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Abstract

Rechargeable zinc-air batteries (ZABs) represent a viable energy solution; how-
ever, the slow kinetics of the oxygen evolution reaction (OER) and the oxygen
reduction reaction (ORR) severely hinder their commercial application, lead-
ing to a surge in research focused on the preparation of related catalysts. High-
entropy materials possess unique physicochemical properties, while carbon
nanofiber materials are ideal catalyst carriers. In this study, high-entropy
carbon nanofiber materials HCNF/HEA were successfully prepared through
electrospinning technology and high-temperature heat treatment. Zinc was
used to create defects, and Mn, Fe, Co, La, and Gd were employed as stable
structural elements. The lattice distortion effect of high-entropy materials gen-
erates local strain fields, forming abundant active sites; the “cocktail effect”
optimizes the electronic structure through the synergistic effect between ele-
ments. Carbon nanofiber materials, due to their high specific surface area,
good conductivity, and tunable porous structure, are ideal catalyst carriers. Elec-
trochemical performance evaluations indicate that HCNF/HEA exhibits ex-
cellent bifunctional oxygen catalysis activity (with an overpotential of 1.65 V
and a positive half-wave potential of 0.795 V). Additionally, the assembled
zinc-air battery demonstrates outstanding device performance, including a
high power density of 120.01 mW-cm, a specific capacity of 797.68 mAh-g~'Zn,
and excellent stability over 240 hours, surpassing the commercial benchmark
Pt/C-based zinc-air batteries.
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1. Introduction

With the continuous rise in global energy demand and the exacerbation of green-
house effects caused by the overuse of fossil fuels [1] [2], For the sustainable de-
velopment of mankind, smart living, energy optimization, and the development of
efficient and clean energy conversion and storage technologies have become ma-
jor issues in the world [3]-[5]. Among various solutions, electrochemical energy
devices such as proton exchange membrane fuel cells (with energy densities reach-
ing 200 - 1000 Wh/kg) and zinc-air batteries (theoretical energy density of 1086
Wh/kg) have gained attention due to their high energy conversion efficiency (fuel
cell efficiency can reach 60%) and environmental friendliness [6]. However, the
performance of these devices is largely limited by the slow kinetics of the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER). Therefore, devel-
oping efficient and stable bifunctional electrocatalysts for oxygen is crucial for im-
proving the performance of these energy devices.

High-entropy materials, as emerging functional materials, exhibit unique phys-
icochemical properties due to their multi-principal element characteristics (5 types
of nearly equimolar elements) [7]-[9]. The high-entropy effect maximizes config-
urational entropy to reduce the system’s Gibbs free energy, enhancing structural
stability [10]; the lattice distortion effect generates local strain fields, creating a
wealth of active sites [11]; the “cocktail effect” optimizes electronic structure
through the synergistic interaction among elements [12]. These characteristics
enable high-entropy materials to demonstrate mechanical properties, thermal
stability, and catalytic activity that surpass traditional materials in the field of
catalysis.

At the same time, carbon nanofiber materials have become ideal catalyst carri-
ers due to their high specific surface area [13], good electrical conductivity [14],
and adjustable pore structure [15]. Electrospinning technology can produce fibers
with diameters ranging from 50 to 500 nm by controlling process parameters such
as voltage, propulsion rate, and solution concentration. This nanoscale size effect
can significantly increase the exposure of active sites [16]; in combination with sub-
sequent treatments, it can form a gradient distribution of micropores (<2 nm),
mesopores (2 - 50 nm), and macropores (>50 nm), which greatly enhances the
specific surface area compared to traditional materials and significantly improves
mass transfer rates and active site utilization [17]. Moreover, the rigid carbon nan-
ofiber skeleton formed by high-temperature carbonization endows the material
with excellent mechanical strength and physical-chemical stability (high-temper-
ature resistance, corrosion resistance) [18] [19].

