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Designing efficient, stable and low-cost bifunctional oxygen electrocatalysts for metal air batteries is crucial
and challenging. The study reports a simple and controllable synthesis strategy of polycrystalline high
entropy fluoride modified porous carbon nanofibers ((MnNiCuCoZn)F,-PCNFs) for bifunctional oxygen
electrocatalysis. The (MnNiCuCoZn)F,-PCNFs feature continuous and facilitated pathways and a porous
structure for electron transportation and mass diffusion, providing an ideal environment for
electrocatalytic reactions. The multi-principal element characteristic of high-entropy fluoride also offers
a wealth of active sites to enhance the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER). The zinc component leads to the transformation of high-entropy fluoride nanoparticles from
single-crystal to polycrystalline, thereby effectively increasing the likelihood of exposing
electrocatalytically active sites. Therefore, the prepared (MnNiCuCoZn)F,-PCNFs exhibit superior
electrocatalytic performance for the ORR (Ey, = 0.852 V) and OER (0 = 310 mV). The assembled
(MnNiCuCoZn)F,-PCNF-based ZABs achieve a high peak power density of 206 mW cm™2 and stable
operation for more than 400 h. The corresponding DFT calculations further reveal that the zinc
component in (MnNiCuCoZn)F,-PCNFs can lead to a continuous distribution of the density of electronic
states at the Fermi level, thereby facilitating electron transfer. It can also significantly optimize the energy
layout of reaction intermediates, substantially reducing the energy barriers for the ORR and OER (from
1.80 eV to 1.03 eV for the ORR and from 1.35 eV to 0.73 eV for the OER). The study proposes
a "polycrystalline transition” that paves a novel pathway for the structural design of high-entropy
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the cathode of ZABs mainly rely on the scarcity and high cost of
noble metal electrocatalysts (such as Pt, Ir, Ru, etc).*® To this

1 Introduction

The continued rise in global temperatures brings severe chal-
lenges to environmental security.” Zinc-air batteries (ZABs)
have received extensive research attention due to their high
theoretical energy density, abundant zinc metal reserves, good
rechargeability, low manufacturing cost, high safety and envi-
ronmental friendliness.*> However, the oxygen evolution reac-
tion (OER) and oxygen reduction reaction (ORR) occurring in
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end, various cheap electrocatalysts with excellent activity, high
selectivity and good stability have been developed and applied
by scientists, such as nanocarbon -catalysts,” metal/carbon
catalysts,’ transition metal compounds,”™ atomically
dispersed metal site catalysts,'*'* MOF-derived material cata-
lysts,'® high-entropy catalysts'”*® and so on.

For a long time, in the field of electrocatalysts and ZAB
application, the mainstream ideas have been to achieve high
catalytic activity of materials through using various modification
methods such as heteroatom doping,'® single atom modifica-
tion,?® oxygen vacancy engineering,”* etc. The emerging field of
high-entropy materials (HEMs) brings new ideas and attempts to
understand what material properties will occur at the limit of
extreme disorder.”” In HEMs, various elements are mixed in
roughly equal-atomic proportions, and disorder is no longer
a weak perturbation but a dominant effect. Currently, four main
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effects of HEMs have been widely accepted, namely the high
entropy effect, lattice distortion, sluggish diffusion and the
cocktail effect.”® Specifically, the advantages corresponding to
these effects are as follows: (i) the high entropy effect reflects the
main contribution of mixing entropy to the formation of
a homogeneous phase and improves the thermodynamic
stability of the catalyst.>* (ii) Lattice distortion is due to the size
differences between various atoms in HEMs causing the lattice
points to deviate from the ideal position.>® (iii) The sluggish
diffusion effect means that lattice distortion leads to an increase
in the diffusion activation energy of atoms in the lattice, thereby
reducing the effective diffusion rate of atoms and improving the
dynamic stability of the catalyst.>® (iv) The “cocktail” effect refers
to a synergistic effect brought about by the interaction between
various elements, which can construct a more ideal electronic
structure to achieve efficient catalysis.?” All of these factors can
provide HEMs with versatile merits, thus making them widely
used in electrocatalytic systems.”*?° As everyone knows, HEMs
can be classified into high-entropy alloys (HEAs), which exist only
as metal atoms, and high-entropy compounds (HECs), which
exist in the form of compounds. The structure formed by the
interaction of multiple elements on the surface of high-entropy
materials creates a wide range of potential atomic configura-
tions, which leads to high-entropy alloys demonstrating that
enhanced oxygen catalytic performance can be realized.** For
example, Chen et al** employed a metallurgical approach to
develop a (CrFeCoNi)y,0; bulk O-HEA, demonstrating excep-
tional electrocatalytic performance for the OER. The coordina-
tion of some anions to form HECs is an effective method to
further improve the oxygen catalytic performance.**** Further-
more, Dai et al.*® also synthesized a high-entropy fluoride that
can exhibit an ultra-low overpotential of 314 mV at 10 mA cm >
for the OER. Due to its highest electronegativity (4.0), fluorine
can modulate the electronic properties of the prepared catalyst
through a strong charge delocalization effect, thus reducing
charge transfer resistance, facilitating fast mass transfer and
enhancing oxygen catalysis.*

