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ABSTRACT: The sluggish kinetics of the oxygen evolution
reaction (OER) severely Ilimits the efficiency of
electrochemical water splitting for sustainable hydrogen
production. Developing cost-effective and efficient OER
electrocatalysts based on earth-abundant elements is thus
highly desirable. Herein, we report a nanoporous
(CoNiFe)OOH electrocatalyst decorated with Zn(OH),*
anions, synthesized via  electrochemical surface
reconstruction of ZnO-decorated CoNiFe medium-entropy
alloys (MEAs). The reconstructed (CoNiFe)OOH adsorbed
with Zn(OH),> anions serves as the real active phase,
featuring abundant catalytic sites and enhanced OH-
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accessibility. Adsorbed Zn(OH),*> anions promote OH- transfer and facilitate electron redistribution at the active sites,
particularly enhancing Co site activity, as revealed by density functional theory (DFT) calculations. As a result, the
optimized CoNiFeZn@NF-EO electrode exhibits outstanding OER performance, achieving a low overpotential of 264 mV at
10 mA-cm, a Tafel slope of 46.6 mV-dec™, and remarkable long-term stability in alkaline electrolyte. This work provides
new insights into the synergistic effect between surface reconstruction and Zn-based species, offering a promising strategy

for designing high-performance OER electrocatalysts.

KEYWORDS: electrocatalysis, water splitting, surface reconstruction, transition metal oxy-hydroxides, medium-entropy

alloys (MEAs)

1 Introduction

The oxygen evolution reaction (OER) plays a critical role in
electrochemical energy conversion technologies, such as hydrogen
generation via water splitting [1]. Due to the complex four-electron
transfer process involved, OER typically suffers from sluggish
kinetics, resulting in a high overpotential for overall water splitting
[2, 3]. Considerable efforts have been devoted to developing
efficient anode materials to lower this potential. Although noble
metal-based oxides are currently recognized as the state-of-the-art
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OER catalysts, their high cost significantly limits large-scale
application in hydrogen production industries [4, 5]. Recently, 3d
transition metal-based materials have emerged as promising OER
electrocatalysts, owing to their earth-abundance and superior
catalytic activity [6, 7]. Notably, certain Co-, Ni-, and Fe-based
oxides as well as their corresponding oxyhydroxides, have
demonstrated OER performance comparable to that of precious
metal oxides such as RuO, and IrO, [8, 9]. Therefore, increasing
attention has been directed toward 3d transition metal-based
electrocatalysts as potential alternatives to noble metal oxides.
Among various 3d metal oxides, ZnO is generally considered
catalytically inactive for OER [10]. This is primarily due to its wide
bandgap (~ 3.4 eV), which hinders electron transfer during the
catalytic process [11, 12]. Moreover, the 3d orbital of Zn is fully
occupied (d"° configuration), resulting in a stable Zn* oxidation
state that lacks variable valence [10]. Consequently, Zn* sites are
considered inactive for binding key OER intermediates. While Zn is
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not traditionally viewed as a direct catalytic center, its potential
influence on OER electrocatalysis has garnered growing interest.

Recent studies propose two main mechanisms by which Zn may
enhance the performance of OER catalysts. First, Zn can act as an
electron acceptor or donor, thereby modulating the electronic
structure and valence state of adjacent active sites [13]. This
electronic regulation helps optimize the adsorption energy of OER
intermediates and prevent over-oxidation of catalytic centers [14].
For example, Zhou et al. demonstrated that the electron-donating
Co and Zn could suppress the over-oxidation of Ru">*, thereby
reducing Ru leaching and enhancing the stability of Ru-based OER
catalysts [15]. Second, incorporation of Zn in oxyhydroxides has
been shown to activate the lattice oxygen mechanism (LOM),
which bypasses the linear scaling constraints of the conventional
adsorbed evolution mechanism (AEM) [16]. Huang et al. reported
that Zn doping induces a shift from AEM to LOM in NiOOH,
improving both the stability and activity [17]. A similar activation
of LOM has been observed in MoZn-based high-entropy alloy
(HEA) catalysts such as MoZnFeCoNi [18].

However, ZnO represents one type of oxide that is unstable as
the OER electrocatalyst, which intends to existed as the thermo-
dynamically stable Zn(OH),* anions in alkaline media [19, 20].
Different from other non-catalytic oxides, such as the thermo-
dynamically stable Cr,O; which can act as a substrate for active
sites [21], the introduction of ZnO in OER electrocatalysts may lead
to the formation of anions adsorbed on real active materials.
Therefore, the potential effects of adsorbed anions on active
materials for OER electrocatalysis needs further exploration to
understand the unique advantages of ZnO.

