance compared to
their iron-free counterparts, like Ni(OH), and Co(OH),."”™*°
This enhancement is attributed to Fe’s ability to generate
additional active sites, improving catalyst efficiency. Further-
more, combining Fe with other materials, such as metal-
organic frameworks (MOFs) or metal oxides, can increase active
sites and boost electrochemical properties, enhancing OER
effectiveness.”>>' This strategy not only improves activity but
also enhances the stability of the catalysts, which is essential
for their practical use in renewable energy applications.

Among conventional transition metal (Fe, Co, Ni) hydroxides
used in the OER, Fe hydroxide stands out due to two critical
merits. First, the crustal abundance of iron surpasses other
transition metals, which offers economic advantages for scal-
able electrocatalyst development. Secondly, Fe hydroxide out-
performs Co hydroxide and Ni hydroxide in single-component
OER activity (FeO,H, > CoO,H, > NiO,H,), as experimentally
validated.>* Recent works have also demonstrated that immo-
bilizing iron hydroxide on other substrates can significantly
enhance the OER activity, due to the abundant active surfaces/
interfaces generated.>**

Based on the aforementioned considerations, Fe(OH);-
decorated composites have been synthesized by anchoring
highly dispersed Fe(OH); nanoparticles onto NiZn LDH
nanosheets. This approach effectively combines the electroche-
mical advantages of both Fe and NiZn, resulting in a trimetallic
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Fig. 1 (a) Synthetic procedure of the NiZnFe, LDH nanosheets. (b) TEM
and SEM (inset) image; (c) HRTEM image and size distribution diagram
(inset); (d) AFM image and height profile; (e) EDS mapping of the NiZnFej, o
LDH nanosheets.

hydroxide structure. The resulting 2D trimetallic nanosheets
demonstrate both high activity and long-term stability under
alkaline OER conditions, which are typically challenging for
many catalysts. The synergistic interaction between Fe, Ni, and
Zn within the structure not only enhances the accessibility of
the active sites but also improves conductivity, thereby facil-
itating efficient electron transfer during the OER process.

As shown in Fig. 1a, trimetallic NiZnFe LDH nanosheets
were successfully synthesized on nickel foam using a simple
one-pot solution method at a moderate temperature. Inspired
by the imidazole ligand assisted approach conducted at ambi-
ent temperature and pressure,”” this process involved reacting
Ni/Zn/Fe precursors with 2-methylimidazole. By regulating the
Fe dosage, a series of NiZnFe, LDH samples (where x = 2.6, 8.9,
12.9, 23.7 represents the Fe content by weight (wt%), as
determined by ICP-OES) were obtained. TEM and SEM observa-
tions confirmed that NiZn LDH and NiZnFe, LDH exhibited an
ultrathin nanosheet structure with a height of 3-5 nm (Fig. 1b
and Fig. S1-S4, ESIY). Interestingly, according to the HRTEM
image, highly dispersed small Fe(OH); nanoparticles can be
observed on the nanosheet substance, with an average size of
2.68 + 0.64 nm. The increasing Fe content led to larger Fe(OH);
nanoparticles with an average size of 7.41 £ 1.64 nm
(NiZnFe,, 9 LDH, Fig. S4b, ESIt). The HRTEM image (Fig. 1c)
reveals a lattice spacing of 0.15 nm on the NiZnFe LDH
nanosheets, which well matched the (110) facet of Ni(Zn)-
LDH. Additionally, the lattice spacing of the smaller nano-
particles was measured to be 0.25 nm, aligning with the (111)
facet of Fe(OH); (Fig. 1c). The thickness of NiZnFe;,, LDH
was determined to be approximately 4 nm (Fig. 1d), further
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confirming its ultrathin nature. The Fe proportion in the
NiZnFe;, o LDH sample was determined to be 12.9% and
12.3%, as determined by ICP and EDS results (Fig. S5, ESIT).
Elemental mapping of the NiZnFe LDH confirmed the uniform
distribution of Ni, Zn, Fe, and O, providing evidence for the
successful formation of the NiZnFe LDH composite (Fig. 1e).
The crystal structure of the different samples was analyzed
using X-ray powder diffraction (XRD) measurements. The XRD
patterns of NiZn LDH and NiZnFe, LDH exhibited the char-
acteristic peaks of layered double hydroxides (Fig. 2a).”® The
peaks at 11.3° can be indexed as the (003) facet of typical Ni
based LDH (PDF #38-0715). In comparison, when the Fe con-
tent was increased from 2.6 wt% to 23.7 wt%, the peak at 21.5°
gradually increased, indicating the formation of Fe(OH); phase.
Besides, from the enlarged XRD patterns, we noticed a negative
shift of the LDH (003) facet for all the Fe-containing catalysts
compared to NiZn LDH. The results indicated that the Fe
doping may cause the expansion of the NiZn LDH interlayer.
The XRD results confirmed that the Fe species were both doped
in the LDH lattice and formed in the Fe(OH); phase, which is
aligned with the HRTEM analysis. The FT-IR spectra of NiZn
LDH and NiZnFe LDH are displayed in Fig. 2b. The absorption
band located at 3435 cm™ " corresponds to the stretching
vibrations of interlayer H,O molecules and hydroxyl groups
(-OH) on the surface. The band at around 1000 cm ' is
attributed to the vibration signal of -OH coordinated with the
metal cations (Ni**, Zn**, Fe**) within the layers. Additionally,