In addition to the above methods being applied to improve
oxygen redox performance, various crystal structure design
strategies can be employed to enhance the activity of electro-
catalysts such as crystal structure porosification,*” specific crystal
facets on single crystals,®® polycrystalline structures synthesis
and so on.* For example, Dette et al. designed and prepared
polycrystalline hydroxides of Fe/Co/Ni with high roughness
which could significantly increase the surface roughness when
compared with their single-crystal counterparts, thereby
increasing the number of active sites for OER catalysis.*’
Consequently, transferring the polycrystalline transformation
strategy to the field of high-entropy materials holds promise for
further enhancing their oxygen electrocatalytic activity. In
various practical strategies, the atomic rearrangement of crystals
with increasing temperature may lead to the transformation
from single-crystal to polycrystalline, which is a feasible method
among many methods.** Inspired by this, introducing zinc with
a low melting point into high-entropy materials could result in
atomic rearrangement during the calcination process.** This may
induce the polycrystalline transformation of high-entropy
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materials, thus increasing the number of electrocatalytically
active sites. However, the zinc-containing high-entropy alloys
reported so far have not shown this phenomenon, which may be
due to the over-rapid diffusion of zinc in metal particles.***°
Therefore, introducing anions to coordinate with metals to
enhance the retardation of diffusion in high-entropy materials,
and inducing polycrystalline transformation through zinc atomic
rearrangement at high temperatures, is a feasible approach.
However, no relevant studies have been reported so far.

In this work, a series of middle-high entropy fluoride
modified porous carbon nanofibers ((MnNiCu)F,-PCNFs,
(MnNiCuCo)F,-PCNFs, (MnNiCuZn)F,-PCNFs, and (MnNiCu-
CoZn)F,-PCNFs) were successfully designed and prepared based
on electrostatic spinning and calcination for the ORR and OER.
The obtained (MnNiCuCoZn)F,-PCNFs with the continuous
conductive channels and porous structure, provide an ideal
environment for electrocatalytic reactions. The multi-principal
element characteristic of high-entropy materials also offers
enough active sites, effectively accelerating the electrocatalytic
processes of the ORR and OER. Zn transforms high entropy
fluoride crystals from single crystal to polycrystalline, which
could greatly enhance the contact areas between high entropy
fluoride crystals and the liquid electrolyte for more active sites.
Therefore, (MnNiCuCoZn)F,-PCNFs exhibit excellent electro-
catalytic activity for the ORR (E;, = 0.852 V vs. RHE) and OER
(110 = 310 mV, 1,9 = Ej—1o — 1.23 V vs. RHE). The assembled
ZABs using the prepared electrocatalysts exhibit a peak power
density of 206 mW cm 2, a characteristic capacity of
760 mA h ¢ ', and a stable charge-discharge cycle capability of
more than 400 h. Moreover, the related simulation calculations
based on density functional theory have revealed that zinc can
also modulate the density of electronic states to facilitate rapid
electron transfer, and optimize the energy distribution of the
reaction transition state to concurrently lower the energy
barriers of both the ORR and OER.

2 Experimental section
2.1 Synthesis of (MnNiCuCoZn)F,-PCNFs

The detailed preparation process is shown in Fig. 1. Typically,
a spinning solution consisting of 4 g polyvinylpyrrolidone (PVP,
Mw = 1300000 g mol~ ') and 16 g deionized water was mixed in
a beaker with a magnetic stirrer for 60 min. Then, 40 g of pol-
ytetrafluoroethylene emulsion (PTFE, Mw = 678.10 g mol *, 60
wt%) and a total of 20 mmol of metal salts in an equal molar
ratio were added to the above mentioned solution and stirred at
room temperature for 3 h. These metal salts included part or all
of manganese acetate (Mn(CH3;COO),-4H,0, MnAc,, 99%),
cobalt nitrate (Co(NO3),-6H,0, 99%), nickel acetate (Ni(CH;-
COO0),-4H,0, NiAc,, 99%), copper nitrate (Cu(NO3),, 99%), and
zinc acetate (Zn(CH3COO),-4H,0, ZnAc,, 99%). Subsequently,
the prepared solution was transported to a self-built electro-
blowing spinning device (EBS) for producing the precursor
nanofibers at a voltage of 20 kV, a distance between the nozzle
and the collector of 800 mm, and an air pressure of 0.1 MPa.
Subsequently, the precursor nanofibers were transferred to
a muffle furnace and heated to 250 °C at a rate of 2 °C min™ " in

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Schematic diagram of the preparation of high entropy fluoride modified porous carbon nanofibers.

an air atmosphere and maintained for 1 h. The pretreated
nanofibers were carbonized in a nitrogen atmosphere in a tube
furnace by heating to 800 °C at a rate of 2 °C min~ " and kept for
1 h. The decomposition of PTFE at high temperatures produces
a fluorine-containing atmosphere, which induces the formation
of a porous structure.***¢ Moreover, due to the presence of
a fluorine-containing atmosphere, metal salts will have a big
opportunity to transform into metal fluorides.*” The prepared
porous carbon nanofibers (PCNFs) loaded with multi-
component metal fluorides were named (MnNiCu)F,-PCNFs,
(MnNiCuCo)F,-PCNFs, (MnNiCuZn)F,-PCNFs, and (MnNiCu-
CoZn)F,-PCNFs according to the elements contained,
respectively.

