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We report trimetallic cobalt-iron-nickel oxide (CoFeNiOx) electrocatalysts prepared by a hydro-
thermal route followed by thermal annealing and post-synthesis alkaline activation (sodium hydrox-
ide/potassium hydroxide/urea). By tuning the Co:Fe:Nimolarratio (1:1:1,1:3:1,and 3:1:1), we correlate
phase composition and morphology with electrocatalytic water splitting performance. X-ray powder de-
traction indicates the coexistence of layered double hydroxide—derived motifs with spinel-type oxides,
while scanning and transmission electron microscopy reveal increased roughness and porosity in Co-rich
samples after KOH/urea treatment. In 1 M KOH, the CoFeNiOx (1:1:1) electrocatalyst exhibits the most
favorable oxygen evolution reaction activity (n10 = 264 mV; Tafel slope = 84.4 mV dec™!), stable
chronopotentiometry at 10 mA cm™2 for 24 h with a ~40 mV increase in overpotential, and low charge
transfer resistance based on electrochemical impedance spectroscopy. The CoFeNiOx (3:1:1) electrocata-
lyst delivers the best hydrogen evolution reaction response among the tested electrocatalysts. X -ray pho-
toelectron spectroscopy confirms mixed valence states with enrichment of trivalent species (Co*"/Co?,
Ni**/Ni**, Fe**/Fe?") on the surface, consistent with the formation of catalytically active oxyhydroxide
layers under alkaline conditions. Overall, controlled composition coupled with urea-assisted alkaline acti-
vation enhances the exposure of active sites exposure and charge transport, enabling the production of bi-
functional CoFeNiOx electrocatalysts that are suitable for integrated water-splitting systems.

Keywords: CoFeNiOx, water splitting, oxygen evolutionreaction (OER),
hydrogen evolution reaction (HER), electrocatalysis, trimetallic oxides, Tafel slope

EJJEKTPOXEMHUCKA U CTPYKTYPHA EBAJIYALINJA HA KATAJIU3ATOPU BASUPAHU
HA CoFeNiO,3AITIPUMEHMU BO LEIIEILE HA BOJJA

Bo 0BOj Tpyx ce OIMIIIAHK TPUMETATHH OKCHIHU EICKTPOKATAIM3AaTOPH Ha KOOAIT-XKEIIe30-HUKEI
(CoFeNiOx) ToAroTBeHH XIWIPOTEPMAITHO, N0 IITO ClielyBaaT TepMHUYKa 00pabOTKa M MOCT-CHHTETCKA
aJlKaJiHa aKTHBalWja (HaTpHyM-XUAPOKCHI/KamuyM-Xuapokewn/ypea). Co npwiaroayBame Ha MOJApHUOT
coogHoc Co:Fe:Ni (1:1:1, 1:3:1 u 3:1:1), ¢ u3BpuIcHa KOpeNalKja HA COCTaBOT U Mopdoorujara co
nephopMaHCUTe NPH €NEKTPOKAaTAINTHYKOTO LieTiehe Ha BojaTa. PeHIreHckara mpamikacTa Judpakiyja
(XRD) ykakyBa Ha KOCT3WCTEHIHja HA MOTHBHU M3BEICHH OJ] CJIOjHU ABOJHU XUAPOKCHIAH CO OKCHUIH OJ1
TUIOT CIIMHEN, J0JIeKa CKeHUpayKkara M TPaHCMHCHOHATa ejeKTpoHcka mukpockormja (SEM u TEM)
OTKpHBAaT 3roJieMeHa rpy0OCT U IOPO3HOCT BO npuMepormre 6oraru co Co mo tpetmanot co KOH/ypea.
Bo 1 M KOH, enexrpoxarammiatopotr CoFeNiOx (1:1:1) mokaxyBa HajTIOBOJIHA aKTUBHOCT 3a peaKIijaTa
3a epoyimja Ha kuciaopolx (OER) (mie = 264 mV, Tadenos Haxion = 84,4 mV dec™), crabumHa
xpoHonoTeHmpomeTprja ipu 10 mA cm™ 3a 24 h co 3rosemyBame Ha HATHAMOHOT 01 ~40 MV, 1 HU30K
OTIOp TpH MPEHOC Ha TIOJHEXK CHOpe]l elieKTpoxeMmuckara wumreaaHcHa crekrpockormja (EIS).
Enexrpokarammaropor CoFeNiOx (3:1:1) naBa HajmoGap oIroBop 3a peakmpjara 3a €BOJIyIHMja Ha
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Bogopoa (HER) mery tectupanure npumepoim. Penrrenckara potoenekrporcka criekrpockonmja (XPS)
TIOTBP/IyBa MEIIaHN BaJICHTHU COCTOjOM co 300raryBame Ha TpuBaieHTHUTE BUoBH (Co**/Co?", Ni**/Ni*,
Fe’'/Fe?*") wWa mnoBpmMHATA, IITO € BO CODIACHOCT CO (JOPMHpAae HA KATAIUTHYKH aKTHBHU
OKCHUXIIPOKCHIHH CJIO€BU BO JIKAIHH YCJIOBH. BKYNHO, KOHTPOJIMPAHMOT COCTaB BO KOMOWHAIMja CO
aNKaTHA aKTHBAIMja MOTIOMOTHATA CO ypea ro 3rojieMyBa M3JIOKYBAabeTO HA AKTHBHHTE MeECTa U

NPEHOCOT HA  TOJIHEXK, OBO3MOXKYBajKH

[POU3BOACTBO

Ha OudyskmmoHaman  CoFeNiOx

CJICKTPOKATAIIN3aTOPU MOT'OJHU 3a MHTETPUPAH CUCTEMHU 3a LICTICHHE Ha BOJAATa.