In this work, we introduce a novel nanoporous (CoNiFe)OOH
electrocatalyst decorated with Zn(OH),~ anions, synthesized
through a surface reconstruction strategy. Starting with ZnO-
decorated hierarchical porous CoNiFe medium entropy alloys
(MEAs), electrochemical oxidation generates nanoporous
(CoNiFe)OOH layers decorated with surface-adsorbed Zn(OH),>
species. The presence of these anions facilitates the continuous
transfer of OH" to Co, Ni, and Fe active sties, thereby accelerating
OER kinetics. Furthermore, Zn(OH),> adsorption significantly
lowers the theoretical overpotential at Co sites. The optimized
CoNiFeZn@NF-EO  electrode  exhibits outstanding OER
performance, achieving a low overpotential of 264 mV at

10 mA-cm™ and a Tafel slope of 46.6 mV-dec’ in 1 M KOH
solution. Impressively, it retains 94.2% of its current density after
100 h of continuous operation at 1.564 V (vs. RHE), demonstrating
superior durability. This study provides a comprehensive
understanding of the role of Zn(OH),> in oxyhydroxides for OER
catalysis, and offers valuable insights for the design of efficient OER
electrocatalysts.

2 Experimental

2.1 Chemicals

Zinc nitrate  (Zn(NO,;),6H,O, > 98%), cobalt nitrate
(Co(NO,),6H,0, > 98%), nickel nitrate (Ni(NO;),-6H,0O, > 98%),
and ferric nitrate (Fe(NO,);9H,O, = 98%) were bought from
Shanghai Aladdin Biochemical Technology Co., Ltd. Glycine
(CH5NO,, = 98%) and potassium hydroxide (KOH, > 85%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
chemicals were used as received without further purification. The
nickel foam (NF) with a thickness of 1 mm was purchased from
Wingrise Energy Technology Co., Ltd., and used as the substrate for
the electrocatalysts. After being cut into the specific shapes
(working area: 1 cm x 1 cm), the NF was sequentially cleaned in
3 M HCI solution, absolute alcohol, and deionized water to remove
the nickel oxide on the surface.

2.2 Synthesis of NiFe@NF, CoNiFe@NF, CoNiFeZn@NF,
and CoNiFeZn, ,@NF electrodes

The CoNiFeZn samples were synthesized directly on the NF surface
using a solution combustion method (Scheme 1). Initially,
1.0 mmol each of Co(NO,),6H,0, Ni(NO,),-6H,0,
Fe(NO;);9H,0, Zn(NO;),6H,O, and 7.5 mmol glycine were
dissolved in 4.0 mL dejonized water to form a homogeneous
solution. Secondly, two pretreated NF pieces were immersed in
1.0 mL of this solution placed in a beaker. The beaker was heated to
300 °C at a rate of 5 °Cmin™ in a furnace without further heat
preservation, followed by natural cooling to room temperature. The
resulting NF, decorated with CoNiFe alloys and ZnO, was used
directly as the working electrode.
Preparation  of the NiFe@NF,

CoNiFe@NF  and

CoNiFe+ZnO

9

(CoNiFe)OOH+Zn(OH),z

@ @ @ 0 ZnO"OZn(OH)f‘ ~? OH ~ 7 0,
o

Scheme1 Schematic illustration for the preparation of CoNiFeZn@NF electrode via a solution combustion synthesis and subsequent surface reconstruction through

electrochemical oxidation.
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CoNiFeZn, ,@NF electrodes followed the same procedure as for
CoNiFeZn@NF, except for variations in the glycine,
Co(NOy),-6H,0, and Zn(NO;),-6H,0 concentrations in the
precursor solution. For NiFe@NF, 4.17 mmol glycine was used
without both Co(NO;),,6H,0 and Zn(NO;),-6H,0. For
CoNiFe@NF, 5.84 mmol glycine was used without Zn(NO3),-6H,O.
For CoNiFeZn,,@NF, 817 mmol glycine and 14 mmol
Zn(NO,),-6H,0 were used.