2.2 Electrochemical measurements

The electrochemical measurements were performed using an
electrochemical cell equipped with a spinner supplied by PINE
Co. The -corresponding electrochemical properties were
measured using a CHI760e electrochemical workstation of
Shanghai Chenhua Company. The working electrodes used
include a rotating disk electrode (RDE) with a 5 mm GC disk,
a rotating ring disk electrode (RRDE) with a 5.61 mm GC disk
and a 7.09 mm platinum ring, and 1 mm thick nickel foam. The
applied Hg/HgO electrode was used as the reference electrode,
and a carbon rod was used as the counter electrode. All poten-
tials are reported relative to the reference hydrogen electrode
(RHE). The used catalyst ink was prepared by mixing 4 mg
catalyst, 40 pL Nafion solution and 960 pL ethanol, with
a catalyst loading of 0.2 mg cm ™2 for RDE and RRDE tests. For
the assembled zinc-air batteries, the anode consists of high-
grade zinc flakes, while the cathode consists of hydrophobic
carbon paper coated with catalyst ink (0.5 mg cm2). The liquid
electrolyte used was a mixture of 6 M KOH and 0.2 M ZnAc,. The
charge—discharge cycle stability of the assembled battery was
evaluated through a series of 10 min charge and 10 min
discharge cycles.

This journal is © The Royal Society of Chemistry 2024

2.3 Computational methods

All density functional theory (DFT) calculation results are ob-
tained by running the Vienna Ab Initio Simulation Package
(VASP). The exchange correlation potential is described using
the generalized gradient approximation (GGA) and the spin-
polarized Perdew-Burke-Ernzerhof (PBE) functional. The
electron/ion interaction relationship is described by the addi-
tive plane wave method, and the cutoff plane wave energy was
set to 350 eV. Structural relaxation followed the convergence
criteria of an energy difference of 10> eV per atom and a stress
difference of 0.02 eV A™*. To eliminate interactions between
adjacent surfaces, a vacuum layer with a thickness of more than
15 A was introduced. The system energy, electronic density of
states (DOS) and charge distribution were calculated based on
a single point energy difference of 10~7 and a gamma grid K-
point configuration of 3 x 3 x 2. In order to achieve more
accurate transition metal energy estimation, a simplified
(rotation invariant) DFT + U method proposed by Dudalev
et al.***°* was adopted. According to relevant literature, the “U-J”
values of Mn, Co, Ni and Cu were set to 4.5, 5.9, 6 and 4.5

respectively.**>>

3 Results and discussion

In electrocatalytic processes including the ORR and OER,
effective electrocatalysts need to have continuous electron
conductivity, abundant electrocatalytically active sites, large
specific surface area, and excellent intrinsic electrocatalytic
activity to ensure that the electrochemical process proceeds
efficiently.®® The high-resolution transmission electron micro-
graphs of (MnNiCu)F,-PCNFs, (MnNiCuCo)F,-PCNFs, (MnNi-
CuZn)F,-PCNFs, and (MnNiCuCoZn)F,-PCNFs are shown in
Fig. 2. These figures all clearly show that a continuous
conductive carbon skeleton can be obtained for these samples.
The medium/high entropy fluoride nanoparticles are evenly
distributed on the continuous conductive carbon skeleton.

J. Mater. Chem. A, 2024, 12,19109-19122 | 19111
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Fig. 2 The high-resolution transmission electron micrographs (HR-TEM) of (al and a2) (MnNiCu)F,-PCNFs, (bl and b2) (MnNiCuCo)F,-PCNFs,
(c1 and c2) (MnNiCuZn)F,-PCNFs, and (d1 and d2) (MnNiCuCoZn)F,-PCNFs.

These test results show that they all have continuous electron
transport pathways for efficient electrocatalytic reactions.

The high-resolution transmission electron micrograph (HR-
TEM) of (MnNiCu)F,-PCNFs (Fig. 2a2) can be identified using
clear crystal plane diffraction fringes with a spacing of 0.31 nm,
so it is speculated that they are the (101) crystal plane of the
obtained M/HEFs. The prepared (MnNiCuCo)F,-PCNFs were
identified with an interplanar spacing of 0.23 nm, which was
speculated to be the (111) crystal plane of the obtained M/HEFs.
And in the obtained (MnNiCuZn)F,-PCNFs, two different groups
of crystal plane spacings can be identified, which are speculated
to be the (101) crystal plane and (211) crystal plane, both of
which are belonging to M/HEFs. Among them, the exposed part
of the (101) crystal plane has a relatively regular shape. But the
divided (211) crystal planes are dispersed throughout the M/
HEF, and part of it is even surrounded by the formed (101)
crystal plane. The fluoride in the formed (MnNiCuCoZn)F,-
PCNFs also exhibits a similar polycrystalline structure in which
multiple crystal planes co-exist and stack on each other.
However, the crystallographic faces in the prepared (MnNi-
CuZn)F,P-CNF can be completely surrounded by other crystal-
lographic faces (higher degree of disorder), and the
crystallographic faces in the (MnNiCuCoZn)F,-PCNF are more
ordered and aggregated when compared with other M/HEF. In
addition, the corresponding selected area electron diffraction
(SAED) was performed to further prove whether the crystals
were polycrystalline (Fig. S1t). The electron diffraction patterns
without rotational symmetry indicate that the single-crystal
grain structure of (MnNiCu)F,-PCNFs and (MnNiCuCo)F,-
PCNFs can be formed (Fig. S1a and bt).>® The clearly rotation-
ally symmetric electron diffraction patterns demonstrate that
the polycrystalline state of (MnNiCuZn)F,-PCNFs and (MnNi-
CuCoZn)F,-PCNFs can be realized (Fig. Sla and bt).***® For