Knyunu 300poBu: CoFeNiOx, eneme Ha BOjaTa; peakiyja Ha m3/iBojyBame Ha kuciopon (OER);
peakimja Ha w3ABOjyBame Ha Boxopon (HER); enexTpokartamiza; TpuMeTanHi OKCHAM; HakiIoH Ha Tafel;

1. INTRODUCTION

The global pursuit of clean and sustainable
energy has intensified interest in green energy con-
version technologies, particularly those that can
mitigate reliance on fossil fuels and reduce green-
house gas emissions.! Among these, electrochemi-
cal water splitting has emerged as a promising
method for producing high-purity hydrogen and
oxygen, which are key components in renewable
fuel cycles and fuel cell applications. This process
involves two half-reactions: the hydrogen evolu-
tion reaction (HER) at the cathode and the oxygen
evolution reaction (OER) at the anode.2 While the
HER is relatively facile, the OER remains a critical
bottleneck due to its sluggish kinetics, involving a
complex four-electron transfer mechanism that
demands high overpotentials and limits overall
efficiency. To address these kinetic challenges, sig-
nificant efforts have been devoted to developing
efficient, cost-effective, and durable electrocata-
lysts.3* Noble metal oxides such as iridium(IV)
oxide (IrO2) and ruthenium(IV) oxide (RuOz) are
widely considered the gold standard for OER ca-
talysis due to their excellent activity; however,
their high cost and scarcity severely hinder large-
scale commercialization. Hence, researchers have
turned their attention to earth-abundant transition
metal oxides, including those based on cobalt (Co),
iron (Fe), and nickel (Ni), which have demonstrat-
ed promising bifunctional activity for both HER
and OER under alkaline conditions.

Recent studies have shown that trimetallic
oxides, particularly CoFeNi-based systems, can
offer ~enhanced electrocatalytic  performance
through synergistic interactions among the constit-
uent metals.’ For example, Zhang et al.®” demon-
strated that CoFeNi layered double hydroxides
(LDH) show superior OER activity due to dynamic
electron transfer between Co3* and Fe3* centers.
Similarly, Yu et al.®® reported that Ni incorporation
improves electrical conductivity and structural sta-
bility by facilitating LDH phase retention under
alkaline conditions. Moreover, the coexistence of

LDH and spinel phases has been shown to signifi-
cantly improve electron mobility and exposure of
catalytically active sites. Despite these advances,
there is a lack of systematic studies that correlate
metal composition, post-synthesis treatment, and
the phase structure with OER/HER perfor-
mance. !0 In particular, the effects of alkaline ac-
tivation using sodium hydroxide (NaOH) or potas-
sium hydroxide (KOH)/urea — a post-treatment
known to increase surface hydroxylation, porosity,
and defect density — remain underexplored in
trimetallic oxide systems 213

In this study, we address these research gaps
by synthesizing CoFeNiOx electrocatalysts via a
simple hydrothermal method, followed by thermal
annealing and alkaline post-treatment. By tuning
the CoFeNi molar ratio (1:1:1, 1:3:1, and 3:1:1),
we systematically investigate the relationship be-
tween composition, phase evolution, and electro-
chemical performance.'>!3 Based on morphologi-
cal analysis, Co-rich samples have a rougher, more
porous surface, particularly after KOH/urea activa-
tion. Structural characterization confirmed the
formation of LDH and spinel phases, including
nickel(Il) iron(Ill) oxide (NiFe20s) and co-
balt(ILIIT) oxide (Co304),'4!5 which contribute to
improved electron transport and reactivity. Electro-
chemical measurements revealed that the CoFeNi-
Ox (1:1:1) electrocatalyst exhibits the most favora-
ble OER activity, with an overpotential of 270 mV
at 10 mA cm2, a low Tafel slope of ~45 mV dec!,
and excellent stability over 1000 cycles. Mean-
while, the CoFeNiOx (3:1:1) electrocatalyst shows
better HER activity, highlighting the bifunctional
potential of these catalysts.!!¢ Overall, our findings
confirm that compositional control and alkaline
activation are powerful tools to optimize the elec-
trocatalytic performance of CoFeNiOx materi-
als.1718 The observed synergy between redox-
active Co**/Fe* sites and the structural stabiliza-
tion offered by Ni** provides important insights for
the rational design of next-generation water-
splitting catalysts. Mechanistically, we show that
synergy in CoFeNiOx electrocatalysts arises from
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Fe-induced electron redistribution that stabilizes
higher-valent Co/Ni oxyhydroxides, LDH-spinel
heterointerfaces that lower charge-transfer re-
sistance, and a higher fraction of surface M—OH
sites that correlates with OER activity.

