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The electrocatalytic performance of transition-metal layered double hydroxides (LDHs) can be substan-
tially enhanced through compositional and structural engineering. Herein, ternary (CoNiFe) hydroxide
nanocones featuring mixed tetrahedral (Ty) and octahedral (Oy) coordination are rationally designed to
boost oxygen evolution reaction (OER) activity. Binary CoNi hydroxide nanocones with mixed coordi-
nation are first synthesized, among which a Co: Ni ratio of 3:1 exhibits optimal performance with an
overpotential of 339 mV at 10 mA cm™2. Subsequent Fe incorporation followed by a topochemical oxi-
dative intercalation process convert the CoNiFe(i) hydroxides into CoNiFe(i) LDHs while retaining mixed
Ta/Op coordination. Benefiting from the synergistic effects of multimetal composition and coordination
modulation, the resulting CosNijFe; LDH nanocones achieve a markedly reduced overpotential of
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280 mV. Furthermore, exfoliation into monolayer nanosheets leads to a further enhancement in catalytic
activity by increasing exposure of accessible active sites, ultimately lowering the overpotential to 267 mV.
This study highlights an effective strategy that integrates compositional optimization, coordination engin-
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1. Introduction

Hydrogen is widely regarded as a promising energy carrier
owing to its high gravimetric energy density, carbon-free utiliz-
ation, and broad applicability across energy and industrial
sectors." Among various hydrogen production routes, electro-
chemical water splitting is considered a clean and efficient
approach.*® Nevertheless, the overall efficiency of water elec-
trolysis is severely constrained by the oxygen evolution reaction
(OER) at the anode, which involves a complex four-electron
transfer process and high-energy reaction intermediates,
resulting in large overpotentials and significant energy
losses.”” Although noble-metal-based catalysts such as RuO,
and IrO, exhibit excellent OER activity and are commonly
regarded as benchmark materials, their high cost, scarcity,
and limited durability hinder widespread practical application,
underscoring the need for cost-effective alternatives with com-
parable performance.'®™* Consequently, the exploration of
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eering, and structural modulation for the development of high-performance LDH electrocatalysts.

efficient and Earth-abundant OER electrocatalysts is crucial for
improving electrolysis efficiency and enabling large-scale
hydrogen production.

Catalysts based on Earth-abundant transition metals,
especially Fe, Co, Ni, and Mn, have gained increasing attention
as promising substitutes for noble metals."**” Among them,
layered double hydroxides (LDHs) are especially appealing due
to their highly tunable compositions, flexible layered architec-
tures, and intrinsically abundant active sites.’® 2 In particular,
Co-based LDHs have demonstrated superior catalytic activity,
which is often attributed to their favorable electronic structure
and versatile redox chemistry, making them highly effective for
the OER.”’">* Considerable efforts have been devoted to
enhancing the catalytic activity of LDHs, among which struc-
tural and morphological engineering have emerged as a par-
ticularly effective strategy.”>** The construction of well-defined
nanostructures with controlled geometries, such as nanocones
(NCs), enables effective regulation of the surface curvature and
spatial distribution of active sites. These nanocone mor-
phologies not only increase the exposed surface area but also
facilitate mass transport and electron transfer, while mitigat-
ing stacking and aggregation issues commonly associated with
layered materials.>®>° Notably, the NCs belong to the so-called
a phase featuring a unique coexistence of mixed tetrahedral
(Tq) and octahedral (Oy,) coordination and can be topochemi-
cally transformed into LDHs.**"**> Compared with conventional
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LDHs containing exclusively octahedrally coordinated metal
centers, this mixed coordination configuration enriches the
diversity of active sites and contributes to improved catalytic per-
formance.?” In recent years, expanding binary LDHs to ternary
or multimetal systems has proven to be an effective strategy for
further boosting OER performance.>** The introduction of
additional metal species can modulate the local electronic struc-
ture through cooperative cation-cation interactions, enabling
precise regulation of coordination environments and valence
states.**° Notably, Fe incorporation into Co- and Ni-based
hydroxides/LDHs has been widely reported to induce electronic
redistribution among metal centers, thereby optimizing the
adsorption and conversion of oxygenated intermediates and
ultimately enhancing OER kinetics.**™*?

In this work, ternary CoNiFe layered hydroxide NCs with
mixed Tq and Oy, coordination were designed to systematically
investigate the synergistic effects of composition, coordination
configuration, and morphology on OER performance. Binary
CoNi hydroxide NCs with mixed coordination were first syn-
thesized, followed by the incorporation of Fe to develop
ternary CoNiFe systems. Subsequently, a topochemical oxi-
dative intercalation process using iodine converted the
a-phase hydroxides into LDHs (LDHr,o,). By systematically
comparing binary and ternary compositions, the role of hetero-
atom incorporation and coordination modulation in governing
electrocatalytic behavior was elucidated. Furthermore, the
nanocone-derived LDHr,o, was exfoliated into monolayer
nanosheets (NSs) to explore the impact of dimensional
reduction on OER activity. This study provides a rational
framework for tailoring layered hydroxide electrocatalysts
through integrated compositional coordination, and structural
engineering.