19112 | J Mater. Chem. A, 2024, 12, 19109-19122

exploring the reasons for the formation of the polycrystalline
structure, the melting and boiling points of various related
substances have been compiled according to the Lange’s
Handbook of Chemistry*> as shown in Table S1t. The melting and
boiling points of each metal fluoride are lower than the corre-
sponding carbonization temperature. The carbonization
temperature is higher than the melting point of zinc metal but
lower than the melting point of other metals except zinc. The
carbonization temperature even approaches the boiling point of
zinc metal. Since a large amount of reducing gases such as
carbon monoxide will be produced during the carbonization
process, they may compete with the fluorine in the fluoride,
which may cause the fluoride to be reduced to a metallic state,
and then melt or even vaporize, causing internal stress changes,
thereby greatly inducing crystal rupture. The formation process
may be the reason why the fluoride in the prepared (MnNiCuZn)
F,-PCNFs, and the (MnNiCuCoZn)F,-PCNFs can be identified as
polycrystals with multiple coexisting crystal faces and stacked
on each other. But the fluoride particles in the (MnNiCu)F,-
PCNFs and the (MnNiCuCo)F,-PCNFs both present indepen-
dent crystals with a single crystal plane. The increased exposed
surface of particles due to transformation may significantly
increase the accessibility of electrocatalytically active sites.>”

It is therefore necessary to analyze the elemental composi-
tion of the sample to further confirm the existence of this effect.
The elemental analysis was conducted through an energy-
dispersive X-ray spectroscopy (EDS) analysis using an electron
microscope (Fig. S2-S51). From these figures, it is evident that
the distribution of the carbon element and the carbon skeleton
is highly consistent, confirming the presence of a continuous
conductive pathway in the material. The MnNiCu element in
the prepared (MnNiCu)F,-PCNFs, the MnNiCuCo element in
(MnNiCuCo)F,-PCNFs, the MnNiCuZn element in (MnNiCuZn)

This journal is © The Royal Society of Chemistry 2024
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F,-PCNFs and the MnNiCuCoZn element in (MnNiCuCoZn)F,-
PCNFs all overlap with each other. The fluorine element in each
sample is distributed on the skeleton and aggregated at the
particles. These pieces of evidence together strongly prove the
successful synthesis of multi-metallic fluorides. When
comparing the content of each element (Table S27), carbon still
accounts for the absolute majority (>90%), which is rather
beneficial to the smooth transmission of electrons. The fluorine
element is more than twice that of each metal element, which
greatly proves that in addition to metal fluorides, some fluorine
is combined with carbon to form fluorine-doped carbon mate-
rials. In order to facilitate the comparison of the content of
metal elements, the content of each metal element is obtained
and depicted in a pie chart (Fig. 3a). It can be seen that the
MnNiCu element in (MnNiCu)F,-PCNFs and the MnNiCuCo
element in (MnNiCuCo)F,-PCNFs both show comparable
proportions. The MnNiCuZn element in (MnNiCuZn)F,-PCNFs
and the MnNiCuCoZn element in (MnNiCuCoZn)F,-PCNFs
both show a slightly lower proportion of Zn than MnNiCuCo,
and MnNiCuCo are comparable proportions. These test results
also further confirm that zinc will be partially lost during the
preparation process. In addition, based on previous research
reports, the configurational entropy of the obtained (MnNiCu)
F,-PCNFs, (MnNiCuCo)F,-PCNFs, (MnNiCuZn)F,-PCNFs, and
(MnNiCuCoZn)F,-PCNFs can be calculated using Formula S3+
based on the data from Fig. 3a, which are 1.09R, 1.39R, 1.36R,
and 1.60R, respectively.”® Among them, the configurational
entropy of (MnNiCuCoZn)F,-PCNFs is larger than 1.5R, which
can be identified as high-entropy fluorides among these
samples.”>>

The XRD patterns of the sample is shown in Fig. 3b, and the
(MnNiCuCoZn)F, model can be constructed according to the
metal element ratio of the obtained (MnNiCuCoZn)F,-PCNFs.
The simulated (MnNiCuCoZn)F, has an XRD pattern similar to
that of the actual (MnNiCuCoZn)F,-PCNFs, which significantly