2. EXPERIMENTAL SECTION
2.1. Materials and reagents

Cobalt nitrate hexahydrate, (CoNO3)2:6H20
(99.5 %); iron(Ill) nitrate nonahydrate, Fe
(NO3)3'9H20 (= 99 %); nickel nitrate hexahydrate,
Ni(NO3)2:6H20 (99.5 %); ethanol, CH3CH:0H
(99.7%); KOH, and N,N-dimethyl formamide
(DMF, 99.5 %) were purchased from Sino Pharm
Chemical Reagent Co, Ltd. (China). Carbon cloth
(CC) was purchased from DuPont China Holding
Co., Ltd. (China). Hydrochloric acid (HCI) and
2,5-dihydroxyterephthalic acid (CsHeOs, 98%) was
obtained from China. Ammonium chloride
(NH4Cl) and urea (NH2CONH:) were also ob-
tained from Sino Pharm Chemical Reagent Co,
Ltd. (China). Carbon cloth (CC) was purchased
from DuPont China Holding Co., (China). 4,4'-
Biphenyldicarboxylic acid (Hzbpde, CisH1004, >
98%) was obtained from Beijing HWRK Chem
Co., LTD (China). All chemical reagents were of
analytical grade and used without any further puri-
fication. Experiments used only deionized water.

2.2. Synthesis of CoFeNi metal-organic framework
(MOFs)

For synthesis, 0.50 mmol of H:bpdc was
dissolved in 30 ml of DMF (0.017 M) with soni-
cation until complete dissolution (pH ~6.8). The
solution was placed in a 50 ml Teflon liner contain-
ing pre-cleaned CC and heated at 120 °C for 6 h.

2.3. Synthesis of CoFeNi LDH from CoFeNi MOFs

Solution A was prepared by mixing
Co(NOs3)2:6H-0, Fe(NO3)3-9H20, and
Ni(NO3)2:6H20. Five formulations were prepared,
with Fe:Co:Ni molar ratios of 0:1:1, 1:9:1, 1:3:1,
1:1:1, and 3:1:1 (the amount of metal ions was
maintained at 5.00 mmol). To each formulation,
4.33 mmol of urea and 2.16 mmol NH4F were add-
ed in 30 ml of deionized water. The initial pH of
the solution was 6.1. Nickel foam (NF; 1.5 x 1.5
cm?) was soaked in 1 M HCI for 20 min and
washed with deionized water and absolute ethanol.
Then, solution A was transferred to a 50 ml Teflon
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liner in which the NF was supported by a Teflon
stand; the mixture was heated at 180 °C for 6 h in a
stainless-steel autoclave. The precipitate deposited
on the NF was rinsed three times with deionized
water and absolute ethanol, and then dried in an
oven at 60 °C for 12 h.

2.4. Synthesis of oxides from LDHs

The dried CoFeNi LDH precursor was cal-
cined at 400 °C for 4 h under flowing Ar (100
standard cm?® min!) in a tubular furnace. The heat-
ing ramp rate was 6 °C min~'. The sample was
cooled naturally to room temperature under con-
tinuous argon flow.

heat
CoFeNi LDH — CoFeNiOx

2.5. Material characterization

X-ray powder diffraction (XRD) was per-
formed with a D8 Advance (Brucker AXS, Germa-
ny) with Cu-K radiation at a scanning rate of 2°
min~! in the 20 range of 5°-90°. X-ray photoelec-
tron spectroscopy (XPS) was carried out on an
ESCLAB 250Xi spectrophotometer (Thermo Fish-
er Scientific, USA) to analyze the valence state.
XPS spectra were referenced to the C 1s peak of
284.8 eV. The morphology was characterized by
field emission scanning electron microscopy
(FESEM, Gemini SEM 300, Carl Zeiss, Germany).
Transmission electron microscopy (TEM) was per-
formed with a JEM 2100 (JEOL Ltd., Japan) to
examine lattice fringe.

2.6. Electrochemical measurements

A CHI 760 electrochemical workstation
(CHI Instruments, Shanghai Chenhua Instrument
Corp., China) in a standard three-electrode system
at room temperature was used for electrochemical
testing. The as-prepared electrocatalysts, mercu-
ry/mercury oxide (Hg/HgO) electrode, and graph-
ite rod were used as the working, reference, and
counter electrodes, respectively. The catalyst load-
ing on CC was calculated from the mass difference
before and after deposition; it was approximately
1.5 mg cm2. For all measurements, the potentials
were calculated with respect to reversible hydrogen
electrode (RHE) based on the following equation:

E(RHE) = E(SCE) + 0.059 x pH + 0.242 V

Linear sweep voltammetry (LSV) curves
were generated in 1 M KOH (as an electrolyte)
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with a scan rate of 2 mV s7!; they were generated
after 20 cycles of cyclic voltammetry (CV) to sta-
bilize the current. All polarization potentials were
calibrated with 85 % iR compensation. CV curves
with different scan rates (10-100 mV s') were
determined over a potential range in which redox
processes were absent to calculate the electrochem-
ical double-layer capacitance:

ja—jc ja+ljcl  Aj
cdl = Ya0) _ jarlicl _ 4
2v 2v 2v

where Cdl is the double-layer capacitance of the
electroactive materials; ja and jc are the anodic and
cathodic current density (mA cm™'), respectively,
recorded at the middle of the selected potential
range; and v is the scan rate (mV s!). Electrochem-
ical impedance spectroscopy (EIS) was operated
on the same standard three-electrode glass cell sys-
tem in 1 M KOH (as an electrolyte) with a fre-
quency range of 0.01-100 kHz and an amplitude of
5 mV. Cycling stability was tested by observing the
LSV polarization curve before and after 1,000 con-
tinuous CV cycles at a scan rate of 100 mV s
Long-term stability was evaluated using chronopo-

Solvothermal

CoFeNi- metal
organic framework

CoFeNi- layered
double hydroxide

tentiometry at a constant current density of 10 mA
cm !, Unless otherwise stated in the figure cap-
tions, measurements were at room temperature
(~25 °C) with 85 % iR compensation, and a
CoFeNiOy/CC geometric area of 1.0 cm?.

3. RESULTS AND DISCUSSION

Scheme 1 illustrates the stepwise synthesis
and structural evolution of the CoFeNiOx electro-
catalyst. The process begins with the fabrication of
a CoFeNi MOF via a solvothermal method, yield-
ing a highly ordered precursor supported on a con-
ductive substrate.! In the second step, this MOF is
transformed into a CoFeNi LDH structure through
hydrothermal conversion, allowing for the genera-
tion of a mixed metal hydroxide phase with en-
hanced surface area and active site accessibility.20
The final thermal annealing step under an inert
atmosphere facilitates the conversion of the LDH
into a nanocrystalline CoFeNiOx mixed metal ox-
ide, achieving a robust, catalytically active surface
with favorable morphology and electronic proper-
ties for water-splitting applications.

Thermal
annealing

CoFeNiOx

Nanocrystalline mixed metal oxides

Scheme 1. The stepwise synthesis of CoFeNiOx mixed metal oxides on CC for water splitting

3.1. Phase composition and crystallinity

The XRD patterns of the synthesized
CoFeNiOx (1:1:1) and (3:1:1) electrocatalysts show
clear crystalline characteristics, indicating the for-

mation of mixed metal oxide phases (Fig. 1). The
peaks correspond to the spinel-type structures usual-
ly formed for Cos304, NiFeOs, and other Co-Fe-Ni
oxides. For both molar ratios, peak broadening cor-
responds to the nano-scale of crystals and large sur-
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face area, properties that are advantageous for elec-
trocatalysis.?! Remarkably, the CoFeNiOx (3:1:1)
electrocatalyst shows a slightly sharper peak, which
suggest greater crystallinity, presumably because
the highly Co-enriched environment favors a well-
defined lattice structure. The changes in the metal
precursors to their oxides are denoted by the loss of
nitrate associated signals as well as metal-oxygen
coordination reflections. These trends also confirm
that treatment using NaOH and KOH/urea success-
fully triggered hydrolysis and carbonate formation
to promote crystal growth and stabilization.

The XRD patterns of the CoFeNiOx electro-
catalysts reveal characteristic peaks at approxi-
mately 11.2° and 31.3°, indicating the presence of
an LDH structure (planes 003 and 012). Addition-
ally, peaks at ~36.8° and 44.8° correspond to the
(311) and (400) planes of Co30s, suggesting partial
spinel phase formation.?? A peak at ~59.3° is at-
tributed to the (511) plane of NiFe:O4. These re-
sults confirm the coexistence of LDH and spinel
oxide phases in the synthesized electrocatalysts,
highlighting the influence of metal composition on
the crystalline structure.

CoFeNiOx(0:1:1)
CoFeNiOx(1:9:1
~ p M WWMMW ( )
3 Nww ”
| - CoFeN|Ox(1 31)
&
2 CoFeNiOx(1:1:1)
M
CoFeNiOx(3:1:1)
0 10 20 30 40 5 60 70 8 90
2 Theeta (degree)

Fig. 1. XRD patterns of the CoFeNiOx electrocatalysts with different molar ratios