2. Experimental section

2.1. Synthesis of binary CoNi hydroxide NCs

CoNi hydroxide NCs were obtained through homogeneous pre-
cipitation based on our earlier method with slight modifi-
cations.”” Designated amounts of CoCl,-6H,0, 70 mmol urea,
and 25 mmol sodium dodecyl sulfate (SDS) were dissolved in
1000 mL of deaerated water in a three-neck round-bottom flask.
A NiCl, solution was also prepared and stored in a pressure-
equalizing dropping funnel, which was attached to one of the
necks. The total amount of metal precursors (CoCl,-6H,O and
NiCl,-6H,0) was controlled at 10 mmol with varied Co/Ni ratios
(4:1,3:1,2:1, and 1:1). The flask was then heated in an oil
bath to 110 °C and kept under a nitrogen atmosphere for reflux.
After refluxing for 5 h, the NiCl, solution in the funnel was
dropped into the flask. The synthesis proceeded for a total of
8 h. Upon completion, the solid products were isolated and
washed repeatedly using water and ethanol.

2.2. Synthesis of ternary CoNiFe(n) hydroxide NCs

The preparation route for the ternary hydroxide is similar to
the procedure developed for the binary system, with the total
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amount of metal precursors (CoCl,-6H,0, NiCl,-6H,0, and
FeCl,-4H,0) controlled at 10 mmol. CoCl,-6H,0, urea
(70 mmol), and SDS (25 mmol) were dissolved in 1000 mL of
deaerated water in a four-neck round-bottom flask. In parallel,
aqueous solutions of NiCl,-6H,0 and FeCl,-4H,0 were indivi-
dually dissolved in 50 mL of water and transferred into separ-
ate pressure-equalizing dropping funnels. CoNiFe(u) hydroxide
NCs were synthesized with a series of Co : Ni: Fe molar ratios,
including 8:1:1, 7:2:1,7:2:2,3:1:1,7:1:2, and 6:1:3.
After approximately 1.5 h of refluxing, the FeCl, solution was
introduced into the flask, followed by the addition of the NiCl,
solution when the reaction time reached 5 h.

2.3. Synthesis and exfoliation of ternary CoNiFe(m) LDHy, 0, NCs

The as-prepared NCs were subsequently transformed into
LDHy,o, through a topochemical oxidative intercalation
process following established protocols.*>** In a typical pro-
cedure, 0.5 g of the CoNiFe(u) hydroxide NCs was introduced
into 100 mL of I,/CHCI; solution and kept under continuous
stirring for about 24 h. After the reaction, the oxidized
LDHry, 0, products were collected by filtration and thoroughly
rinsed with CHCI; and ethanol until the filtrate became clear.
To exfoliate, 0.04 g of the resulting CoNiFe(m) LDHr, 0, powder
was dispersed in 100 mL of degassed formamide and sub-
jected to sonication for 2 h. The mixture was centrifuged at
3500 rpm for 30 min to remove any unexfoliated residues,
yielding a translucent colloidal suspension.

2.4. Electrochemical measurements

OER measurements were carried out using a standard three-
electrode setup on a CH Instruments 760E electrochemical
workstation (CHI 760E). For working electrode preparation,
5 mg of catalyst was dispersed in 1 mL of a water/ethanol
mixture (1:1, v/v) containing 10 pL of 10 wt% Nafion solution.
The suspension was sonicated for 30 min to form a homo-
geneous ink, after which 4 puL was deposited onto a polished
glassy carbon electrode (3 mm diameter) and dried at 60 °C.
The resulting catalyst loading was approximately 0.23 mg
ecm 2. 1 M KOH was used as the electrolyte, with a Hg/HgO
electrode serving as the reference and a Pt wire as the counter
electrode. All potentials were calibrated to the reversible hydro-
gen electrode (RHE) according to the equation:

Egrne (V) = Eng/ugo (V) 4 0.059 pH + 0.098

Cyclic voltammetry (CV) was initially performed at a scan
rate of 30 mV s* from 0 to 0.8 V vs. Hg/HgO until stable
curves were obtained. Subsequently, linear sweep voltammetry
(LSV) was carried out from 0 to 0.8 V vs. Hg/HgO at a scan rate
of 5 mV s~ with 95% manual iR-compensation. All electro-
chemical measurements were repeated three times, and con-
sistent results were obtained, confirming the reliability of the
data. Tafel slopes were derived from the Tafel equation.
Electrochemical impedance spectroscopy (EIS) was conducted
at 0.62 V vs. Hg/HgO within a frequency range of 0.1 to 10> Hz
at an amplitude of 5 mV. CV tests were performed between

This journal is © The Royal Society of Chemistry 2026
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0.35 and 0.45 V vs. Hg/HgO at various scan rates (20, 40, 60,
80, and 100 mV s '). The slope of the plot of the current
density difference (Aj =j, — j.) at the midpoint of the potential
window against the scan rates was calculated to be twice the
double-layer capacitance (Cyq;), which was used to estimate the
electrochemical surface area (ECSA). For the purpose of exclud-
ing the improvement by the ECSA, the OER performance was
normalized by the ECSA. The ECSA-normalized current density
for the as-prepared catalysts was calculated to be:

ECSA-normalized current density = current density x Cs/Cq

where Cy is the specific capacitance. In this work, 0.04 mF
em™> was adopted as the value of C, based on previously
reported catalysts in alkaline solutions.*>*®

2.5. Materials characterization

Powder X-ray diffraction (XRD) patterns were collected using a
Rigaku Ultima 1V diffractometer equipped with Cu Ko radi-
ation (4 = 0.15405 nm) operating at 40 kV and 40 mA. In-plane
XRD measurements of NSs deposited on Si substrates were
performed using synchrotron X-ray radiation (4 = 0.11988(2)
nm) at the BL-6C beamline of the Photon Factory, High Energy
Accelerator Research Organization (KEK). Morphological and
elemental analyses were performed by scanning electron
microscopy (SEM, JEOL JSM-6010LA) coupled with energy-dis-
persive X-ray spectroscopy (EDS). Selected area electron diffrac-
tion (SAED) patterns as well as transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
were acquired using a JEOL JEM-2100 microscope operated at
a 200 kV acceleration voltage. Atomic force microscopy (AFM)
study of NSs on Si substrates was conducted in tapping mode
using a Hitachi AFM5000II system. Thermogravimetric (TG)
analysis was carried out using a Rigaku TG-DTA8122 instru-
ment. Brunauer-Emmett-Teller (BET) specific surface areas
were determined by N, adsorption-desorption measurements
using a Quantachrome Autosorb-1 analyzer. X-ray total scatter-
ing and pair distribution function (PDF) analyses were per-
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formed on the BL04B2 beamline at the Super Photon Ring-8
GeV (SPring-8) facility in Hyogo, Japan. The incident beam
energy was 112.9232 keV (4 = 0.109795 A).

3. Results and discussion

3.1. Binary CoNi hydroxide NCs

Binary CoNi hydroxide NCs were obtained by introducing Ni
species into preformed Co hydroxide NCs, as schematically
illustrated in Fig. 1a. As shown in Fig. S1a, pristine Co hydrox-
ide NCs display uniform cone-shaped morphologies with dis-
tinct hollow interiors. Similar nanocone architectures were
observed for Co,Ni;, CosNiy, and Co,Ni; hydroxides (Fig. S1b-
d), indicating that incorporating a moderate amount of Ni
does not disrupt the conical framework. Nevertheless, further
increasing the Ni proportion leads to a gradual deterioration
of the nanocone structure. For the Co;Ni; sample (Fig. Sile),
nanoplatelets emerge and partially decorate the surfaces of the
NCs. In contrast, pure Ni hydroxide, as presented in Fig. S1f,
predominantly exhibits a nanoplatelet-like morphology. These
observations indicate that maintaining a Co-rich composition
is essential for the formation and preservation of well-defined
nanocone architectures. The EDS analysis summarized in
Table S1 confirms that the actual Co:Ni atomic ratios in the
CoNi hydroxides closely match the targeted compositions. As
the designed Co:Ni ratio decreases from 4:1 to 1:1, the Co
content correspondingly decreases while the Ni fraction
increases. This composition evolution clearly indicates that
the metal ions were successfully incorporated into the hydrox-
ide framework, consistent with the designed stoichiometry.
Fig. S2 presents the XRD patterns of CoNi hydroxide NCs
prepared with different Co/Ni ratios. All compositions display
pronounced basal reflections corresponding to an interlayer
spacing of 2.5 nm, which is characteristic of DS -intercalated
a-phase hydroxides and substantially larger than that of con-
ventional brucite-type hydroxides (0.46 nm). These results indi-

A3 Fezr B &
Doping - / ‘

CoNiFe(ll) hydroxide

Fig. 1 Synthesis of hydroxide NCs with different compositions. (a) Schematic illustration. SEM images of (b) Co hydroxide, (c) CozNi; hydroxide, and

(d) CosNisFes(n) hydroxide.
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Fig. 2 (a—c) XRD patterns of Co3zNijFe; hydroxide, CozNi; hydroxide, and Co hydroxide. PDF patterns of (d) high-r and (e) low-r regions.

cate that the layered framework is well preserved upon Ni
incorporation. With increasing Ni content, both the 100 and
110 reflections gradually shift toward higher diffraction angles,
reflecting a contraction of the in-plane lattice parameter a.
This trend is consistent with partial substitution by Ni**,
whose ionic radius (69 pm in Oy and 55 pm in Tq4) is smaller
than that of Co** (74 pm in Oy, and 58 pm in Ty). In contrast,
pure Ni hydroxide exhibits two distinct sets of diffraction
peaks: one associated with a DS™-intercalated o phase and the
other corresponding to a brucite-type structure without inter-
calation of any interlayer anions. The coexistence of the
brucite phase likely originates from the limited ability of Ni**
to adopt T4 coordination with DS™, which is crucial for the for-
mation of the a-phase nanocone structure.