Based on the aforementioned advantages, researchers constructed a high-en-
tropy/carbon fiber synergistic system through a composite strategy: embedding high-
entropy nanoparticles into a nitrogen-doped carbon matrix, leveraging the triple
synergistic effects of multi-active sites (high-entropy components), rapid electron
conduction (carbon network), and charge redistribution (nitrogen doping) to po-

tentially break through the performance limitations of commercial Pt/C (cost >
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300 $/g) and RuO, (stability < 100 h). Recently, significant progress has been made
in this area: Zhu et al. achieved the controllable preparation of high-entropy alloy
nanoparticles (HEA NP) through electrospinning [20]. The Zhan team synthe-
sized high-entropy one-dimensional nanowires HEA SNWs/C containing PtRuNi-
CoFeMo metals using a high-temperature oil bath; compared to commercial PtRu/C
and Pt/C catalysts, HEA SNWs/C demonstrated high activity, enhanced stability,
and good resistance to CO poisoning, showcasing excellent catalytic performance
for the hydrogen oxidation reaction (HOR) [21]. Song et al. developed copper-
based high-entropy nanofibers (Cu NPs) by loading metal precursors onto a car-
bon substrate using carbon thermal shock (CTS) technology. Theoretically, Cu
NPs were shown to form numerous defect sites, possessing outstanding carbon
dioxide reduction (CO, RR) performance [22]. Yao ef al. improved the CTS pro-
cess by loading metal salt precursors onto conductive carbon carriers, rapidly ther-
mally shocking them in an Ar-filled glove box, resulting in the formation of a high
concentration of nanoparticles on the carbon surface, and developed pentanary HEA-
NPs as ammonia oxidation catalysts (ASC), achieving nearly 100% conversion
rate and >99% selectivity for nitrogen oxides [23].

This study aims to explore the synthesis methods of high-entropy carbon nan-
ofiber materials and systematically investigate their catalytic performance in oxy-
gen reduction and oxygen evolution reactions. High-entropy carbon nanofiber
materials HCNF/HEA were successfully prepared using electrospinning technol-
ogy and high-temperature heat treatment processes. The structure and composi-
tion of the materials were analyzed using various characterization methods, and
their catalytic performance was evaluated through electrochemical testing. This study
not only provides new insights for the development of novel and efficient bifunc-
tional oxygen electrocatalysts but also holds significant importance for promoting

the application of high-entropy materials in the energy field.

2. Experimental Section: Synthesis and Characterization
2.1. Synthesis of HCNF/HEA and CNF/FeN

This study utilizes electrospinning technology combined with high-temperature
heat treatment processes to prepare high-entropy carbon nanofiber materials.
First, six types of transition metal salts were weighed: 0.5 mmol of MnCl,-4H,O,
Fe(NO3);-9H,0, Co(NO3),-6H,0, La(NO3);-6H,0, Gd(NO;);-6H,0, and 2 mmol
of Zn(NO:;),-6H,0 into a beaker, then 1.5 g of polyacrylonitrile (PAN) dissolved
in 22 g of N,N-dimethylformamide (DMF) was added to the beaker. The solution
was stirred at 1000 rpm for 8 hours at room temperature to prepare the spinning
precursor solution. Subsequently, the spinning solution was extracted with a sy-
ringe and electrospun using an electrospinning device at a voltage of 15 kV, with
a feeding rate set at 0.3 ml/h, and the syringe was positioned 18 cm from the col-
lector, yielding a precursor nanofiber membrane. The precursor fiber membrane
was pre-oxidized in an air atmosphere at a heating rate of 2°C/min to 230°C for 3

hours, and then transferred to a tubular furnace for carbonization in an argon
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atmosphere at 1000°C for 3 hours, followed by natural cooling to obtain the high-
entropy carbon nanofiber material HCNF/HEA. The precursor prepared without
adding MnCl,-4H,0, Gd (NOs)3-6H,0, but only with the corresponding concen-
trations of Fe(NO;);-9H,0, Co(NOs),-6H,0, Zn(NO;),-6H,0, and La(NOs);-6H,O,
underwent the same processes of spinning, pre-oxidation, and carbonization, re-

sulting in the material named CNF/FeN.