(a)
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illustrates successful synthesis of (MnNiCuCoZn)F,-PCNFs. The
prepared (MnNiCuCoZn)F,-PCNFs exhibit similar independent
peaks when compared to the standard card of monometallic
fluorides. Compared to the superimposed XRD spectra of
individually prepared single-metal fluoride composite PCNFs,
the XRD spectra measured from (MnNiCuCoZn)F,-PCNFs are
significantly more consistent with the simulated XRD spectra
(Fig. S61). These results show that it is a new type of fluoride
crystal different from single metal fluoride, rather than a simple
physical mixture of individual single metal fluorides. The ob-
tained MEF-PCNFs with three or four metal element types have
different lattice distortion effects from the obtained (MnNiCu-
CoZn)F,-PCNFs due to some differences in the atomic radii of
the metal elements. Therefore, they will exhibit inconsistent
crystal constants and slightly different XRD patterns.>

The pore structure of the material was also tested and charac-
terized through the nitrogen adsorption and desorption curves
(Fig. 3c). The corresponding pore size distribution is also given in
Fig. 3d. The specific surface area of (MnNiCu)F,-PCNFs,
(MnNiCuCo)F,-PCNFs, (MnNiCuZn)F,-PCNFs, and (MnNiCuCoZn)
F,-PCNFs is 166.4 m” g ', 153.0 m®> g %, 127.5 m> g ' and
101.0 m* g, respectively. That is, when the metal component is
more, it is more likely to block a wider range of micropores.*
When compared with micropores and macropores, mesopores
have more advantages in mass transfer, gas transport and
liquid electrolyte penetration.*>** The mesopore volumes for
(MnNiCu)F,-PCNFs,  (MnNiCuCo)F,-PCNFs,  (MnNiCuZn)F,-
PCNFs, and (MnNiCuCoZn)F,-PCNFs are 0.284 cc g™ *, 0.252 ccg™ ¥,
0.285 cc g ', and 0.275 cc g ', respectively. The mesoporous
fraction of (MnNiCuCoZn)F,-PCNFs, with the highest being
0.285 cc g, differed by less than 5%. Referring to related work
already reported, it can be inferred that the mesoporous structure
of (MnNiCuCoZn)F,-PCNFs is approximately equivalent to that of
the other samples to a certain extent.®**
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Fig. 3
desorption curves and (d) pore size distribution diagrams.
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(@) The content of each metal element in the sample (atomic%). (b) The X-ray diffraction (XRD) pattern. (c) The nitrogen adsorption—
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The binding energies (B.E.) can be tested through X-ray
photoelectron spectroscopy (XPS) for composition character-
ization and the electronic state (Fig. 4 and S77). The deconvo-
lution results of Mn-2p show that the Mn-2p*? of each sample
appears at around 642.7 eV, among which the Mn-2p*? of
(MnNiCuCo)F,-PCNFs shifts positively by 0.1 eV when
compared to that of other samples. The deconvolution results of
Ni-2p show that the B.E. of Ni-2p*? in the (MnNiCu)F,-PCNF
increases from 857.2 eV to 857.5 eV and 857.4 €V in the case of
Co and Zn doping, respectively. When Co and Zn are doped at
the same time, the B.E. of Ni-2p>? further shifts positively to
857.7 eV, which shows that the doping of Co and Zn can further
reduce the electron density of nickel in multi-component fluo-
rides. Some studies suggest that this reduction in electron
density is beneficial to the progress of nucleophilic reactions
(such as the OER under alkaline conditions).*”*® The B.E. of Cu-
2p>”> moves negatively from 934.1 eV of the prepared (MnNiCu)
F,-PCNFs to 933.5 eV of the obtained (MnNiCuCo)F,-PCNFs,
933.8 eV of the prepared (MnNiCuZn)F,-PCNFs and 933.8 eV of
the obtained (MnNiCuCoZn)F,-PCNFs, respectively.® These test
results also reflect that the electron density of copper atoms can
be increased due to the doping of Co and Zn to greatly promote
electrophilic reactions (such as the ORR under alkaline condi-
tions).*” A relatively obvious Co-2p*? peak can be identified in
both the prepared (MnNiCuCo)F,-PCNFs and (MnNiCuCoZn)
F,-PCNFs near 782.5 eV.”® For the (MnNiCuZn)F,-PCNFs and
(MnNiCuCoZn)F,-PCNFs, the Zn-2p*? peak is identified near
1022.4 eV, which strongly reflects that successful doping of Zn
can be realized.” The F-1s energy spectra of all samples can be
decomposed into C-F bonds at 687.0 eV and ionic metal-
fluorine bonds (M—F) at 684.7 eV.”