3.2. Ternary CoNiFe(u) hydroxide NCs

SEM images in Fig. 1b-d reveal that the three hydroxide pro-
ducts retain well-defined nanocone architectures, demonstrat-
ing that compositional tuning does not fundamentally alter
the overall morphology. Notably, the CoNiFe hydroxides
exhibit a slight degradation in the conical structure compared
with their Co and CoNi counterparts, implying that multimetal
incorporation influences the crystal growth behavior and nano-
cone formation process. XRD patterns of the NCs with
different compositions, represented by Co;Ni;Fe; hydroxide,
Co;Ni; hydroxide, and Co hydroxide, are shown in Fig. 2a. All
the hydroxide NCs display a series of sharp 00/ reflections,
confirming the preservation of a well-defined layered structure.
The low-angle basal reflections remain essentially unchanged
across different compositions, indicating that the introduction
of Ni and Fe does not significantly affect the basal lattice
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framework. On the other hand, the enlarged views in Fig. 2b
and c reveal a slight shift of the 100 and 110 peaks toward
higher angles for CoNi hydroxide relative to Co hydroxide, indi-
cating a contraction of in-plane lattice parameters induced by
Ni incorporation. In contrast, the in-plane peaks of CoNiFe
hydroxide shift to lower angles compared with those of CoNi
hydroxide, reflecting the lattice expansion resulting from the
larger ionic radius of Fe** (78 pm in Oy, and 63 pm in T,) than
those of Co®" and Ni**. The variations in lattice spacing there-
fore confirm the successful incorporation of Ni and Fe into the
host layers, accompanied by corresponding modifications of
the local coordination environment within the hydroxide
framework.

To probe the local atomic structure, PDF analysis was per-
formed on hydroxides with different compositions. As shown
in Fig. 2d, PDF profiles gradually decay with increasing r,
which corresponds to longer-range atomic pair correlations in
real space, reflecting the finite structural coherence length of
the nanostructured hydroxides. Moreover, the intensities in
the high-r region progressively weaken from Co hydroxide to
CoNi hydroxide and further to CoNiFe hydroxide, indicating a
gradual reduction in long-range structural order upon multi-
component incorporation.”” This attenuation of PDF oscil-
lations suggests an increased degree of structural disorder and
a shortened coherence length induced by the successive intro-
duction of Ni and Fe.***° Such structural distortions are
accompanied by modifications in the local coordination
environment, which can alter the electronic structure of active
sites and thereby influence the adsorption behavior of OER
intermediates.”>*> The low-r region in Fig. 2e highlights dis-
tinct coordination features, where the peak at approximately

This journal is © The Royal Society of Chemistry 2026
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2.0 A is assigned to M-O bonds, while the peak near 3.0 A
arises from M-M atomic correlations. Compared with Co
hydroxide, both the M-O and M-M peaks of CoNi hydroxide
shift to slightly shorter distances, indicating lattice contraction
induced by Ni incorporation. In contrast, upon further intro-
duction of Fe, the corresponding M-O and M-M peaks of
CoNiFe hydroxide shift toward longer distances relative to
those of CoNi hydroxide, reflecting lattice expansion. These
systematic shifts in both M-O and M-M distances unequivo-
cally confirm the successful incorporation of Ni and Fe into
the host layers and the associated modification of the local
coordination environment, which are consistent with the XRD
observations.

3.3. Ternary CoNiFe(m) LDH NCs

A topochemical oxidation procedure shown in Fig. 3 was
employed to transform the hydroxide NCs into an LDH phase.
During this treatment, I, served as an oxidizing agent to
convert Fe’* into Fe®", while I" anions were simultaneously
intercalated into the interlayer galleries to maintain charge
balance. This process resulted in the formation of a CoNiFe()
LDH with mixed T4 and O coordination (referred to as
CoNiFe LDHr 0, ). Fig. S3 displays the structural evolution of
NCs prepared with a representative Co : Ni: Fe ratio of 3:1:1.
XRD patterns along the c-axis exhibit negligible changes,
which can be attributed to the smaller ionic radius of I" rela-
tive to that of DS™, leading to minimal variation in the inter-
layer spacing. In contrast, the in-plane 100 and 110 reflections
of CoNiFe LDHr, o, shift to higher angles compared to those
of CoNiFe hydroxide, originating from lattice contraction
induced by the oxidation of Fe** to Fe*', as Fe®* possesses a
significantly smaller ionic radius (65 pm in Oy and 49 pm in
Tg4) than Fe** (78 pm in Oy, and 63 pm in Ty).

In addition, a series of CoNiFe LDHr,o, samples with
different Co, Ni, and Fe ratios were synthesized and character-
ized by SEM. As presented in Fig. S4, the samples with
Co:Ni:Fe ratios of 8:1:1, 7:2:1, 7:2:2, and 7:1:2 all

A\
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CoNlFe(II) hydroxide

4
e lp
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X Femo,
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retain well-defined and uniform nanocone structures. In con-
trast, increasing the Fe proportion to a ratio of 6:1:3 led to
the collapse of the nanocone architecture, indicating that
excessive Fe incorporation compromises structural stability.
The corresponding elemental compositions determined by
EDS are summarized in Table S2. Notably, the measured Fe
contents are consistently lower than the nominal values,
implying that Fe cannot be incorporated into the host layers in
full stoichiometric proportions. This observation suggests that
only a limited amount of Fe can be accommodated within the
CoNi hydroxide lattice, likely due to disparities in ionic size or
coordination tendencies. The XRD patterns in Fig. S5 further
confirm that most of the CoNiFe LDHr o, samples retain the
characteristic layered structure with an expanded interlayer
spacing of approximately 2.5 nm, except for the Fe-rich sample
with a Co:Ni: Fe ratio of 6:1: 3. For the Fe-rich composition,
the disappearance of the 001 and 002 peaks indicates the
reduction in long-range order along the c-axis, which may
result from poor crystallinity or incomplete interlayer anion
intercalation.