2.3 Materials characterization

X-ray diffraction (XRD, D2 Phaser, Bruker AXS) using Cu K«
radiation (A = 1.5418 A) was conducted to examine the crystal
structure over a 26 range of 10° to 90° at a step size of 0.02°. Surface
morphology and structure were examined using scanning electron
microscopy (SEM, Quanta 250 FEG, Thermo Fisher Scientific Inc.)
and transmission electron microscopy (TEM, Tecnai G2 F30 S-
TWIN, FEI). In-situ Raman spectra were recorded using a
HORIBA HR EVO Raman system. Surface chemical composition
were analyzed via X-ray photoelectron spectroscopy (XPS, Kratos-
AXIS system), with the C 1s peak at 284.8 eV used for spectral
calibration [22].

2.4 Electrochemical measurements

All electrochemical measurements were carried out on a CHI 660E
electrochemical workstation using a standard three-electrode setup
in 1 M KOH at 25 °C. An Ag/AgCl electrode served as the
reference electrode and a Pt foil as the counter electrode. All
potentials were converted to the reversible hydrogen electrode
(RHE) scale using the Nernst equation: Epyp = Exgaga + 0.0592 x
pH + 0.197, where the pH value was measured using a pH meter.
Cyclic voltammetry (CV) was conducted at a scan rate of 2 mV-s™
within the potential range of 0-0.7 V (vs. Ag/AgCl) to determine
the overpotentials for OER electrocatalysis. The electrochemical
active surface area (ECSA) was evaluated via double-layer
capacitance (Cy), obtained from CVs at various scan rates in the
non-Faradaic region. Electrochemical impedance spectroscopy
(EIS) measurements were performed at 1.50 V (vs. RHE) over a
frequency range of 0.01 Hz to 100 kHz with a 5 mV amplitude. In
addition, in-situ EIS measurements were performed on both
CoNiFe@NF and CoNiFeZn@NF at a voltage ranging from the
open-circuit potential (OCP) to 1.60 V (vs. RHE) with 0.05 V
intervals. Corrosion potentials were derived from Tafel plots
measured between —1.4 and 0.4 V (vs. Ag/AgCl). Long-term OER
stability was assessed through chronoamperometry at a constant
current density of 50 mA-cm™

25 Density functional theory (DFT) calculations

Spin-polarized DFT calculations were performed using the Vienna
ab-inito simulation package (VASP) [23, 24]. Exchange-correlation
interactions were treated with the Perdew—Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation (GGA)
framework [25, 26]. The core-valence interactions were described
using the projected augmented wave (PAW) method [27]. The
energy cutoff for plane-wave basis sets was set at 400 eV. A2 x 3 x 1
Monkhorst-Pack k-point mesh was employed for to Brillouin zone
sampling. Structures were optimized with convergence criteria of
1.0 x 10" eV for energy and 0.05 eV-A" for force. The initial
(CoNiFe)OOH surface model consists of a metal hydroxide layer
with Zn(OH), anions adsorbed on the outermost surface. The
surface model was cleaved from the (100) facet of bulk

(B 7~ 2w | Sci@pen
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(CoNiFe)OOH with Co, Ni, and Fe in an equimolar ratio of 1:1:1.
The Zn(OH),>-(CoNiFe)OOH system comprises 105 atoms with a
simulation cell measuring 12.15 A x 8.88 A x 22.02 A. A vacuum
slab of 15 A along the z-axis was introduced to avoid interlayer
interactions. Details of the Gibbs free energy calculations are
provided in the Electronic Supplementary Material (ESM).

3 Results and discussion

SEM images in Fig. Sl(a) in the ESM show that the prepared
CoNiFeZn samples exhibit a porous morphology closely integrated
with the NF substrate. Figures 1(a)-1(c) further confirm that all the
CoNiFe, CoNiFeZn, and CoNiFeZn,, samples detached from the
NF substrate display well-defined porous frameworks. Figure S1(b)
in the ESM clearly reveals the micron-scale porous skeleton of the
obtained CoNiFeZn samples. Notably, there are many submicron-
sized pores formed on the skeleton as shown in Fig. S1(c) in the
ESM. Lastly, some nanoscale pores can also be observed on the
skeleton of the prepared CoNiFeZn samples in Fig. S1(d) in the
ESM, indicating the multi-scale porosity structure of the solution
combustion synthesized samples. This hierarchical porous structure
is beneficial for maximizing the exposure of active catalytic sites and
facilitating the rapid diffusion of gaseous products during the OER
process [28]. Compared to the relative smooth framework of
CoNiFe, the CoNiFeZn and CoNiFeZn,, samples show coarser
morphologies, likely due to the incorporation of Zn.