The ORR activities of the prepared catalysts are measured
using a typical three-electrode system in 0.1 M KOH, where all
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potentials are calibrated to the potential relative to RHE. The
polarization current curves and the corresponding Tafel slopes
are shown in Fig. 5a and b. As for (MnNiCuCoZn)F,-PCNFs, the
onset potential (E,) is 0.899 V, the half-wave potential (E,,,) is
0.852 V, and the limit current density (J) is 5.52 mA cm 2. The
ORR activities of (MnNiCuCoZn)F,-PCNFs are slightly lower
than that of the commercial Pt/C catalyst (E, = 0.926 V, Eq), =
0.856 V, and Ji = 5.50 mA cm 2), but these performances are
superior to those of the (MnNiCuZn)F,-PCNFs (E, = 0.883 V, E;,
=0.740 V, and J;, = 4.84 mA cm ™ ?), the (MnNiCuCo)F,-PCNFs
(Eo = 0.875V, Ey, = 0.782 V, and J;, = 4.35 mA cm ™ 2), and the
(MnNiCu)F,-PCNFs (E, = 0.831V, E;,, = 0.758 V, and J;, = 3.49
mA cm ™ ?). When compared to the (MnNiCu)F,-PCNFs, the ob-
tained (MnNiCuZn)F,-PCNFs exhibit a higher E, and a signifi-
cant improvement in J;. Therefore, it is speculated that the
addition of zinc components significantly enhances the variety
and number of active sites in the prepared (MnNiCuZn)F,-
PCNFs. Moreover, the (MnNiCuCo)F,-PCNFs show higher Ey, E;,
2, and J; when compared to the (MnNiCu)F,-PCNFs, indicating
that the incorporation of cobalt components significantly
enhances the intrinsic activity and quantity of ORR active sites
in the (MnNiCuCo)F,-PCNFs. Unlike the dispersed pore size
distribution of (MnNiCuZn)F,-PCNFs, the (MnNiCuCo)F,-
PCNFs constructed a more concentrated mesoporous structure
with a pore size of about 5 nm, which may be related to the
enhancement of ORR intrinsic activity. The obtained (MnNi-
CuCoZn)F,-PCNFs exhibit a combination of the features of
(MnNiCuCo)F,-PCNFs and (MnNiCuZn)F,-PCNFs, forming
a concentrated mesoporous structure with a 5 nm pore size and
transformed fluoride crystals. The formed unique structure
endows the prepared (MnNiCuCoZn)F,-PCNFs with enhanced
ORR intrinsic activity and more ORR active sites. The Tafel
slope of (MnNiCuCoZn)F,-PCNFs is 83.4 mV dec ', which is
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Fig. 4 High-resolution X-ray photoelectron spectra. (a) Mn-2p, (b) Ni-2p, (c) Cu-2p, (d) Co-2p, (e) Zn-2p, and (f) F-1s.
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lower than that of the (MnNiCuCo)F,-PCNFs (96.5 mV dec '),
the (MnNiCuZn)F,-PCNFs (112.6 mV dec '), the (MnNiCu)F,-
PCNFs (101.8 mV dec™ '), and even the commercial Pt/C
(96.5 mV dec™ '), suggesting that the (MnNiCuCoZn)F,-PCNFs
exhibit rapid ORR kinetics.” Furthermore, as shown in Fig. S8,
the n value of (MnNiCuCoZn)F,-PCNFs is approximately 4,
which is higher than that of the obtained (MnNiCuCo)F,-
PCNFs, (MnNiCuZn)F,-PCNFs, and (MnNiCu)F,-PCNFs, indi-
cating that a high four-electron selectivity towards the ORR for
(MnNiCuCoZn)F,-PCNFs can be obtained.™

For the OER (Fig. 5¢ and d), the (MnNiCuCoZn)F,-PCNFs
exhibit an overpotential (1o = Ej_1o — 1.23 V) of 310 mV, which
is lower than that of RuO, (318 mV), the (MnNiCuCo)F,-PCNFs
(368 mv), the (MnNiCuZn)F,-PCNFs (391 mvV), and the
(MnNiCu)F,-PCNFs (385 mV). When compared to the (MnNiCu)
F,-PCNFs, the (MnNiCuZn)F,-PCNFs show an increased 7, but
also a higher current density at 1.65 V, suggesting that the
introduction of Zn can increase the number of OER active sites
in the (MnNiCuZn)F,-PCNFs, but with a slightly weaker
intrinsic activity. The results can be mainly attributed to some
differences in pore size distribution and particle integrity
between the (MnNiCuZn)F,-PCNFs and the (MnNiCu)F,-PCNFs.
The introduction of Co in the (MnNiCuCo)F,-PCNFs results in

This journal is © The Royal Society of Chemistry 2024

a lower n;0 and a higher current density at 1.65 V vs. RHE
compared to the (MnNiCu)F,-PCNFs, reflecting the enhanced
intrinsic OER catalytic activity due to Co incorporation. The
synergistic effect of Co and Zn components in the (MnNiCu-
CoZn)F,-PCNFs leads to a significantly lower 7,, and enhanced
current density at 1.65 V vs. RHE compared to those of the
(MnNiCuCo)F,-PCNFs, the (MnNiCuZn)F,-PCNFs, and the
(MnNiCu)F,-PCNFs. Comparison of the Tafel slopes reveals the
following order: (MnNiCuCoZn)F,-PCNFs (88.2 mV dec ) <
(MnNiCuCo)F,-PCNFs (89.1 mV dec ') < (MnNiCu)F,-PCNFs
(93.8 mV dec™ ) < (MnNiCuZn)F,-PCNFs (97.0 mV dec™ '), which
is in complete agreement with the above analysis and further
confirms the synergistic effect of Co and Zn components. The
Tafel slope of (MnNiCuCoZn)F,-PCNFs, being lower than that of
RuO, (130.3 mV dec™ '), also demonstrates its superior OER
kinetics.””® After 2000 cycles of accelerated durability testing
(ADT), the 1o of (MnNiCuCoZn)F,-PCNFs increases by 18 mV,
whereas that of RuO, increases by 20 mV (Fig. S91), indicating
that a stable and excellent OER performance of (MnNiCuCoZn)
F,-PCNFs can be realized.