2.2. Materials Characterization

X-ray diffraction (XRD) characterization was performed using a D8 Advance X-
ray diffractometer equipped with a non-monochromated Cu Ka X-ray source (4
=1.054056 A). Transmission electron microscopy (TEM) was used to characterize
the morphology and microstructure of the synthetic materials, and energy disper-
sive X-ray spectroscopy (EDS) was performed to analyze the element distribution,
both of which were collected using JEOL JEM 2100 F instrument from Japan. The
specific surface area and pore size distribution were determined from nitrogen ad-
sorption/desorption measurements using a JWGB INSTRUMENTS BK112 phys-
ical adsorption analyzer, based on the Brunauer-Emmett-Teller (BET) multipoint
method and the Barret-Joyner-Halenda (BJH) model. Raman measurement was
carried out using a LabRAM HR Evolution Raman spectrometer from HORIBA
FRANCE, with a laser source wavelength of 532 nm. The chemical valence structure
of the elements on the surface of the material was analyzed by X-ray photoelectron
spectroscopy (XPS) with a Thermo Fisher Scientific K-Alpha instrument from the
United States.

2.3. Electrochemical Measurements

All electrochemical performance data were obtained using a rotating disk elec-
trode (RDE, PINE Research Instrumentation) with a CHI760E electrochemical work-
station at 25°C, utilizing a thermostatic water bath. All tests were carried out using
a three-electrode system, with platinum sheet electrodes serving as the counter
electrode and Hg/HgO (1 M KOH) as the reference electrode. Rotating disk elec-
trodes (RDE, diameter = 5 mm) were employed as the working electrodes. To cre-
ate a well-distributed catalyst ink, 5 mg of the electrocatalyst sample was ground
for 1 hour and then dispersed in 480 uL of ethanol and 20 uL of 5 wt% Nafion
solution (Dupont) via ultrasonic dispersion for at least 30 minutes. A 20 pL drop
of this mixture was then applied onto the working electrode and allowed to dry
naturally, ensuring that the catalyst loading was 1.018 mg cm™. For comparison, a
commercial 20 wt% Pt/C catalyst ink was prepared using the same procedure de-
scribed above.

Before conducting the tests, a 0.1 M KOH solution should be saturated with
N,/O,. LSV was recorded in the N,/O,-saturated 0.1 M KOH solution at a rotation
speed of 1600 rpm at 5 mV-s™!. The electrochemically active surface area (ECSA)
was determined by estimating electrochemical double-layer capacitances (Ca) us-

ing cyclic voltammograms in a non-faradaic region (1.07 - 1.17 V) at various scan
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rates (10, 20, 30, 40, 50 and 60 mV-s™!). The capacitive currents, represented as
AJ/2 (where AJ =], - J., with J, and J. denoting the anodic and cathodic current
densities at 1.12 V vs. RHE, respectively), were plotted against the scan rate and
fitted to a linear regression. The slope of this linear fit corresponds to Cq. All LSV
curves were obtained by subtracting the capacitive currents in the N, saturated
electrolyte. All potentials derived from the RDE/RRDE tests in 0.1 M KOH were
converted to RHE potentials by the equation Erue = Engmgo + 0.8676 V, based on
the calibration results, and were corrected with 80% iR-compensation. Tafel plot
was created by fitting the voltage as the vertical axis and the logarithm of the cur-
rent density as the horizontal axis. The kinetic current density (Ji) and the number
of electrons transferred (n) were calculated according to the Koutecky-Levich equa-

tions given below:

11 11
mm b =t (1)
71 I, Bo I,

B =0.62nFC, (D, )" v° @)

where ] and J represent the measured current density and the kinetic current den-
sity, respectively. w is the electrode rotation speed, and B can be determined from
the slope of the K-L plots. The variable n indicates the number of electrons trans-
ferred per oxygen molecule, F is the Faraday constant (96485 C-mol™), D, is the
diffusion coefficient of O, (1.9 X 107° cm?s™), V is the kinetic viscosity (0.01 cm?*s™),
and G, is the concentration of O, (1.2 x 107 mol-cm™). Electrochemical imped-
ance spectroscopy (EIS) measurements were conducted at open-circuit voltages
across a frequency range of 10% - 10° Hz. Stability tests and anti-toxicity meas-
urements were carried out using long-term chronoamperometry of —0.25 V (vs.
RHE).