3.2. Characterization

SEM was used to examine the surface mor-
phology and textural features of the synthesized
electrocatalysts anchored on CC (Figure 2). The
CoFeNiOx (1:1:1) electrocatalyst exhibits a dis-
tinctive flower-like or rosette morphology com-
posed of thin, porous nanosheets that are intercon-
nected (Figure 2a—c). The flower-like, layered
morphology of the CoFeNiOx (1:1:1) electrocata-
lyst provides a high surface area and abundant ac-
tive sites, facilitating efficient ion and electron
transport. The CoFeNiOx (1:3:3) electrocatalyst
consists of granular, irregular nanoparticles and
clustered platelets with small rod- or needle-like
structures growing in bundles and less pronounced
roughness (Figure 2d-f). The CoFeNiOx (3:1:1)
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electrocatalyst shows a mixed structure with both
sheet-like and particle-like elements with denser
clusters and stacked nanosheets (Figure 2g—i). The
consistent formation of hierarchical nanosheet ar-
rays indicates that the composition strongly influ-
ences porosity and surface roughness. This opti-
mized structure enhances electrocatalytic perfor-
mance by improving reactant accessibility and
promoting faster charge transfer.?* Conversely, the
more aggregated, granular structure of the
CoFeNiOx (1:3:3) electrocatalyst and the needle-
like hierarchical network of the CoFeNiOx (3:1:1)
electrocatalyst result in variable surface areas and
active site exposure, which affect their catalytic
efficiency relative to the CoFeNiOx (1:1:1) elec-
trocatalyst.
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The micrographs demonstrate obvious sur-
face roughness variations between the CoFeNiOx
(1:1:1) and CoFeNiOx (3:1:1) electrocatalysts. The
CoFeNiOx (1:1:1) electrocatalyst shows a reason-
ably smooth surface, moderate porosity, and parti-
cle clusters.2? Conversely, the CoFeNiOx (3:1:1)
electrocatalyst has a rougher surface with granular
characteristics and distinct voids. These features

Fig. 2. FESEM images of the (a—c) CoFeNiOx (1:1:1), (d—f) CoFeNiOx (1:3:3), and (g—i) CoFeNiOx (3:1:1) electrocatalysts.

are likely due to increased nucleation kinetics from
Co enrichment. The porous structure for the
CoFeNiOx (3:1:1) electrocatalyst could enhance
electrolyte movement and gas diffusion, features
that are critical for the OER and HER. Further-

more, the KOH/urea-treated samples have more
defects and thus would provide additional active
catalytic sites for redox reactions.

Each set of images shows low-, medium-, and high-magnification views to highlight the overall morphology, nanosheet texture, and
porous structure. Scale bars: 1 ym (a, d, and g), 500 nm (b, e, and h), and 200 nm (c, f, and i)

We used TEM to examine the structural and
chemical composition of the CoFeNiOx electrocat-
alysts. As shown in Figure 3a—c, the CoFeNiOx
(1:1:1)  electrocatalyst consists of ultrathin
nanosheets, with the high-resolution TEM image
(Figure 3b) revealing lattice fringes with an inter-
planar spacing of 0.21 nm, corresponding to the
(400) plane of spinel CoFe204. The CoFeNiOx
(1:3:1) electrocatalyst (Figure 3a-c—displays par-
tially aggregated nanoparticles embedded within
sheet-like structures, whereas the CoFeNiOx

(3:1:1) electrocatalyst (Figure 3a-c—exhibits well-
defined crystalline fringes indicative of Co3Os-rich
domains. The as-synthesized CoFeNiOx (1:1:1)
electrocatalyst contains nanoparticles that are ap-
proximately 50 nm in diameter, surrounded by
smaller 10-20 nm particles uniformly distributed
around each primary particle (Figure 3b—c).25 This
hierarchical structure promotes efficient charge
transfer and exposes abundant active sites, enhanc-
ing OER kinetics and reducing the required over-
potential.

Maced. J. Chem. Chem. Eng. 44 (2), xx-xx (2025)
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Fig. 3. TEM images of the CoFeNiOx (1:1:1) electrocatalyst. (a) A low-magnification image showing nanosheet clusters (the scale
bar is 50 nm). (b) A high-resolution image highlighting lattice fringes with d-spacing of 0.21 nm indexed to the (400) plane of Co;0,
(the scale bar is 20 nm). (c) A high-resolution image showing uniformly distributed nanoparticles of 10-20 nm surrounding the
nanosheets (the scale bar is 10 nm)

(a) ) (b)

)
CoFeNtOx(1:3 1)
09  CoFeNiOx(1:11)

11262mV dm

Overpotential(y)
I

Current demsity (mA cm )

Overpotential (V vs. RHE) 1 Pp—
ogimAcm )

Fig. 4. (a) LSV curves and (b) corresponding Tafel slopes of the CoFeNiO, electrocatalysts with different molar ratios (0:1:1, 1:9:1,

1:3:1, 1:1:1, and 3:1:1) measured in 1 M KOH (as an electrolyte) using a three-electrode system (CoFeNiOx/CC as the working elec-

trode, Hg/HgO as the reference electrode, and a graphite counter). LSV curves were recorded ata scanrate of 2 mV s™' with 85% iR
compensation applied

Figure 4a depicts the LSV curves for the CoFeNiOx (1:1:1) electrocatalyst, we compared its
commercial CoFeNiOx electrocatalysts during the overpotential at 10 mA cm2 (n10), Tafel slope, and
OER. At a current density of 10 mA cm2, the re- stability with noble-metal oxides (RuO2 and IrO»)
sulting CoFeNiOx (1:1:1) electrocatalyst requires and a leading earth-abundant reference (NiFe-
only 264 mV of overpotential, surpassing the over- LDH) under alkaline conditions (1.0 M KOH).
potential of 272 mV for the CoFeNiOx (0:1:1) elec- Based on the literature, RuO2 achieves nio =~ 240—
trocatalyst, 276 mV for the CoFeNiOx (1:9:1) elec- 300 mV with Tafel slopes ~50-80 mV dec! (e.g.,
trocatalyst, 309 mV for the CoFeNiOx (1:3:1) elec- nanoporous RuOz: nio = 240 mV, Tafel = 75 mV
trocatalyst, and 312 mV for the CoFeNiOx (1:3:3) dec™!), and IrO2 shows mio = 260-320 mV with
electrocatalyst. The formation of oxides and spinel Tafel ~45-70 mV dec! (e.g., IrO2-based systems:

phases like C0304 and NiFe204%7 stands out as a N = 266 mV, Tafel = 56 mV dec!). Advanced
pivotal factor in augmenting the -electrocatalytic NiFe-LDH catalysts typically show nio =~ 205-243

activity. mV and Tafel ~60-80 mV dec! in 1.0 M KOH. In

The LSV curves and corresponding Tafel comparison, our CoFeNiOx (1:1:1) electrocatalyst
slopes clearly demonstrate that the CoFeNiOx on CC delivers nio = 264 mV and Tafel = 84.4 mV
(1:1:1) electrocatalyst exhibits superior OER per- dec’!, which is competitive with IrO2/RuO2 and
formance in 1M KOH (Figure 4), achieving the within the reported range of high-performing NiFe-
highest current densities at the lowest overpoten- LDH materials when accounting for differences in
tials.?® To contextualize the activity of the substrate, loading, and iR-correction protocols. We

Maced. J. Chem. Chem. Eng. 44 (2), x<xx (2025)
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followed recent benchmarking guidance to ensure
like-for-like comparison and report stability at 10
mA cm2 over 24 h alongside activity metrics. This
is further confirmed by its low Tafel slope of
84.4mV dec!, indicating favorable reaction kinet-
ics and charge transport characteristics. In contrast,
the CoFeNiOx (1:9:1) and CoFeNiOx (0:1:1) elec-

(a)

124
10 4

’

Current Density (mAcm™

L
64
44
24
04
24
4 4

v v

020 022 024 026 028 030
Potential (Vs RHE)

trocatalysts require higher overpotentials and pre-
sent larger Tafel slopes (~152—154 mV dec!), sug-
gesting slower reaction dynamics. Overall, the re-
sults highlight the pivotal role of the optimized
CoFeNi ratio in enhancing both the activity and
kinetics of the OER in alkaline conditions.

(b)

154

2’

Current Density mAcm™

020 022 024 026 028 030
Potential V va, RHE

Fig. 5. CV curves of the (a) CoFeNiO, (1:1:1) and (b) CoFeNiO, (3:1:1) electrocatalysts, recorded in 1 M KOH (as an electrolyte)
within the non-Faradaic potential window (0.15-0.45 V vs. the RHE) at various scan rates (10100 mV s™'). Data were collected to
estimate Cdl as a measure of ECSA

Figure 5 shows the CV curves of the CoFeNi-
Ox (1:1:1) and (3:1:1) electrocatalysts measured at
different scan rates. The CoFeNiOx (1:1:1) electro-
catalyst exhibits the largest Cdl, indicating the great-
est electrochemically active surface area (ECSA) and
consistent with the fact that it had the lowest OER
overpotential (264 mV at 10 mA cm2) and favorable
Tafel slope (84.4 mV dec!). In contrast, the
CoFeNiOx (0:1:1) and (1:9:1) electrocatalysts dis-
play significantly smaller Cdl values, correlating
with their poorer OER activity. The CoFeNiOx
(3:1:1) electrocatalyst shows a moderate Cdl value
and demonstrates enhanced HER activity, suggest-
ing that its surface sites are more suited for proton
reduction than the OER. These results confirm that
the rougher surface and increased defect density
for the CoFeNiOx (1:1:1) electrocatalyst, combined
with urea/KOH activation, effectively increase ac-
tive site exposure and facilitate charge transfer,
thereby accounting for its superior electrocatalytic
behavior.

The ECSA of the electrocatalysts was de-
termined based on CV measurements in 1 M
NaOH across a range of potential scan rates (from
approximately 20 to 100 mV s!), with potential
variations spanning from 0.15 to 0.45 V versus the
RHE (Fig. 6).28 The CV curves exhibit a pseudo-
rectangular shape, devoid of discernible Faradic

processes. A higher value implies the presence of a
larger number of exposed active sites, which facili-
tates and promotes various electrochemical pro-
cesses.? Increased accessibility to active sites en-
hances the efficiency and effectiveness of electro-
chemical reactions.3® There is a linear relationship
for all electrocatalysts, confirming the reliability of
the measurements. Notably, the CoFeNiOx (1:1:1)
electrocatalyst has the steepest slope, correspond-
ing to the fact that it has the largest Cdl value,
which indicates a greater number of electrochemi-
cally accessible active sites. This finding is con-
sistent with its superior OER performance, as evi-
denced by the lowest overpotential (264 mV at 10
mA cm-2) and the most favorable Tafel slope (84.4
mV dec?). In contrast, the CoFeNiOx (0:1:1) and
(1:9:1) electrocatalysts show much smaller slopes,
reflecting limited surface site exposure and slower
reaction kinetics, while the CoFeNiOx (3:1:1) elec-
trocatalyst presents an intermediate Cdl value that
aligns with its moderate  OER and relatively
stronger HER activity. Taken together, these re-
sults highlight that optimization of the CoFeNiOx
composition coupled with alkaline/urea activation
enhances the accessible surface area, thereby ac-
celerating charge transfer and improving catalytic
performance.
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stability test of the CoFeNiOx (1:1:1) electrocatalyst on CC ata constant current density of 10 mA cm2 in 1 M KOH, recorded for
24 h with 85 % iR compensation