1 are

the peaks observed in the range of 400 to 800 cm™
attributed to the characteristic vibrations of metal-oxygen
(M-O) and oxygen-bridged metal-oxygen-metal (O-M-O)
bonds, where M represents Ni, Zn, and Fe, confirming the
successful formation of the LDH structure.>” To further inves-
tigate the elemental composition, the XPS spectra of both the
NiZn LDH and NiZnFe;, o LDH composites were measured,
revealing the presence of Ni, Zn, Fe, and O elements (Fig. S6,
ESIT). These findings were consistent with the EDX analysis
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Fig. 2 (a) XRD patterns and (b) FT-IR spectrum of NiZn LDH and

NiZnFejp 9 LDH. The high-resolution Ni 2p (c), Zn 2p (d), Fe 2p (e) and
O 1s (f) spectrum of different samples.
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results, confirming the successful incorporation of Fe into the
NiZn LDH structure.

The high-resolution XPS spectra of Ni 2p, Zn 2p, Fe 2p, and
O 1s are displayed in Fig. 2c-f, providing detailed insights into
the electronic states and chemical environments within the
catalysts. The Ni 2p spectrum (Fig. 2¢) is deconvoluted into four
distinct peaks corresponding to Ni 2p;;,, Ni 2pyp,, and two
satellite peaks. The primary binding energy for Ni 2p;, is
located at 856.1 eV, indicating the dominance of Ni** in both
Nizn LDH and NiZnFe;;, s LDH.>° In the Zn 2p spectrum
(Fig. 2d), two peaks are observed at 1021.2 eV and 1044.1 eV,
attributed to Zn 2p;,, and Zn 2p, ., respectively. A slight shift of
0.16 eV and 0.12 eV toward higher binding energies for the Ni
2ps/» and Zn 2p3,, peaks in NiZnFe,, ¢ LDH, compared to NiZn
LDH, suggests strong electronic interactions among Ni, Zn, and
Fe within the LDH structure. These interactions are facilitated
by the ligand (2-methylimidazole), highlighting partial substi-
tution of Ni and Zn by Fe atoms. The Fe 2p spectrum (Fig. 2e)
further confirms the incorporation of Fe, showing peaks at
710.6 eV (Fe* 2p;p), 713.5 eV (Fe** 2p;,), 723.8 eV (Fe** 2pyy,),
and 726.6 eV (Fe*" 2p,;). This substantiates the successful
introduction of Fe ions into the NiZnFe,;, ¢ LDH. Additionally,
the O 1s spectrum (Fig. 2f) can be deconvoluted into
three peaks: 529.7 eV (lattice oxygen from M-O bonding),
531.5 eV (oxygen species in M-OH), and 532.5 eV (adsorbed
oxygen), collectively confirming the formation of the LDH
structure.”®

To further evaluate the hydrophilicity of the catalysts, con-
tact angle tests were applied (Fig. S7, ESIt). The contact angles
measured for clean Ni foam, NiZn LDH on Ni foam, and
NiZnFe;, ¢ LDH on Ni foam were 33.8°, 15.0°, and 6.9°, respec-
tively. The significantly reduced contact angle for NiZnFe;, o
LDH indicates a highly hydrophilic surface, which is a critical
factor in enhancing water-splitting efficiency by facilitating
water adsorption and reaction kinetics.

Based on the previous discussion, NiZnFe;, ¢ LDH exhibits
compositional and structural advantages, which are expected to
contribute to improved electrochemical performance. The OER
catalytic performance of different catalysts was acquired in a
three-electrode setup with 1.0 M KOH as the electrolyte. Fig. 3a
and b represent the linear sweep voltammetry (LSV) polariza-
tion curves for the OER at 5 mV s~ ' with 95% iR-compensation
and the comparison of the overpotential in 1 M KOH under
an O, atmosphere. Using NiZnFe, s LDH, NiZnFego, LDH,
NiZnFe;, ¢ LDH, NiZnFe,; ; LDH and NiZn LDH as OER cata-
lysts, all the Fe-containing catalysts display more effective OER
performance than NiZn LDH. To be specific, the corresponding
overpotential of NiZnFe;, o LDH at 10, 100 and 200 mA cm 2 is
191/232/246 mV, superior to NiZnFe,; ; LDH (205/264/280 mV),
NiZnFeg o LDH (265/303/316 mV) and NiZnFe, ¢ LDH (313/401/
453 mvV) (Fig. 3b). The NiZnFe;, , LDH catalyst also demon-
strates the lowest Tafel slope among all samples (35.6 mV dec ),
which indicates the fastest reaction kinetics (Fig. 3c). Furthermore,
the overpotential and Tafel slope of NiZnFe,, o LDH are even lower
than those of previously reported Fe-containing materials in 1 M
KOH (Table S1, ESIY).
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Fig. 3 (a) LSV curves of NiZn LDH and NiZnFe, LDH with different Fe
contents. (b) Overpotential comparison at different current densities.
(c) Corresponding Tafel plots, (d) EIS curves and (e) Cq comparisons of
the NiZn and NiZnFe, LDH catalysts. (f) Chronoamperometry measure-
ments of NiZnFe, o LDH.