2.4. Assembly and Test of Zn-Air Batteries

Zn-air batteries were fabricated and evaluated in an atmospheric environment at
room temperature. A polished Zn foil with a thickness of 0.2 mm was employed
as the anode. The air electrode was prepared by drop-casting a catalyst ink onto
hydrophobic carbon paper (Fuel Cell Store, effective area = 2 cm™), yielding a
catalyst loading of 0.8 mg-cm™. A waterproof and breathable membrane, along
with Ni foam, served as the gas diffusion layer (GDL) and current collectors, re-
spectively. The electrolyte consisted of 6 M KOH aqueous solutions. The open cir-
cuit potential and discharge polarization curve were recorded using LSV at a scan
rate of 5 mV-s! on a CHI760E electrochemical workstation. For comparison, a
commercial Pt/C catalyst was prepared using the same procedure to fabricate an
additional Zn-air battery. The charge-discharge cycle stability of the Zn-air bat-
teries was evaluated using Landt Instruments. The specific capacity (mAh-g™') was

calculated using the following equations:

discharge current x working time

Specific capacity = (3)

mass of consumed zinc
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3. Results and Discussion
3.1. Preparation and Structural Characterization

In this study, high-entropy carbon nanofibers (HCNF/HEA) were prepared by
electrospinning-high-temperature pyrolysis. Figure 1 is a schematic diagram of
its preparation, briefly, six transition metal salts (Mn, Fe, Co, La, Gd and Zn) are
dissolved in DMF together with polyacrylonitrile, and the precursor solution is
formed by magnetic stirring. Homogeneous nanofiber membranes were obtained
by electrospinning, followed by a two-step heat treatment: pre-oxidation at 230°C
for 3 hours and carbonization at 1000°C for 3 hours, and finally HCNF/HEA, the
target material for high-entropy CNFs. The lattice distortion effect produces a lo-
cal strain field, forming abundant active sites. The “cocktail effect” optimizes the
electronic structure through the synergy between elements. The rigid carbon nan-
ofiber skeleton formed by high-temperature carbonization gives the material ex-

cellent mechanical strength and physicochemical stability.

I - Pre-oxidation
PAN | J >
; DMF mmee
vl I \// )
iy / S
' Carbonization
—%—

Figure 1. Schematic diagram of the preparation of HCNF/HEA.

The prepared catalyst material HCNF/HEA was subjected to XRD testing (Figure
2). Through X-ray diffraction (XRD) analysis, it was found that the resulting material
exhibited sharp diffraction peaks of metals or metal carbides, indicating that metal
elements may be present in the carbon matrix. The XRD spectrum of HCNF/HEA
can be matched with JCPDS cards, which correspond to the metallic composite
crystal structures of CosFe; JCPDS#48-1817, La,Cos JCPDS#21-0262, and FeGdC,
JCPDS50-0992 [24]. Compared to the standard spectrum of FeNi alloy (PDF#47-
1417), the diffraction peaks of HCNF/HEA exhibit slight shifts due to lattice distor-
tion caused by the introduction of foreign atoms and the resulting high entropy.

Transmission electron microscopy (TEM) observations show that the HCNF/HEA
materials maintain a tubular nanofiber structure, with a fiber diameter of about
100 nm. A large number of alloy nanoparticles are densely and uniformly an-
chored in the CNFs (Figure 3(a), Figure 3(b), and Figure 3(c)) also showing
clearly visible lattice fringes, which further reveal the crystal structure of the
HEAs. The scanning transmission electron microscopy energy dispersive X-ray
(STEM-EDS) elemental mapping image (Figure 3(d)) reveals that HCNF/HEA is
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rich in N-C structure. The doping of nitrogen and the formation of metal-nitro-
gen coordination structures are believed to contribute to enhancing the electro-
catalytic performance of the materials [25]. The elements Mn, Fe, Co, La, Gd, and
Zn are successfully distributed throughout the carbon nanofibers, and the ele-
ments Fe, Co, Ni, La, Gd, and Zn aggregate to form high-entropy nanohybrid
clusters, which are widely distributed within the CNFs. The lattice distortion and
cocktail effect inherent in high-entropy alloys enable the catalyst to exhibit com-

prehensive performance far exceeding that of traditional alloys [26].