To verify the compositions, the synthesized powders were
detached from the NF substrate and analyzed by XRD. As shown in
Fig. 1(d), all samples exhibit characteristic diffraction peaks at 44.3°,
51.5° and 75.8°, corresponding to the (111), (200), and (220) planes
of a face-centered cubic (FCC) alloy, respectively. The XRD pattern
in Fig. S2 in th eESM further shows the diffraction peaks of the
FCC alloy shifted to lower 26 values compared to metallic Ni (PDF
card No. 04-0850), whose 26 for (111) and (200) planes are 44.5°
and 51.8° respectively. This can ascribe to the alloying of larger
heteroatoms such as Fe and Co into the lattice of Ni, thus
expanding its lattice. As a result, the obtained FCC alloy is identified
to be the face-centered cubic CoNiFe alloy [29]. Additional peaks at
31.8°% 34.5° 36.3° 47.6° 56.7°, 63.0°, and 68.1° are observed in the
diffraction patterns of CoNiFeZn and CoNiFeZn,, samples,
corresponding to the (100), (002), (101), (102), (110), (103), and
(112) planes of ZnO (PDF card No. 75-0576), respectively. These
results confirmed the formation of ZnO, which is likely responsible
for the observed coarsening of the framework in the CoNiFeZn and
CoNiFeZn, , samples. Elemental mapping via Energy-dispersive X-
ray spectroscopy (EDS) (Fig. 1(e)) reveals a uniform distribution of
Nij, Fe, Co, Zn, and O across the porous frameworks, demonstrating
the successful and homogeneous integration of ZnO within the
matrix of CoNiFe MEAs.

The OER performance of NiFe@NF, CoNiFe@NF,
CoNiFeZn@NF, and CoNiFeZn, ,@NF electrodes were evaluated in
1 M KOH solution at 25 °C. To assess the potentials for OER
electrocatalysis, CV curves obtained at a scan rate of 2 mV-s"
(without iR-compensation) are shown in Fig. 2(a). As illustrated in
Fig. 2(b), the CoNiFeZn@NF electrode exhibits the lowest
overpotential of 272 mV at 10 mA-cm™ (), outperforming
NiFe@NF (281 mV), CoNiFe@NF (279 mV), and
CoNiFeZn,,@NF (277 mV). At a higher current density of
100 mA-cm? (44), CoNiFeZn@NF also shows superior
performance with an overpotential of 415 mV compared to
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Figure1 (a)-(c) SEM images of CoNiFe, CoNiFeZn, and CoNiFeZn, , samples, respectively. (d) XRD patterns of the corresponding powders detached from the NF
substrate. (e) EDS elemental mapping of CoNiFeZn, confirming uniform distribution of Co, Ni, Fe, Zn, and O.
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Figure2 (a) CV curves of NiFe@NF, CoNiFe@NF, CoNiFeZn@NF, and CoNiFeZn, ,@NF electrodes at 2 mV-s™ without iR-compensation. (b) Overpotentials at 10 and
100 mA-cm™ for the three electrodes. (c) Tafel slopes comparing reaction kinetics. (d) Tafel plots comparing the corrosion potentials of different electrodes.

NiFe@NF (454 mV), CoNiFe@NF (426 mV), and
CoNiFeZn, ,@NF (428 mV). Tafel slope analysis (Fig. 2(c)) further
support these findings. The CoNiFeZn@NF electrode exhibits the
lowest Tafel slope (482 mV-dec”), indicating its enhanced OER
kinetics compared to NiFe@NF (56.8 mV-dec'), CoNiFe@NF

Nano Research, 2025, 18, 94907809
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(502 mV-dec'), and CoNiFeZn,,@NF (523 mV-dec’).
Additionally, CoNiFeZn@NF shows a significantly corrosion
potential (-1.02 V vs. Ag/AgCl) than CoNiFe@NF (-0.84 V vs.
Ag/AgCl), indicating a more reactive surface under alkaline
conditions (Fig. 2(d)). This increased reactivity facilitates surface

(8) 27 wa | Sci@pen
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reconstruction during OER, thereby influencing electrocatalytic
performance.

To explore the impact of surface reconstruction, 3-h
chronoamperometry tests were performed at potentials
corresponding to about 20 mA-cm™ for each electrodes. As shown
in Fig. 3(a), the OER current density of NiFe@NF and CoNiFe@NF
decrease by 30.0% and 6.5% respectively, indicating obvious
performance degradation. In contrast, CoNiFeZn@NF and
CoNiFeZn, ,@NF exhibited increases of 18.5% and 22.2%,
respectively, highlighting the beneficial role of ZnO incorporation
in enhancing OER performance upon electrochemical oxidation.
This improvement is attributed to the formation of Zn(OH),”
anions and nanoporous (CoNiFe)OOH because of surface
reconstruction, which will be discussed in more detail below.