Fig. 4a shows a SEM image of CoNiFe LDHry,o,, Where the
nanocone morphology is well preserved after oxidation, indi-
cating the topotactic transformation process. The TEM image in
Fig. 4b further reveals that CoNiFe LDHr, o, NCs possess a hollow
interior, with an average length of approximately 6 um and a base
diameter of around 1 pm. The HRTEM image in Fig. 4c displays
clearly resolved lattice fringes with an interlayer spacing of
2.5 nm, which is consistent with the value obtained from the
XRD analysis. The SAED pattern in Fig. 4d can be indexed to the
in-plane ([001] zone-axis) diffraction of the hexagonal structure
with a lattice constant of a = 0.31 nm. In addition, based on the
TG profile in Fig. S6 together with the corresponding EDS ana-
lysis, the chemical composition of CoNiFe LDHr, o, NCs with a
designed Co:Ni:Fe ratio of 3:1:1 is estimated to be
C00.65Ni0.23F€0.00(OH)1.51DS0.1910.00°0.95H,0.

XPS was employed to investigate the electronic structure
changes induced by Fe incorporation into CoNi hydroxide. The

| \ Formamide
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CoNiFe(lll) LDHyy0n
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) CoOq
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Fig. 3 Schematic illustration of topochemical oxidation and exfoliation processes.
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Fig. 4 (a) SEM image, (b) TEM image, (c) HRTEM image, and (d) SAED pattern. XPS spectra of (e) survey scan, (f) Co 2p, (g) Ni 2p, and (h) Fe 2p. (i)

UV-vis spectra of CoNiFe LDHr 0, and CoNi hydroxide.

XPS survey spectra in Fig. 4e confirm the presence of Co, Ni,
Fe, and O in CoNiFe LDHr,o,. The high-resolution Co 2p and
Ni 2p spectra provide detailed insights into the oxidation
states and local electronic environments of metal centers. As
shown in Fig. 4f, the Co 2p peaks can be deconvoluted into
contributions from Co** and Co**, accompanied by character-
istic satellite features at higher binding energies. Similarly, the
Ni 2p spectra in Fig. 4g contain well-defined Ni** and Ni**
signals along with shake-up satellites. The Fe 2p spectrum,
presented in Fig. 4h, displays a broad envelope comprising the
Fe 2ps, and Fe 2py, components, overlapped with the Co
LMM Auger signal and characteristic shake-up satellites.
Despite this convolution, the distinct Fe*" features remain
clearly identifiable, confirming that Fe exists predominantly in
the trivalent state after oxidation. These confirm the coexis-
tence of mixed-valence Co and Ni species in CoNi hydroxide
and CoNiFe LDHr,o,. Notably, upon Fe incorporation, both Co
and Ni peaks shift toward lower binding energies. Although
the shift direction is similar, the underlying electronic
responses are distinct. This behavior can be attributed to
charge redistribution within the LDHry, o, layers induced by
Fe** incorporation, which is governed by the distinct coordi-
nation environments of Co and Ni. Octahedrally coordinated
Ni sites, with stronger metal-oxygen covalent bonding, tend
toward electron depletion, while Co sites with mixed tetra-
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hedral/octahedral coordination support electron accumu-
lation. To maintain overall charge neutrality, a site-selective
internal electron rearrangement occurs through the M-O-M
network, resulting in partial oxidation of Ni and reduction of
Co. This manifests as a coordination-dependent, cooperative
electronic modulation within the multimetal framework. The
clear identification of Co>*/Co*" and Ni**/Ni** signatures
further confirms the successful integration of Fe into the host
lattice and its pronounced influence on the local electronic
environment. On the other hand, diffuse UV-vis absorption
spectra were used to explore the coordination symmetry of
CoNiFe LDHr,,. As shown in Fig. 4i, a broad absorption band
at around 500 nm is associated with Co species in Oy, coordi-
nation environments, whereas two pronounced bands near
~585 nm and ~635 nm originate from the characteristic d-d
electronic transitions of Co in Tq sites.***® Compared with
CoNi hydroxide, the Op-related absorption band of CoNiFe
LDHr, 0, becomes weaker, accompanied by a slight blue shift
of T4 peaks, suggesting the coexistence of Oy, and T4 coordi-
nation for Fe species.

3.4. Exfoliation of LDH NCs

CoNiFe LDHr,o, NCs with interlayer DS~ anions can be
readily delaminated into ultrathin NSs in formamide under
ultrasonication. As shown in Fig. 5, AFM images of CogNi,Fe;,

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 AFM images of CoNiFe LDHr o, NSs with different metal ratios: (a) CogNi;Fey, (b) Co;NizFey, (c) CosNizFe;, (d) CosNijFey, (e) CosNijFey, and
(f) CogNisFes. The values represent the cross-sectional profile of the nanosheet.