90
—— HCNF/HEA

80 —— JCPDS#48-1817

70 4 —— JCPDS#21-0262
—_ —— JCPDS#50-0992
= 604
S 50
>
=401
=
S 304
~N—
= 20-
L]

10

0
-10 . J|l ||||I ||.a .III
20 40 60 80
2 Theta(degree)

Figure 2. XRD analysis of HCNF/HEA.

Figure 3. (a)-(c) TEM image; (d) EDS element mapping image of HCNF/HEA.

The pore structure has a significant impact on ion transport, and adsorption-
desorption experiments were conducted on the materials. Figure 4(a) shows the
nitrogen adsorption-desorption curve and pore size distribution of HCNF/HEA.
At lower relative pressures, the amount of adsorption exhibits a plateau, indicat-
ing the presence of micropores [27]. As the relative pressure increases, the appear-
ance of a hysteresis loop is observed, and when the relative pressure approaches
1, the amount of adsorption increases significantly. These features indicate the

simultaneous presence of mesopores and macropores in the material [28]. The
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BET calculation based on N, gives a specific surface area of 564.506 m*g, and
the appropriate porous structure in the carbon fiber endows it with a large specific
surface area. This characteristic allows the electrolyte to penetrate sufficiently, ac-
celerating electron transfer and the embedding/releasing of oxygen species, which
endows HCNF/HEA with excellent ORROER performance [29]. The Raman spec-
trum of the HCNF/HEA material is shown in Figure 4(b). In the Raman spectra
of carbon materials, the D peak and G peak are two significant characteristic marks.
The D peak indicates the presence of amorphous carbon or structural defects in
the material, while the G peak reflects the characteristics of the graphite structure
[30] [31]. The D and G peaks are located at 1365 cm™ and 1587 cm™, respectively.
The intensity ratio ID/IG of the HCNF/HEA material is 0.885, indicating that the
carbon materials in the carbon fiber of the HCNF/HEA composite have developed
a sufficient amount of defects and a high degree of graphitization at high temper-
atures. The redshift and blueshift of the D and G peaks can be attributed to the

functional groups formed by the multi-metal.
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Figure 4. (a) Nitrogen adsorption/desorption curves; (b) Raman spectra of HCNF/HEA.

XPS analysis is used to determine the elemental composition of the sample sur-
face and its relative contents. As shown in Figure 5, within the binding energy
range of 0 - 1200 eV, the sample mainly contains characteristic peaks of three el-
ements: C, O, and N, corresponding to the electronic orbital signals of C 1s (~284.8
eV), O 1s(~532eV), and N 1 s (~401.5 eV). The detection of signals for metal
elements such as Ld, Co, Mn, Fe, and Co in the XPS full spectrum indicates that
the preparation process successfully introduced various metal components, fur-
ther confirming that the material achieved high-entropy synthesis (Figure 5(a)).
The Gaussian-Lorentzian peak fitting of the C 1s spectrum (Figure 5(b)) reveals
three characteristic peaks: 284.8 eV corresponding to sp? hybridized carbon
(C=C/C-C) reflecting graphene-like carbon framework structure; 285.7 eV at-
tributed to C-N/C=N bonds, indicating that the incorporation of nitrogen in
HCNF/HEA enriches the N-C structure; and 289.0 eV corresponding to carboxylic
acid groups (O-C=0), typically located at edge defect sites of carbon materials. The
oxygen-containing functional groups in the C 1s spectrum suggest that the material
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surface has significant oxidative characteristics, which is beneficial for enhancing
hydrophilicity and chemical reactivity [32]. The peak fitting results of the O 1s spec-
trum (Figure 5(c)) show three main components: the peak at 529.8 eV corresponds
to lattice oxygen of metal oxides; the peak at 531.9 eV represents adsorbed water or
carboxylic acid oxygen (C=0); and the peak at 533 eV can be attributed to carbon
and hydroxyl bond sites (—~OH). The high ratio of C-O (533 eV) and O-C=0 (531.9
eV) components further validates the presence of oxygen functional groups in the
C 1s spectrum [33]. Figure 5(d) displays the N 1s spectrum of HCNF/HEA, which
was fitted to obtain three forms of nitrogen doping: 398.5 eV: pyridinic nitrogen
(Pyridinic-N), contributing electrons to the m-conjugated system; 401.0 eV: gra-
phitic nitrogen (Graphitic-N), which can improve the conductivity of the material;
and the peak at 404.9 eV can be attributed to oxidized nitrogen species. The role of
pyridinic nitrogen can significantly enhance the catalytic performance of the mate-
rial, while the presence of graphitic nitrogen helps maintain the conductive network
[34]. HCNF/HEA material is carbon-based, forming a sp?/sp® mixed hybrid struc-
ture, with a surface rich in hydroxyl and carboxyl oxygen-containing functional
groups, which has an important impact on the material’s performance. For example,
pyridinic nitrogen and graphitic nitrogen can serve as active sites and conductive
channels, respectively, to enhance the conductivity of the catalyst [35]; the synergis-
tic effect of C=0 and pyrrolic nitrogen may enhance the electrocatalytic activity
[36]; and the rich oxygen-containing functional groups help to improve the disper-
sion of the material in aqueous systems [37].