Subsequent CV scans were performed on the reconstructed
electrodes to evaluate the enhanced OER activity due to the
electrochemical oxidation (Fig. 3(b)). As shown in Fig. 3(c), the
CoNiFe@NF after electrochemical oxidation (CoNiFe@NF-EO)
exhibits same 7, (279 mV) and a slightly higher #,o, (427 mV)
compared to its pre-reconstruction state. In contrast, both
CoNiFeZn@NF-EO and CoNiFeZn, @NF-EO exhibit significantly
reduced overpotentials, consistent with the chronoamperometry
results in Fig. 3(a). Notably, CoNiFeZn@NF-EO demonstrates the
best performance for OER electrocatalysis, with #,, = 264 mV and

oo = 409 mV. Figure 3(d) shows that the CoNiFeZn@NF-EO and
CoNiFeZn, ,@NF-EO electrodes also achieve improved Tafel slopes
(46.6 and 47.8 mV-dec”, respectively), superior to NiFe@NF-EO
(594 mV-dec") and CoNiFe@NF-EO (49.6 mV-dec™), suggesting
more favorable kinetics. The enhanced OER performance of
CoNiFeZn@NF-EO is  competitive =~ with  electrocatalysts
documented in literatures, such as single-atom Ni catalysts (17, =
279 mV) [30], and others recently reported electrocatalysts as
shown in Table S1 in the ESM.

To further understand the enhanced OER performance of
CoNiFeZn@NF-EO and CoNiFeZn, ,@NF-EO, the ECSA of the
reconstructed electrodes was calculated using the formula: ECSA =
Ca/C,, where C, is the specific capacitance of a smooth surface in
alkaline media (0.04 mF-cm™) [31]. The Cy values were extracted
from CV curves measured at various scan rates ranging from 10 to
50 mV-s™, as shown in Fig. S3 in the ESM. The derived Cy values
are presented in Fig. 3(e), and the calculated ECSA values for
NiFe@NF-EO, CoNiFe@NF-EO, CoNiFeZn@NF-EO, and
CoNiFeZn, ,@NF-EO with a geometric electrode area of 1 cm’” are
217.5, 487.5, 665, and 577.5 cn’, respectively. These Cy values
represent a clear increase in ECSA compared to the initial states of
the electrodes prior to the electrochemical oxidation as shown in
Fig. $4 in the ESM. The much larger ECSA of the CoNiFeZn@NF-
EO indicates a higher density of exposed active sites, thereby
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contributing to its enhanced OER electrocatalytic performance.

EIS results (Fig. S5 in the ESM) show that the charge transfer
resistance (R) values for CoNiFeZn@NF and CoNiFeZn, ,@NF are
0.84 and 0.79 Q, respectively. Both are lower than that of CoNiFe@
NF (1.11 Q). Additionally, the in-situ EIS in Fig. S6(a) in the EMS
shows a decrease of the phase angle within the mid-frequency
region, which corresponding to the electrochemical reconstruction
of the CoNiFe@NF electrode [32]. In Fig. S6(b) in the ESM, the
decrease of the phase angle for the CoNiFeZn@NF electrode is
faster compared to CoNiFe@NF electrode, indicating that the
introduction of ZnO facilitates the reconstruction of the electrode,
which is consistent with the corrosion potentials shown in Fig. 2(d).
More importantly, a sharp decline of the phase angle in the low-
frequency region occurs at approximately 1.40 V (vs. RHE) for the
CoNiFeZn@NF electrode, corresponding to the lower onset of the
OER [33]. However, the decline is observed at about 1.45 V (vs.
RHE) for the CoNiFe@NF electrode. These findings imply that the
surface reconstruction, involving the formation of Zn(OH);”
species, enhance the charge transfer capabilities of the nanoporous
(CoNiFe)OOH, thereby facilitating OER electrocatalysis.