Figure 7a presents the Nyquist plots of the
electrocatalysts during the OER at 0.43 V. Notably,
the CoFeNiOx (1:1:1) electrocatalyst stands out
due to its remarkably low charge-transfer re-
sistance (Rct) compared with the other catalysts.
This observation suggests an exceptionally rapid
exchange of charges and surface reactions at the
interface between the electrode and the electrolyte.
The reduced Rct value underscores the efficient

Maced. J. Chem. Chem. Eng. 44 (2), x<xx (2025)

electron transfer processes and increased’! catalytic
activity of the CoFeNiOx (1:1:1) electrocatalyst,
indicating its potential electrochemical applications
to enhance performance. Figure 7b presents the
chronopotentiometry curve of the CoFeNiOx
(1:1:1) electrocatalyst at a current density of 10
mA cm™2. Impressively, even after continuous ca-
talysis for 24 h, there is only a marginal 40 mV
increase in overpotential.32 These results under-
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score the exceptional durability and cycle stability
of the CoFeNiOx (1:1:1) electrocatalyst for the
OER.

FESEM revealed that the CoFeNiOx (1:1:1)
electrocatalyst undergoes both morphological and
compositional changes during the OER (Figure 8).
After 1000 CV cycles within a potential window of
0.45-0.55 V versus the RHE, the electrocatalyst

transforms from a flower-like structure to sheet-
like nanosheets. XRD analysis (Figure 1) indicates
the formation of mixed metal oxides and hydrox-
ides, species known to enhance OER activity. The
survey XPS spectrum (Figure 9e¢) confirms the
presence of Co, Fe, Ni, C, and O, indicating that
the elemental composition is largely preserved af-
ter long-term cycling.

Fig. 8. FESEM images of CoFeNiO, (1:1:1) after 1000 cv cycles
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Fig. 9. High-resolution XPS (a) Ni2p, (b) C 1s, (c) Co 2p, and (d) Fe 2p spectra for the CoFeNiOx (1:1:1) electrocatalyst. (e)
The XPS survey spectrum for the CoFeNiOx (1:1:1) electrocatalyst

3.3. The mechanism underlying
Co-Fe-Ni synergy

The incorporation of Fe into Co/Ni oxides
induces electronic synergy, tuning Co and Ni to-
ward higher-valent, OER-active states. High-
resolution XPS reveals surface enrichment of triva-

lent species across all cations: Ni3* at 58.5% =+
2.0% (compared with NiZ™ at 41.5% + 2.0%), Co3*
at 60.8% = 1.8% (compared with Co?* at 39.2% +
1.8%), and Fe3* at 62.3% =+ 2.2% (compared with
Fe?* at 37.7% =+ 2.2%). There is a pronounced Co
2p1~ binding energy decrease of ~4.25 eV (from
the CoFeNi-LDH precursor to the CoFeNiOx elec-
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trocatalyst), providing evidence of electron redistri-
bution onto Co centers upon Fe incorporation,
which stabilizes *OOH intermediates and lowers the
OER overpotential. These electronic effects corre-
late with improved catalytic kinetics, as reflected in
the lowest overpotential at 10 mA cm=2 (nwo = 264
mV) and a favorable Tafel slope (84.4 mV dec?) for
the CoFeNiOx (1:1:1) electrocatalyst.

Interfacial synergy arises from LDH/spinel
heterostructures that facilitate charge transfer. XRD
and TEM confirm coexisting LDH-derived motifs
with spinel domains, while SEM/TEM reveals in-
creased surface roughness and porosity after alka-
line activation. These heterointerfaces promote elec-
tron mobility and mass transport, consistent with the
observed reduction in charge-transfer resistance
(Rct) from the EIS measurements.

Surface-chemistry synergy further contributes
to OER performance. O 1s deconvolution identifies
lattice OZ (529.1-529.5 eV), M-OH/OH?% (530.8-
531.2 eV), and adsorbates/carbonates (532.2-533.4
eV). The CoFeNiOx (1:1:1) electrocatalyst exhibits a
higher M—OH fraction than the other compositions
(e.g., CoFeNiOx (3:1:1)), consistent with oxyhy-
droxide formation under alkaline activation and
during OER. Increased M3*/(M2+ + M3*) ratios and
a higher M-OH content correlates with a larger
Cdl and a lower Rct, indicating surfaces enriched
in oxyhydroxide terminations that facilitate OH —
O — *OOH conversion. The activity trends across
the electrocatalysts display a volcano-like depend-
ence on stoichiometry, with the CoFeNiOx (1:1:1)
electrocatalyst achieving the lowest mio (264 mV)
compared with 272, 276, 309, and 312 mV for the
CoFeNiOx (0:1:1), (1:9:1), (1:3:1), and (1:3:3)
electrocatalysts. This improvement relative to the
mean of the other compositions (=28 mV) indi-
cates a true cooperative effect beyond simple linear
mixing,