a b Raw Cls

Survey Cls
Background
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I
? = sp? C-C
s & |[—Cc-Ne=N
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Figure 5. (a) XPS total spectrum of HCNF/HEA and XPS plots of (b) C 1s, (c) O 1s, (d) N 1s.
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Figure 6. XPS spectra of (a) Mn 2p, (b) Fe 2p, (c) Co 2p, (d) La 3d and (e) Gd 4d of HCNF/HEA.

Through peak fitting, the Mn 2p spectrum of HCNF/HEA (Figure 6(a)) pre-
sents a typical double peak structure (Mn 2ps, at 641.5 eV and Mn 2p;,, at 653.6
eV), indicating the presence of Mn?*. There are partially redox-active sites on the
material’s surface, possibly related to the electron transfer with the carbon matrix.
Additionally, satellite peaks were observed in the 646 eV range, further supporting
the Mn** characteristics [38]. The Fe 2p spectrum (Figure 6(b)) displays the main
peaks of 2ps, and 2pj; located at 712.6 eV and 721.48 eV, with satellite peaks for
Fe observed at 727.7 eV and 716.7 eV, consistent with Fe** characteristics. The
interaction of Fe with metals like Mn, Co, etc., forms a multi-metallic synergistic
system that enhances the material’s magnetic or electrocatalytic activity [39] [40].
The Co 2p spectrum in Figure 6(c) shows the main peaks of 2ps; and 2p,» located
at 780 eV and 795.7 eV, and satellite peaks are present at 786.9 eV and 774.8 eV
[41]. The La 3d spectrum (Figure 6(d)) displays typical double peak splitting (3ds
and 3ds,,), with split peaks located at 853.6 eV and 836.6 eV, corresponding to La
3ds;, and La 3ds,, respectively. Its high electronegativity may regulate the elec-
tronic structure of the carbon fiber surface through electron modulation effects,
enhancing its adsorption capacity for specific molecules (like O,). This is also one
of the reasons for selecting La and Gd elements in this paper [42] [43]. The Gd 4d
spectrum (Figure 6(e)) shows broad peak characteristics due to weak spin-orbit
coupling. Peak fitting indicates a Gd 4ds,; peak at 143.1 eV and a Gd 4d;,; peak at
148.3 eV. The interface of gadolinium with the carbon matrix may introduce local
magnetic moments through its 4f electronic characteristics, synergistically en-

hancing the material’s magnetic responsiveness with Fe and Co. Moreover, the
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high polarizability of Gd** could optimize the adsorption energy of reaction in-
termediates by surface charge rearrangement [44]. The low detection of Zn in XPS
may be due to the high-temperature evaporation of free Zn species on the surface
during carbonization [45]. The analysis of XPS for Mn 2p, Fe 2p, Co 2p, La 3d,
and Gd 4d reveals the chemical states and synergistic mechanisms of multi-metal
elements in high-entropy carbon fibers, providing a theoretical basis for designing

high-performance high-entropy carbon-based materials.