The CV curves with 80% iR-compensation for the reconstructed
electrodes are presented in Fig. 3(f). As shown in Fig. 3(g), the #,,
and 7,99 of CoNiFeZn@NF-EO (240 and 278 mV) and
CoNiFeZn, ,@NF-EO (246 and 282 mV) are also lower than those
of NiFe@NF-EO (275 and 314 mV) and CoNiFe@NF-EO (257 and
296 mV), confirming the beneficial effect of ZnO incorporation
into the CoNiFe MEAs on OER activity. To assess the intrinsic
activity of the derived electrocatalysts, the OER current densities
were normalized by the ECSA values. As shown in Fig. S7 in the
ESM, both CoNiFeZn@NF-EO and CoNiFeZn, ,@NF-EO exhibit
improved OER activity compared to NiFe@NF-EO and
CoNiFe@NF-EO. This confirms that the surface-reconstructed
nanoporous (CoNiFe)OOH structures decorated with Zn(OH)*
species are intrinsically more active for OER electrocatalysis. The
corrosion potential of CoNiFe@NF remained nearly unchanged
after 3 h of electrochemical oxidation (Fig. S8 in the ESM). In
contrast, the CoNiFeZn@NF-EO exhibited a positive shift in
corrosion potential from —1.02 to-0.91 V (vs. Ag/AgCl) (Fig. S9in the
ESM), indicating structural evolution during the electrochemical
oxidation and an improvement in corrosion resistance.

To further evaluate the long-term durability, OER stability
testing was performed on the CoNiFeZn@NF-EO electrode via
chronoamperometry method. As shown by the it curve in
Fig. 3(h), the electrode retained 94.2% of its initial current density at
1.576 V (vs. RHE) after 100 h, demonstrating superior durability
and robustness for OER electrocatalysis under operational
conditions. The structure and composition analysis were conducted
after the 100-h OER test as displayed in Fig. S10 in the ESM. The
SEM images in Figs. S10(a) and S10(b) in the ESM display the
porous structure still maintained within the 100-h OER test,
indicating the microstructure is stable during the electrocatalysis
process. However, the EDS results shown in Figs. S10(c) and S10(d)
in the ESM demonstrate that the contents of Zn obviously
decreased from 10.8 at.% to 1.21 at.% after the 100-h OER test,
which corresponding to the transformation of ZnO to Zn(OH),”
anions. This revealed that only parts of Zn(OH),> anions were
adsorbed on the derived (CoNiFe)OOH, and still taken positive
effects for OER electrocatalysis. In addition, no significant decrease
of the contents of active sites, such as the Fe, Co, and Ni sites was
observed, confirming the stability in composition. Thanks to the
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stable porous structure and maintained active sites, the prepared
electrocatalysts exhibit remarkable long-term stability for OER in
alkaline electrolyte. Moreover, the #,, of CoNiFeZn@NF-EO
further decreased to 258 mV after the 100-h test (Fig. S11 in the
ESM), which can attribute to the more exposed active sites of
nanoporous (CoNiFe)OOH during the oxidation process.

To elucidate the mechanism underlying the enhanced OER
activity of electrochemical oxidation, detailed microstructural
characterization was performed on the CoNiFeZn@NF-EO. SEM
images of CoNiFeZn@NF-EO (Figs. 4(a) and 4(b)) reveal a distinct
coral-like morphology, markedly different from the initial structure
of the electrode. The surface reconstruction-induced coral-like
architecture is expected to increase the number of exposed catalytic
sites, thereby enhancing OER performance. Further insights were
obtained via TEM analysis (Figs. 4(c) and 4(d)), which revealed the
presence of abundant nanoporous structures surrounding the coral-
like features. EDS was performed on both the coral-like domains
(area 1) and the nanoporous regions (area 2), as marked in Fig. S12
in the ESM. The Zn content was measured to be 2.46 at.% in area 1
(Fig. S13 in the ESM) and 8.52 at.% in area 2 (Fig. S14 in the ESM).
This provides strong evidence that Zn species formed during
electrochemical oxidation are primarily adsorbed onto the
nanoporous structures.

Selected area electron diffraction (SAED) was conducted on the
nanoporous region (Fig. 4(d)), and the resulting diffraction rings
(Fig. 4(e)) were indexed to the (100), (101), (102), and (110) planes
of (FeNi)OOH (PDF card No. 14-0556), a known active phase
derived from the CoNiFe MEAs for OER catalysis [34]. The high-
resolution TEM image in Fig. 4(f) displays clear lattice fringes with
an interplanar spacing of 0.217 nm, slightly shorter than the (111)
plane of (FeNi)OOH. This can ascribe to the incorporation of Co**
into the lattice of (FeNi)OOH. This is reasonable since cobalt in
CoNiFe MEAs can also be oxidized during OER process, leading to
the formation of (CoNiFe)OOH as the reconstructed active phase.