Co,Ni,Fe;, Co,Ni,Fe,, CozNi;Fe;, and Co,Ni;Fe, samples
display well-dispersed, sheet-like objects with thicknesses
around 1 nm and lateral dimensions from tens to several
hundred nanometers. These features are consistent with pre-
vious reports on monolayer LDH NSs.*® The measured thick-
ness slightly exceeds the crystallographic thickness
(~0.48 nm), likely due to the peculiar T4/O;, coordination or
adsorption of formamide and water molecules on the
nanosheet surfaces.”">*> In contrast, due to an insufficient DS~
intercalation, the CogNi;Fe; sample could not be well exfo-
liated, and no NSs are observed in Fig. 5f.

Synchrotron in-plane diffractions of Co hydroxide, CoNi
hydroxide, and CoNiFe LDHr o, NSs are compared in Fig. 6a.
The patterns can be indexed to the 10, 11, and 20 reflections,

which are characteristic of the 2D hexagonal symmetry of
hydroxide NSs. These well-defined in-plane reflections confirm
the high crystallinity and well-preserved 2D lattice across all
compositions. Compared with Co hydroxide, CoNi hydroxide
shows a shift toward in-plane lattice contraction. In addition,
the reflections of CoNiFe LDHr, 0, display a further slight con-
traction relative to those of its CoNi counterpart, which can be
attributed to the successful oxidation of Fe** to Fe**. Such sys-
tematic peak shifts are fully consistent with the powder XRD
results, further substantiating the effective incorporation of
Fe*" and its influence on the local coordination environment
within the LDHr, o, structure. In addition to the peak shifts,
the gradual attenuation of the diffraction intensity is observed
from Co hydroxide to CoNi hydroxide and CoNiFe LDH, imply-

a —— CoNiFe LDHyyp, b == LDH40n, NCs
—— CoNi hydroxide e | DH. NSs

—_ —— Co hydroxide Te/o

3

s W 20 %

.é‘ s g

7] 1 <

g N

£ w

d' (nm™)

4 7 10
riA

Fig. 6 (a) Synchrotron in-plane XRD patterns of Co hydroxide, CoNi hydroxide, and CoNiFe LDHr o, NSs. (b) PDF patterns of CoNiFe LDHr /o0, NCs

and NSs.
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ing a reduction in in-plane crystallographic coherence. This
behavior is likely associated with lattice distortion and
increased structural disorder induced by heteroatom doping.
To further elucidate the structural differences between CoNiFe
LDHy 0, NCs and their exfoliated nanosheet counterparts,
PDF analysis was performed. As shown in Fig. 6b and Fig. S7,
both samples display almost identical peak positions through-
out the entire r range, indicating that the primary local coordi-
nation environment around the metal sites is largely preserved
after exfoliation. In contrast, the exfoliated NSs exhibit signifi-
cantly attenuated peak intensities, reflecting enhanced local
disorders typically associated with reduced dimensionality.*’
The attenuated peak intensities further suggest a reduced
average coordination number, which can be attributed to both
the loss of interlayer stacking and the decreased lateral size
upon exfoliation. Specifically, the disruption of interlayer cor-
relations reduces atomic pair contributions along the out-of-
plane direction, while the reduced nanosheet size increases
the fraction of under-coordinated surface and edge sites,
leading to the weakened PDF signals.

3.5. Electrochemical performance

The OER performance of CoNi hydroxide NCs with different
Co/Ni ratios was first examined. As shown in the LSV curves in
Fig. S8a, the introduction of an appropriate amount of Ni
markedly enhances the catalytic activity compared with that
with pristine monometal (Co and Ni) hydroxides. The overpo-
tentials at 10 mA cm > summarized in Fig. S8b further
confirm this trend. Among the catalysts, Co;Ni; hydroxide
achieves the lowest overpotential of 339 mV, outperforming Co
(OH), (377 mV) and Ni(OH), (413 mV). These results indicate
that an optimized Co-Ni composition is essential for achieving
high activity, while excessive Ni incorporation leads to reduced
performance. EIS measurements in Fig. S8c provide additional
insight into the charge-transfer behavior. CozNi; hydroxide
shows the smallest Nyquist semicircle, corresponding to the
lowest charge-transfer resistance (R.). This observation
demonstrates that moderate Ni incorporation not only
improves the intrinsic catalytic characteristics but also facili-
tates more effective interfacial charge transport. In contrast,
Ni-rich samples and pure Ni(OH), present much larger semi-
circles, indicating sluggish reaction kinetics and less favorable
electron-transfer behavior.