3.2. Electrochemical Analysis

To evaluate the catalytic performance of high-entropy CNF materials, electro-
chemical analysis was conducted comparing HCNF/HEA with CHF/FeN materi-
als. CV cycles were tested under O, and N, atmospheres in the range of 0.1 V to
1.2 V (vs. RHE) (Figure 7(a)). Under nitrogen conditions, there were no signifi-
cant redox peaks, while in oxygen, both HCNF/HEA and CHF/FeN exhibited dis-
tinct redox peaks, indicating their efficient redox activity. The multi-element syn-
ergistic effect of HEA increased the density of active sites, promoting O, adsorp-
tion and dissociation. The Nyquist plot in Figure 7(b) shows that the charge trans-
fer resistance (Rct) of HCNF/HEA is 38 Q, lower than that of CHF/FeN (42.5 Q),
indicating that HCNF/HEA has a faster electron transport rate.
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Figure 7. (a) CV cyclic test plots of HCNF/HEA and CHF/FeN in O: and N atmospheres,
and (b) their impedance measurements.

By scanning the voltage of the illegal Faraday region (1.06 - 1.16 V vs. RHE) at
different scan rates, the double-layer capacitance and electrochemically active sur-
face area can be calculated (Figure 8). Figure 8(a) and Figure 8(b) show the CV
tests at different scan rates. It can be seen that HCNF/HEA and CHF/FeN show
slight differences, which may be caused by electrode polarization. Based on the
test results, the difference in current density at the center of the image at different
scan rates is obtained, and it is fitted that the Cdl of HCNF/HEA is 23.8 mF-cm™,
which is better than CHF/FeN’s 18.1 mF-cm™* (Figure 8(c) and Figure 8(d)). The
multi-level pore structure and surface roughness significantly enhance the density
of active sites, and the high Cdl value of HEA also indicates that the multiple ele-
ments provide exposed active edge sites.
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layer capacitance calculations for HCNF/HEA and CNF/FeN.
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Figure 9. Electrochemical ability tests for HCNF/HEA, CHF/FeN, and Pt/C. (a) LSV test for
OER; (b) corresponding taffel slope; (c) LSV test for ORR; (d) corresponding Tafel slope.
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In order to visually observe the catalytic activity of high-entropy materials
HCNF/HEA, LSV tests and Tafel slope fittings were conducted (Figure 9). OER
tests (Figure 9(a) and Figure 9(b)) indicate that high-entropy CNFs materials
possess good OER catalytic activity, with the corresponding voltages for HCNF/
HEA, CHF/FeN, and RuO at a current density of 10mA-cm™ being 1.65 V, 1.68
V,and 1.71 V, respectively. Additionally, the Tafel slopes of the high-entropy ma-
terial catalysts at 110.47 mV- dec™ and 104.52 mV-dec™ are both superior to that
of the commercial RuO catalyst at 147.94 mV-dec™. The testing system for ORR
(Figure 9(c) and Figure 9(d)) shows that the half-wave voltages for HCNF/HEA
and CHF/FeN are 0.795 V and 0.787 V, respectively, which are higher than the
0.779 V of the commercial Pt/C catalyst. The ORR Tafel slopes of high-entropy
CNFs materials also perform well, with 123.44 mV-dec™! for HCNF/HEA and
124.28 mV-dec™ for CHF/FeN, both of which are better than the 267.85 mV-dec™’
of the Pt/C catalyst.
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Figure 10. Electron transfer and stability tests for HCNF/HEA (a) LSV tests for ORR at different speeds;
(b) corresponding K-L calculations; (c) i-t chronoelectric current test; (d) methanol resistance toxicity

test.

In order to investigate the four-electron reaction capability of HCNF/HEA, LSV
tests for ORR were conducted at different rotation speeds. Based on the data meas-

ured from Figure 10(a), the rotation speed and current density were extracted to
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plot the K-L calculation line in Figure 10(b). The calculation result indicates that
the electron transfer number n = 3.65 for HCNF/HEA, demonstrating a suffi-
ciently high four-electron response performance. To examine the stability of
HCNEF/HEA, we carried out a time-current (i-t) test (Figure 10(c)). The results
show that HCNF/HEA maintained a current response for 25,000 s at open-circuit
voltage, and the relative current was 90.85% of the original value, indicating low
loss; in contrast, the current for Pt/C showed a significant drop to 84.15% of its
original value. To study the catalyst’s anti-poisoning performance, methanol was
added during the timed current test to observe changes in performance. The re-
sults in Figure 10(d) show that adding methanol at 400 s did not cause any sig-
nificant change in the i-t curve for HCNF/HEA. In stark contrast, the i-t curve for
the commercial Pt/C catalyst displayed a significant negative shift compared to its
initial value under the same test conditions, demonstrating the excellent anti-poi-
soning stability of HCNF/HEA.