Additionally, the SAED pattern exhibits diffraction rings
corresponding to the (411) and (211) planes of Zn(OH), (PDF card
No. 38-0356), indicating the presence of the derived Zn species
because of electrochemical oxidation. It is noteworthy that under
alkaline conditions, Zn* predominantly exists in the form of
Zn(OH),> [19, 20]. Hence, during the OER process in alkaline
media, the introduction of ZnO into CoNiFe MEAs results in the
formation of nanoporous (CoNiFe)OOH decorated with Zn(OH),>
anions. This synergistic combination contributed significantly to
the observed enhancement in OER performance. Furthermore,
elemental mapping (Fig. 4(g)) confirms the uniform distribution of
Co, Ni, Fe, Zn and O throughout the catalyst particles, indicating
homogeneous structural and compositional transformation upon
reconstruction.

The chemical composition and elemental valence state of
CoNiFeZn@NF before and after electrochemical oxidation were
analyzed using X-ray photoelectron spectroscopy (XPS). As shown
in Figs. S15(a) and S15(b) in the ESM, the XPS survey spectra
confirm the presence of Co, Ni, Fe, Zn, and O in CoNiFeZn@NF
and CoNiFeZn@NF-EO. The high-resolution Co 2p spectra
(Fig. 5(a)) for the initial CoNiFeZn@NF exhibit two distinct peaks
at 781 and 779.5 eV, corresponding to Co* 2ps, and Co* 2p,,,
respectively, indicating an oxidized state of cobalt on the electrode
surface [35, 36]. In the Ni 2p spectra (Fig. 5(b)), deconvoluted peaks
at 853.9 and 855.7 eV are attributed to Ni** 2p;, and Ni* 2ps),
respectively, associated with Ni-O bonding [37, 38]. A peak at
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resolution TEM image; (g) elemental mapping.

852.1 eV, corresponding to metallic Ni, is also observed and is
ascribe to the formation of CoNiFe MEAs in CoNiFeZn@NF [39].
The Fe 2p spectra (Fig. 5(c)) show two primary peaks at 710.6 and
713.1 eV, corresponding to Fe 2p,, and Fe* 2p,,, respectively,
indicative of Fe-O bonding [40, 41]. Notably, no peaks associated
with metallic Co’ and Fe® were detected, likely due to their lower
content compared to the oxidized species. After the 3-h
electrochemical oxidation, the XPS spectra reveal a remarkable
increase in the M*/M* ratio for Co, Ni, and Fe (Table S2 in the
ESM), corroborating the formation of nanoporous (CoNiFe)OOH
as a result of the electrochemical oxidation [42, 43].

The Zn 2p spectra (Fig. 5(d)) display two prominent peaks at
10444 eV (Zn 2p,;,) and 1021.3 eV (Zn 2ps,) for the initial
CoNiFeZn@NF sample, corresponding to the Zn-O bonding in
ZnO [44]. After oxidation, the Zn 2p,, peak exhibits a negative shift
of about 0.2 eV, which is attributed to increased electron density
associated with the transformation of ZnO to Zn(OH),* anions [45].
The O 1s spectra (Fig. 5(e)) for the initial CoNiFeZn@NF show
peaks at 529.5, 530.2, 530.9, and 532.0 eV, which are assigned to
M-O bonds, oxygen vacancies (O,), M-OH bonds, and adsorbed
H,0, respectively [46, 47]. Upon electrochemical oxidation, the
relative content of M-OH species increased significantly from
265% to 464%, reflecting the generation of abundant
oxyhydroxides and hydroxide species on the surface. These XPS
findings confirm the formation of (CoNiFe)OOH and Zn(OH)>
species, in excellent agreement with the SAED results and other
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structural characterizations, further supporting the role of surface
reconstruction in enhancing OER performance.

To further demonstrate the phase evolution of electrocatalyst, in-
situ Raman spectroscopy was conducted on the CoNiFeZn@NF
electrode under applied potentials ranging from 1.21 to 1.61 V (vs.
RHE) with 0.04 V intervals. As shown in Fig. 5(f), the spectrum
acquired at OCP display three characteristic peaks at 473, 610, and
690 cm™, which are attributed to Ni-O, Fe-O, and Co-O
vibrations in metal oxides, respectively [17, 48]. Meanwhile, a peak
at418 cm™ corresponds to the Zn-O vibration [49]. Upon increasing
the applied voltage, new peaks emerge at 552.0 and 6524 cm,
indicative of M—-O vibrations in M-OOH (M = Co, Ni, Fe),
confirming the formation of oxyhydroxides during oxidation [50].
Notably, a Raman peak at 471 cm™ appears, associated with Zn-O
vibrations that likely originate from adsorbed Zn(OH),* anions [51].
The simultaneous presence of oxyhydroxides and Zn-OH
vibrations confirms that the active material underwent significant
structural transformation due to electrochemical oxidation. Thus,
the enhanced OER activity of CoNiFeZn@NF following oxidation
can be attributed to the formation of nanoporous (CoNiFe)OOH
coupled with the adsorbed Zn(OH),> species.