The electrochemical surface area (ECSA) is defined as the
actual effective area on the electrode material that can partici-
pate in electrochemical reactions.”” The parameter is crucial for
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assessing the electrocatalytic efficiency of electrode materials,
as the rate of electrochemical reactions is typically directly
related to the material's effective surface area.”®”® The capaci-
tance value is obtained by calculating at different scan rates
within the non-faradaic current range. The CV curves at
different scan rates within the non-faradaic current range for
these prepared (MnNiCu)F,-PCNFs, (MnNiCuCo)F,-PCNFs,
(MnNiCuZn)F,-PCNFs, and (MnNiCuCoZn)F,-PCNFs are shown
in Fig. $10.f Fitting the central intercept of their CV curves
yields their double-layer capacitance (Cy4)) (Fig. 5e). The Cq4; of
(MnNiCuCoZn)F,-PCNFs is 17.6 mF cm 2, which is essentially
equivalent to the 18.3 mF cm™ 2 of (MnNiCuZn)F,-PCNFs, and
higher than the 12.0 mF ecm ™2 of (MnNiCuCo)F,-PCNFs and the
8.7 mF cm > of (MnNiCu)F,-PCNFs, indicating that zinc
contributes more to the Cq4 than cobalt. The reason is specu-
lated to be related to zinc inducing a polycrystalline transition
in the fluoride, leading to more accessible electrochemical
reaction sites.** Based on the measurement results of Cg, the
ECSA was calculated and used to normalize the OER catalytic
performance.**®* The normalized polarization curves from the
ECSA also revealed the superiority of the (MnNiCuCoZn)F,-
PCNFs among these samples (Fig. S11}).*® Electrochemical
Impedance Spectroscopy (EIS) is employed to reveal the charge
transfer capabilities of the prepared catalysts and to discuss
their impact on the electrocatalytic activity. The measured
Nyquist plots, as shown in Fig. S12,T generally indicate a posi-
tive correlation between the semicircle diameter and the charge
transfer impedance.®” Consequently, the order of magnitude for
charge transfer impedance is as follows: (MnNiCuCoZn)F,-
PCNFs < (MnNiCuCo)F,-PCNFs < (MnNiCu)F,-PCNFs < (MnNi-
CuZn)F,-PCNFs. This order inversely correlates with their OER
activity trends, suggesting that smaller charge transfer imped-
ance is conducive to faster OER kinetics.*

Structural stability is crucial for the catalytic performance of
catalysts. The long-term stability of (MnNiCuCoZn)F,-PCNFs for
the OER was tested as shown in Fig. S13.f The prepared
(MnNiCuCoZn)F,-PCNFs exhibited a 94% current density,
which was significantly superior to the 76% of RuO,. The XRD
test result of (MnNiCuCoZn)F,-PCNFs after a 20 000-second
OER process also confirmed that the stable existence of high-
entropy fluorides can be obtained (Fig. S14t). Moreover, the
microstructure of (MnNiCuCoZn)F,-PCNFs after the OER
process was carefully observed using the HR-TEM testing
equipment (Fig. S15). The prepared (MnNiCuCoZn)F,-PCNFs
still displayed their original nanofiber conductive pathways
even after the OER (Fig. S15at). Additionally, the polycrystalline
structure of the high-entropy fluorides was demonstrated by the
rotation of electron diffraction spots in the SAED pattern
(Fig. S15b2+).**° Furthermore, a linear scanning of EDS on the
(MnNiCuCoZn)F,-PCNFs after the OER also revealed that
a distinct high-intensity signal of the oxygen element at the
crystal interfaces of the polycrystalline (MnNiCuCoZn)F, parti-
cles can be realized (Fig. S15d7). All of these proved that the
crystal interfaces of the polycrystalline particles were more
likely to participate in the OER, thereby generating oxygen-
containing intermediates.**
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The practical application of the prepared catalysts is evalu-
ated by assembling them into ZABs (Fig. 5f). Initially, their
discharge polarization curves are obtained, and the power
density curves are obtained (Fig. 5g). The (MnNiCuCoZn)F,-
PCNF-based-ZAB exhibits a peak power density of 206 mW
cm 2, which is higher than that of the (MnNiCuZn)F,-PCNF-
based-ZAB (178 mW cm ), the (MnNiCuCo)F,-PCNF-based-
ZAB (151 mW cm?), and the (MnNiCu)F,-PCNF-based-ZAB
(127 mW cm ?), and even surpasses that of the Pt/C + RuO,-
based-ZAB (172 mW cm™?). These results demonstrate the
effective power release capability of the (MnNiCuCoZn)F,-
PCNFs as a cathode catalyst for ZABs. As depicted in Fig. 5h, the
(MnNiCuCoZn)F,-PCNF-based-ZAB exhibits a specific capacity
of 760 mA h g7, exceeding that of the (MnNiCuZn)F,-PCNF-
based-ZAB (611 mA h g~ '), the (MnNiCuCo)F,-PCNF-based-ZAB
(647 mA h g '), and the (MnNiCu)F,-PCNF-based-ZAB
(555 mA h g'), and even outperforming the Pt/C + RuO,-
based-ZAB (682 mA h g™ ). All of these results reflect the highest
specific capacity output capability of the (MnNiCuCoZn)F,-
PCNFs as a cathode catalyst for ZABs among the prepared
samples. Moreover, the (MnNiCuCoZn)F,-PCNF-based-ZAB is
able to operate for over 400 h (Fig. 5i), significantly surpassing
the Pt/C + RuO,-based-ZAB. In comparison to some related
studies reported in Table S3,1 the (MnNiCuCoZn)F,-PCNFs
prepared in this study exhibited a superior potential gap (AE =
Ej_io — E1» = 0.688 V) and a higher peak power density of 206
mW cm 2. This demonstrates the broad application prospects
of the (MnNiCuCoZn)F,-PCNFs as bifunctional oxygen
electrocatalysts.