3.3. Zinc-Air Battery Test

In order to further study the practical application of the target catalyst in zinc-air
batteries (ZAB), it was assembled into an aqueous zinc-air battery (Figure 11(a)).
It can be observed that the open circuit voltage of the HCNF/HEA-based ZAB
stabilized at 1.38 V, close to that of the commercial Pt/C-based ZAB (1.40 V) (Fig-
ure 11(b)). To test the discharge specific capacity, the assembled zinc-air batteries
underwent constant current discharge tests until the battery could no longer op-
erate (Figure 11(c)). The results showed that the discharge specific capacity of the
HCNF/HEA ZAB was 797.68 mAh-g™', higher than the 767.60 mAh-g' of the
commercial Pt/C-based ZAB. This difference may be due to battery polarization
or the occurrence of side reactions, which also indirectly indicates the corrosion
resistance of the HCNF/HEA. In addition, the charge-discharge curves of the zinc-
air batteries were measured, revealing that the ZAB assembled with HCNF/HEA
exhibited good charge-discharge efficiency compared to the Pt/C catalyst-based
ZAB. The power density curve was obtained from the ZAB discharge curve (Fig-
ure 11(d)). The maximum power density of the HCNF/HEA-based ZAB was
120.01 mW-cm™, approaching the peak power density (124.62 mW-cm™) of the
commercial Pt/C ZAB. The good performance of HCNF/HEA can be attributed
to the high entropy effect brought by the high-entropy alloy and the excellent pro-
tection and conductivity of graphite carbon fibers.

Considering the excellent corrosion resistance and stability of HCNF/HEA, it
was loaded onto a ZAB and then tested on a new power battery tester to assess its
long-term cycling stability performance (Figure 12). The results showed that un-
der a current density of 10 mA-cm™ and a 10-minute charge-discharge cycle, the
voltage range of the HCNF/HEA-based ZAB remained stable between 1 - 2.3 V,
cycling stably for 240 hours without significant degradation. In contrast, the back-
and-forth potential of the Pt/C-based ZAB sharply increased after about 2 hours,
and after approximately 50 hours, the testing machine issued an alarm, which is
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likely due to the battery being corroded by the catalyst. The overall robust perfor-
mance of the ZAB indicates that HCNF/HEA holds significant potential for prac-

tical applications.
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Figure 11. (a) Physical photos of HCNF/HEA-based ZAB open circuit voltage; (b) OCP test chart; (c) discharge specific
capacity test; (d) charge-discharge polarization curve and power density curve of HCNF/HEA and Pt/C-based ZAB.
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Figure 12. Long-cycle voltage curve of a ZAB loaded with HCNF/HEA and Pt/C.

4. Conclusion

In this work, an electrospinning-pyrolysis strategy was established to synthesize
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Mn/Fe/Co/La/Gd high-entropy carbon nanofibers (HCNF/HEA), in which Zn-
induced defect engineering and polymetallic synergistic effects jointly enhanced
bifunctional oxygen electrocatalysis. Lattice distortion and the “cocktail effect”
optimize the electronic structure, while the multi-stage carbon framework facil-
itates mass/charge transfer, enabling superior ORR/OER activity and zinc-air
battery performance. Despite the encouraging results, there are still a number
of issues that merit further study. For example, a 240-hour stability test indicates
stability, but long runs (>500 hours) may reveal metal leaching or carbon cor-
rosion. At the same time, the optimal proportion of metal elements is also worth
studying; Finally, mechanical stability under bending stress should also be con-
sidered. This study validates HCNF/HEA as a high-performance, cost-effective
oxygen-electrocatalytic catalyst. Addressing these limitations will provide a new
idea for the development of efficient and stable bifunctional oxygen electrocat-
alysts to accelerate the deployment of zinc-air batteries in grid-scale renewable

energy storage.
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