To elucidate the influence of Zn(OH),” adsorption on the OER
activity of (CoNiFe)OOH, density functional theory (DFT)
calculations were performed. The (100) surface of (CoNiFe)OOH
was selected to investigate the atomic-scale OER mechanism in
alkaline conditions in the presence of Zn(OH),”, as illustrated in
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Figure 5 High-resolution XPS spectra of CoNiFeZn@NF and CoNiFeZn@NF-EO: (a) Co 2p, (b) Ni 2p, (c) Fe 2p, (d) Zn 2p, and (e) O 1s. (f) In-situ Raman spectra of

CoNiFeZn@NF recorded from 1.21 to 1.61 V (vs. RHE) with 0.04 V intervals.

Fig. 6(a). For the adsorbed Zn(OH),” anions, the deprotonation of
*OH to *O is identified as the potential-determining step, with a
high free energy barrier of 2.48 eV (Fig. 6(b)). The large barrier
suggests that the Zn site may not be directly active for OER
electrocatalysis, which aligns with previous findings [10]. However,
the Zn site exhibits a thermodynamically favorable ability to adsorb
OH- form the electrolyte due to its high OH™ adsorption energy.
Consequently, the OH" groups adsorbed on Zn(OH),> can transfer
to Co, Ni, and Fe sites in (CoNiFe)OOH during the OER process
particularly in the *O to *OOH transition step, demonstrating a
synergistic catalytic effect among multiple metal centers [52].

Among these, the Co site exhibits the most favorable OER
activity with a theoretical potential of 1.75 V. To further understand
the origin of this activity, the projected density of states (PDOS) for
the 3d orbitals of Co, Ni, Fe, and Zn were calculated for
(CoNiFe)OOH (100) with Zn(OH), adsorption. As shown in
Fig. 6(c), the d-band centers for Co, Ni, Fe, and Zn are located at
-1.325, -1.526, —1.643, and —3.974 eV, respectively. Since a lower d-
band center is correlated with weaker binding strength of OER
intermediates [53, 54], Co exhibits the most favorable binding and,
thus, the highest catalytic activity. Furthermore, charge density
distribution analysis (Fig. S16 in the ESM) reveals that Zn(OH),*
adsorption can lead to electron depletion at the Co, Ni, and Fe sites,
which enhances electron transfer during OER [55]. Collectively,
these results suggest that Zn(OH),~ adsorption on (CoNiFe)OOH
plays a vital role in promoting OER electrocatalysis by modulating
surface electron density and enabling synergistic catalysis.

4 Conclusions

In summary, we developed a highly efficient OER electrocatalyst,
CoNiFeZn@NF-EO, through a facile solution combustion synthesis
followed by surface reconstruction. The incorporation of ZnO and
subsequent electrochemical oxidation lead to the formation of a
nanoporous (CoNiFe)OOH structure with adsorbed Zn(OH),”
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anions. This reconstructed architecture exhibits remarkable OER
performance, delivering a low overpotential of 264 mV at
10 mA-cm™ (without iR-compensation), a small Tafel slope of
46.6 mV-dec”, and outstanding long-term stability with 94.2%
current retention after 100 h at 1.576 V (vs. RHE). Structural and
spectroscopic analyses confirm the formation of a nanoporous
(CoNiFe)OOH and the uniform distribution of Zn(OH),> across
the catalyst surface. DFT calculations reveal that Zn(OH), not only
enhances OH" adsorption but also promotes electron transfer and
synergistic activation at adjacent Co, Ni, and Fe sites, particularly
boosting the activity at Co sites with a theoretical potential of
1.75 V. These findings provide a comprehensive understanding of
the catalytic role of Zn(OH), and offer a promising strategy for
designing cost-effective and robust OER electrocatalysts based on
transition metal oxyhydroxides.

Electronic Supplementary Material: Supplementary material
(details of the Gibbs free energy calculations, OER performance
comparison table, XPS/SEM/XRD/TEM results, electrochemical
measurements, and charge density diagrams results) is available in
the online version of this article at https://doi.org/10.26599/NR.2025.
949078009.
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