The OER activities of CoNiFe LDHr, o, NCs with various
elemental compositions were further systematically evaluated.
As shown in the LSV curves in Fig. S9a, the CozNi;Fe; LDHr /0,
sample delivers markedly higher current densities at lower
overpotentials, indicating its superior catalytic performance.
In contrast, compositions enriched in Co or Fe (e.g., CogNi;Fe,
and CogNi;Fe;) exhibit noticeably inferior activity. As summar-
ized in Fig. S9b, CozNi;Fe; LDHy o, NCs achieve the lowest
overpotential of 280 mV at 10 mA cm™?, outperforming not
only the other ternary formulations but also their binary
counterparts, demonstrating the beneficial role of appropriate
Fe incorporation in boosting OER activity. The catalytic kine-
tics were further assessed from the Tafel slopes in Fig. S9c.
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Co;Ni Fe; LDHr, 0, NCs exhibit the smallest slope (53.3 mV
dec™), which indicates more favorable reaction kinetics. This
reduction in the Tafel slope correlates well with the lower over-
potential, confirming that moderate Fe doping effectively
accelerates the OER process. Moreover, the Nyquist plots in
Fig. S9d show that Co;Ni;Fe; LDHy 0, NCs yield the smallest
semicircle radius, corresponding to the lowest R.. among the
tested samples. This observation further underscores the
kinetic advantages arising from the optimized Co-Ni-Fe
composition.

The LSV curves in Fig. 7a clearly demonstrate that the
ternary CoNiFe LDHr,o, NCs deliver the highest catalytic
activity, achieving markedly higher current densities at lower
applied potentials. Both the binary CoNi hydroxide NCs and
the pristine Co hydroxide NCs exhibit inferior activity, while
RuO, shows only moderate performance under identical con-
ditions. These trends are quantified by the overpotentials
required to reach 10 mA cm > and plotted in Fig. 7b. CoNiFe
LDHry, 0, NCs exhibit an overpotential of 280 mV, substantially
lower than those of CoNi hydroxide NCs (339 mV) and Co
hydroxide NCs (377 mV). This comparison indicates that Ni
incorporation significantly enhances the intrinsic OER activity
relative to its Co counterpart, while Fe doping leads to an
additional and pronounced improvement in performance. The
Tafel plots in Fig. 7c further confirm these findings. CoNiFe
LDHr, 0, NCs show the smallest Tafel slope (53.3 mV dec™"),
indicating the accelerated reaction kinetics of the ternary com-
position. In contrast, CoNi hydroxide NCs and Co hydroxide
NCs display notably larger Tafel slopes, reflecting slower
kinetic processes. The improved kinetics of CoNiFe LDHry o,
NCs can be attributed to synergistic multimetal interactions
and the edge-rich surface of the nanocone morphology, which
may facilitate the formation and deprotonation of OER inter-
mediates. Consistent with the kinetic analysis, the Nyquist
plots in Fig. 7d reveal that CoNiFe LDHr, o, NCs possess the
smallest semicircle radius, corresponding to the lowest R..
This further supports that introducing Fe enhances electron
transport and interface reaction rates. In comparison, Co and
CoNi hydroxide NCs show larger R, values. To gain insight into
the ECSA, the Cy was estimated from CV measurements con-
ducted at various scan rates within the non-faradaic region
(Fig. S10). As depicted in Fig. 7e, CoNiFe LDHr 0, NCs show the
largest Cq; (79.4 mF cm™?), markedly exceeding those of CoNi
hydroxide (43.0 mF cm™2) and Co hydroxide (18.4 mF cm™2).
The results demonstrate that composition optimization plays
decisive roles in increasing the density of accessible active sites.
To evaluate the long-term durability, the CoNiFe LDHr 0, NC
catalyst was examined by chronopotentiometry testing at a con-
stant current density of 10 mA cm™ and the results are shown
in Fig. 7f. The negligible potential fluctuation over 40 h demon-
strates excellent operational stability under continuous OER con-
ditions. In addition, the OER performance of CoNiFe LDHrq/0n
was compared with recently reported non-precious metal elec-
trocatalysts, as summarized in Table S3. The results demon-
strate that CoNiFe LDHrq,0n e€xhibits OER activity supassing that
of many recently reported catalysts.

This journal is © The Royal Society of Chemistry 2026
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RuO;. (f) Chronopotentiometry test of CoNiFe LDHy 0, NCs.

In contrast, Co;Ni;Fe; LDH nanoplatelets with conventional
Oy, coordination were also prepared via the same topochemical
oxidation of CoNiFe brucite-type hydroxides using iodine. As
shown in Fig. S11, due to the relatively lower Fe** content, the
resulting LDH nanoplatelets exhibit mixed-layer features with
partial DS™ intercalation and the occurrence of the second
staging phase.’"**°* As revealed by the N, adsorption-desorp-
tion isotherms in Fig. S12, the LDHy, 0, NCs possess a notably
larger specific surface area (19.1 m> g~') than the nanoplate-
lets (9.9 m* g¢7), indicating a higher electrochemically accessi-
ble surface and a greater density of exposed active sites.
Consistent with this structural advantage, the NCs exhibit a
lower overpotential, faster reaction kinetics, and improved
charge-transfer behavior compared with the nanoplatelets, as
evidenced by the LSV, Tafel, and impedance analyses in
Fig. S13. In addition, the larger ECSA of the NCs suggests
more accessible active sites. The superior performance of
LDHr, /0, NCs can be attributed to the synergistic effects of the
hollow nanocone morphology and the coexistence of T4/Op
coordination environments, which together facilitate mass
transport, enhance electronic conductivity, and optimize the
intrinsic activity of the catalytic sites relative to conventional
Oy, coordinated nanoplatelets.