To further examine the charge transfer properties of differ-
ent catalysts, electrochemical impedance spectroscopy (EIS)
was performed. The Nyquist plots for the various samples are
presented in Fig. 3d. The electrocatalytic activity and conduc-
tivity were also reflected by the solution resistance (R;) and
charge transfer resistance (R.), which are summarized in
Table S2 (ESIt). The lowest R; and R, values of NiZnFe;, o
LDH among the tested samples indicated a highest conductiv-
ity and a fastest electron transfer ability, and then boosted its
OER Kkinetics as a result, which was consistent with the Tafel
analysis. The number of active sites is a critical factor influen-
cing the catalytic performance of the electrocatalysts. To eval-
uate the electrochemical properties of the NiZnFe;, o LDH
catalyst, CV curves in the non-faradaic region (Fig. S8, ESIf)
were recorded to determine the double-layer capacitance (Cg).
According to Fig. 3e, the Cq value of NiZnFe;, o LDH was
measured to be 18.2 mF ¢cm™?, which is significantly higher
than that of other comparable catalysts. This increased capaci-
tance further confirms the presence of a high density of active
sites within the NiZnFe,, o LDH material. These findings vali-
date that the moderate incorporation of Fe into the NiZn LDH
structure effectively enhances its OER activity by increasing the
number of active sites.

In order to investigate the interaction between the NiZn
nanosheet support and the Fe(OH); nanoparticles, we synthe-
sized pure Fe(OH); nanoparticles on Ni foam using a similar
method, but without adding the Ni and Zn precursors. The
corresponding SEM and TEM images are displayed in Fig. S9
(ESIYT), which showed a severe aggregation. The LSV curves of
Fe(OH); nanoparticles and NiZnFe;, o LDH are shown in
Fig. S10 (ESIf). The overpotential of Fe(OH); nanoparticles at
10 mA ecm ™ ? is 296 mV, much higher than the NiZnFe,, o LDH
catalyst. Besides, we prepared Fe(OH); nanoparticles and NiZn
LDH separately. Followed by a physical mixing process of these
samples through ultrasonication and grinding, and the Fe
content was determined to be 13.8 wt%. Its STEM images and
electrochemical performances are shown in Fig. S11 (ESIt). The
Fe(OH); particles show obvious aggregation and separation
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from the NiZn LDH nanosheets. The overpotential of
Fe(OH); on the NiZn LDH catalyst at 10 and 100 mA cm >
was tested to be 262 mV and 296 mV, and the Tafel slope was
66.39 mV dec™!, inferior to the NiZnFe,, , LDH. These results
further confirmed the interaction between Fe(OH); and NiZn
LDH in our one-pot synthesized samples.

The long-term stability of NiZnFe,, o LDH was evaluated via
chronoamperometric measurements (Fig. 3f). The current den-
sity remained above 93% of its initial value over 125 hours at
120 mA ecm™? and 1.50 V, demonstrating excellent stability.
A stability test was also performed for NiZn LDH for compar-
ison (Fig. S12, ESIT), and the current density only displayed
50% retention after 6 hours. These results further highlight
that the incorporation of Fe plays a crucial role in enhancing
the catalytic stability of NiZnFe,, ¢ LDH. To evaluate this, SEM
and TEM images of the catalyst after the long-term stability test
were analyzed (Fig. S13, ESIf). The images reveal that the
nanosheet structure of NiZnFe;,o LDH remained largely
unchanged, even after extended exposure to oxidation condi-
tions. The Fe(OH); nanoparticles retained a consistent size
distribution with a mean size of 2.51 + 0.62 nm, further
indicating the stability of the material. Moreover, the Fe con-
tent was found to be approximately 10% after the stability test
(Fig. S14, ESIt), suggesting that the Fe(OH); nanoparticles
exhibited negligible leaching during the reaction, thus con-
firming the robustness of the catalysts.

In conclusion, a highly dispersed Fe(OH);-decorated ultra-
thin NiZn LDH catalyst was successfully synthesized via a
straightforward co-precipitation method. The unique ultrathin
nanosheet structure maximizes the exposure of high-activity
sites, significantly enhancing catalytic efficiency. The incor-
poration of Fe(OH); nanoparticles introduces additional active
sites and promotes efficient electron transfer, leading to
optimized reaction kinetics and improved charge transfer
dynamics. The optimized NiZnFe,, o LDH catalyst demon-
strated exceptional OER performance, achieving a low over-
potential of 191 mV at 10 mA cm ™2 and exhibiting outstanding
durability, maintaining consistent catalytic activity for over
120 hours at a current density of 120 mA cm ™ under alkaline
conditions. These results underscore the effectiveness of this
synthetic approach in creating high-performance LDH-based
electrocatalysts and highlight its potential for advancing
energy-related technologies.
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