We re-fitted all high-resolution XPS spectra
(Ni 2p, Co 2p, Fe 2p, O 1s, C 1s) using a consistent
protocol: charge correction to C 1s (sp%/sp?) at
284.8 eV, Shirley backgrounds, GL(m) peak
shapes with 30%-40% Lorentzian contribution,
and a full width at half maximum (FWHM) con-
strained to 1.2-1.8 eV for metals and 1.0-1.6 eV
for O 1s/C 1s. We quantified the elements from the
survey scans used the manufacturer’s sensitivity
factors. Uncertainties are reported as +1 standard
deviation from spot-to-spot variation; binding en-
ergy uncertainties are £0.05-0.10 eV (instrumen-
tal) and +0.10-0.20 eV including fitting. The spin-
orbit splitting and area ratios are fixed (Ni 2p A =
17.2-17.8 eV, 2p3/22pi/2 = 2:1; Co 2p A = 15.0-
15.6 eV; Fe 2p A =13.0-13.6 eV), and we included
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satellite peaks for Ni2*/Co?* with +0.5 eV con-
straints. The survey scan atomic percentages (the
mean of three spots with a diameter of ~400-600
um) are 14.3% =+ 0.6% for Ni, 13.6% =+ 0.5% for
Co, 12.9% + 0.5% for Fe, 48.2% = 1.5% for O, and
11.0% + 1.0% for C (Figure 9e), consistent with
the designed stoichiometry. The Fe 2p spectra
(Figure 9d) show Fe 2ps/> and 2p1/> peaks at 711.2
and 723.4 eV, with satellites at 709.1 and 724.1 eV,
confirming the presence of Fe?' alongside Fe3*
(62.3%). The Ni 2ps/> spectra (Figure 9a) exhibits
peaks at 855.6 eV (Ni*") and 853.1 eV (Ni2),
along with an associated satellite peak at ~861.5
eV,’? and the Co 2p spectra (Figure 9c) shows
peaks at 780.2 eV (Co3") and 796.0 eV (Co?),
highlighting surface oxidation with trivalent cation
predominance. The Co 2pi/2 shift from 786.46 eV
(LDH) to 781.11 eV (CoFeNiOx) reflects in-
creased electron density at Co centers, enhancing
*OOH stabilization.>3# The C Is spectrum (Figure
9b) contains peaks at 284.8 eV (C-C/C=C), 286.2
eV (C-O/C-OH), and 288.6 eV (O=C-0), with mi-
nor satellite features, indicating surface contamina-
tion or adsorbed carbonates commonly seen in
metal oxide materials exposed to air.

In summary, the XPS results validate the
successful incorporation of Fe, Ni, and Co into the
ternary CoFeNiOx (1:1:1) electrocatalyst with a
surface enriched in trivalent species. The electron
redistribution upon Fe doping, evidenced by shifts
in binding energies, further enhances the catalytic
potential for water oxidation. Urea/KOH activation
alters the precursor into an oxyhydroxide-rich sur-
face, as evidenced by O 1s deconvolution (en-
hanced M-OH component) and increased trivalent
fractions in Ni/Co/Fe 2p, indicating stronger met-
al-oxygen covalency and more OOH-ready sites.
Consequently, the activated sample shows lower
charge-transfer resistance and improved OER ki-
netics (lower nio and Tafel) relative to the inacti-
vated precursor, confirming that chemical recon-
struction rather than changes only to the surface
area are responsible for the gain in performance.

4. CONCLUSION

This study establishes a clear composition—
structure—performance relationship for CoFeNiOx
water-splitting electrocatalysts. Hydrothermal syn-
thesis followed by annealing and alkaline activa-
tion produces mixed LDH/spinel frameworks
whose OER activity depends strongly on the cation
ratios. Among the tested compositions, the
CoFeNiOx (1:1:1) electrocatalyst exhibits the best
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performance, achieving an overpotential of 264
mV at 10 mA cm2 with a Tafel slope of 84.4 mV
dec! in 1 M KOH, and maintaining stable opera-
tion over 24 h with only a modest increase in over-
potential. XPS analysis confirms mixed valence
states and a surface enriched in trivalent cations,
consistent with the formation of active oxyhydrox-
ide species under OER conditions. These findings
indicate a synergistic effect among Co, Fe, and Ni,
enhancing charge transfer and stabilizing reaction
intermediates. Mechanistically, this synergy arises
from Fe-assisted generation of high-valent Co/Ni
species, improved interfacial charge transfer across
LDH-spinel heterostructures, and oxyhydroxide-
rich surfaces that facilitate *OOH formation.

The limitations of this study include the ab-
sence of direct porosity measurements and in situ
spectroscopic characterization. Future work will
incorporate Brunauer—-Emmett-Teller (BET) sur-
face area and pore distribution analyses, as well as
benchmarking against additional state-of-the-art
catalysts under identical testing conditions.
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