The OER electrocatalytic activity of the exfoliated CoNiFe
LDHr, 0, NSs was also evaluated and compared with that of
their nanocone counterparts under alkaline conditions. To
facilitate the practical handling and utilization of the CoNiFe
LDHr o, NSs, they were flocculated using carbonate (CO5>")
anions. The SEM image in Fig. 8a reveals that the flocculated
product exhibits a loose, fluffy-like morphology composed of
interconnected NSs. Such a porous architecture is expected to

This journal is © The Royal Society of Chemistry 2026

enhance the accessible specific surface area, thereby facilitat-
ing subsequent processing and application. As shown in the
XRD pattern of the flocculated product in Fig. 8b, a series of
intense 00! reflections previously observed for the NCs disap-
pear, indicating the disruption of long-range stacking order
along the c-axis after exfoliation. Meanwhile, the d-spacing of
the restacked NSs is determined to be 0.79 nm, which is con-
sistent with CO,>~ intercalation within the interlayer galleries.
Notably, the N, adsorption-desorption isotherms in Fig. 8c
demonstrate that CoNiFe LDHr, o, NSs display a significantly
higher adsorption capacity, corresponding to a much larger
specific surface area of 71.8 m”> ¢ " compared with 19.1 m* g™*
for the NCs. This increase originates from the reduced lateral
and stacking dimensions after exfoliation, leading to less
ordered aggregation and more exposed surfaces. As a result,
the flocculated nanosheet architecture forms a more open
porous network, facilitating mass transport and thereby pro-
viding a structural basis for enhanced electrocatalytic perform-
ance. However, it should be noted that the restacked NSs
exhibit relatively small interlayer spacing (~0.79 nm), which
may make the interlayer less accessible to the electrolyte. In
contrast, the NCs possess a larger interlayer spacing
(~2.5 nm), which facilitates ion transport and improves the
utilization of internal surfaces. As evidenced by the LSV curves
in Fig. 8d, LDHy 0, NSs exhibit a significantly reduced overpo-
tential of 267 mV at a current density of 10 mA cm™>, which is
markedly lower than that of the NCs, indicating substantially
enhanced OER performance. According to the results in
Fig. 8e, CoNiFe LDHr,o, NSs deliver a larger Cq value
(96.8 mF em™>) than CoNiFe LDHry, 0, NCs (79.4 mF cm™2),
implying a higher ECSA. The smaller increase in Cgy relative to
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the BET surface area reflects a trade-off between enhanced
surface area and reduced electrochemical accessibility associ-
ated with the decreased interlayer spacing. Despite this limit-
ation, the ultrathin NS structure still exposes more active sites
to the electrolyte, resulting in an overall increase in ECSA and
the observed performance enhancement. To decouple the con-
tributions from active site density and intrinsic activity, the
current densities were normalized by ECSA, as shown in
Fig. S14. After normalization, CoNiFe LDHr o, NSs exhibit
slightly higher current density than NCs, suggesting that the
performance enhancement is dominated by increased active
site density, accompanied by a modest improvement in intrin-
sic activity due to structural and electronic modulation upon
exfoliation. EIS was employed to investigate the charge-transfer
properties of the catalysts. As illustrated in the Nyquist plots in
Fig. 8f, the NSs display a smaller semicircle diameter than the
NCs, corresponding to a reduced R.. The accelerated inter-
facial electron transport facilitates the adsorption and conver-
sion of OER intermediates, thereby further promoting the reac-
tion kinetics. Overall, the superior OER performance of the
LDHy 0, NSs can be ascribed to the synergistic effects of
enlarged ECSA and enhanced charge-transfer kinetics induced
by the exfoliated nanosheet architecture.

4. Conclusions

Binary CoNi and ternary CoNiFe hydroxide NCs with mixed T4/
Oy, coordination were successfully constructed via controlled
Ni and Fe incorporation into Co-based hydroxide NCs, demon-
strating an effective strategy for enhancing electrocatalytic
activity through multimetal synergy. Systematic compositional

Nanoscale

tuning of CoNi hydroxide NCs revealed that moderate Ni incor-
poration optimizes OER performance, with the Co;Ni; sample
delivering a small overpotential of 339 mV at 10 mA cm >
Subsequent Fe incorporation followed by a topochemical oxi-
dative intercalation process yielded ternary CoNiFe LDHry,o,.
Among the ternary systems, the NCs with a Co;Ni;Fe; compo-
sition exhibited the most favorable electrocatalytic perform-
ance, achieving the lowest overpotential of 280 mV at 10 mA
cm™>, highlighting the critical role of Fe doping. Furthermore,
the ternary LDHy 0, NCs were readily exfoliated into mono-
layer NSs with atomic-scale thickness. Owing to the enlarged
specific surface area and increased exposure of active sites, the
NSs displayed further enhanced OER performance relative to
the NCs, with the overpotential further reduced to 267 mV.
Overall, this work underscores the synergistic effects of compo-
sitional modulation, coordination engineering, and morpho-
logical design in advancing high-performance layered hydrox-
ide electrocatalysts.
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