For understanding the impact of electronegativity differ-
ences among various metals in HEAs on driving the adsorption
and conversion of intermediates in alkaline ORR and OER, we
proposed the potential adsorption state models and schematic
diagrams of reaction processes based on classical electro-
chemical oxygen catalysis theory.>*** As shown in Fig. 6a, under
alkaline conditions, the OER process involves the interaction of
H,0 with the catalyst, successively generating *OH, *O, and
*OOH transition states, eventually converting to 0,.*® The ORR
process is the reverse reaction of the OER process, where the
interaction of O, with the catalyst successively generates *OOH,
*O, and *OH transition states, eventually converting to H,O.
Based on the results of the preliminary component analysis,
a structural model with a constant metal atom ratio (MnNiCu-
CoZn)F, was constructed, as shown in Fig. 6b.

Based on the results of preliminary compositional analysis,
we constructed a model with a constant metal atomic ratio,
(MnNiCuCoZn)F,, exhibiting a tetragonal symmetry structure.
The (MnNiCuCoZn)F, model with tetragonal symmetry is
shown in Fig. 6b. It is generally believed that oxygenated tran-
sition states will only adsorb on metal atomic sites, so we con-
ducted an analysis of the partial density of states (PDOS) for the
metal elements (Fig. 6c and d). Compared to the isolated
density of electronic states near Er in (MnNiCuCo)F,, (MnNi-
CuCoZn)F, exhibits a continuous distribution of electronic
states near Eg, which further illustrates that the low charge
transfer resistance of (MnNiCuCoZn)F, can be obtained.?”*®
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Fig. 6 The adsorption state model and reaction process schematic diagram of (a) the OER/ORR process and (b) the structure model of
(MNNiCuCoZn)F,. Partial Density of States (PDOS) diagrams for (c) (MnNiCuCoZn)F, and (d) (MnNNiCuCo)F,.

The ORR process involves the dissociation of the O-O bond
in O, and adsorption on the metal site surface, followed by
multiple protonation steps to form oxygenated intermediates
(i.e., *OOH, *O, and *OH) and H,0.* The adsorption energies
for each possible step on each metal site of (MnNiCuCoZn)F,
are shown in Fig. 7a, with each energy value corrected through U
= —1.23 Vto eliminate the effect of the standard potential.*® The
calculated results indicate that the energy barrier of the rate-
determining step (RDS) on the Co site exhibits a AG value of
0.60 eV, which is lower than those on Zn (AG = 3.33 eV), Cu (AG
= 0.80 eV), Ni (AG = 3.92 eV), and Mn (AG = 1.80 eV) sites.
Therefore, Co sites in (MnNiCuCoZn)F, can offer better ORR
catalytic activity when compared to other metal sites. The RDS
energy barrier on Zn sites is significantly higher than those on
Cu and Co, indicating that the ORR activity contributed by Zn
sites is very limited. Additionally, a model with a constant metal
atomic ratio for (MnNiCuCo)F, is also constructed and the
derived oxygenated intermediates for each metal site are
simulated to obtain the energy distribution (Fig. 7b). The
comparison between (MnNiCuCo)F, and (MnNiCuCoZn)F,
helps elucidate the role of Zn components in mid-entropy
fluorides. Herein, Co sites exhibit the lowest energy barrier for
the RDS in the ORR (AG = 1.03 eV) among these samples, which
is lower than those for Cu (AG = 2.87 eV), Ni (AG = 1.65 eV), and

This journal is © The Royal Society of Chemistry 2024

Mn (AG = 2.34 eV). The addition of Zn components leads to
a reduction in the energy of derived oxygenated intermediates
on Co sites of (MnNiCuCoZn)F,, with the RDS involving the
protonation move from *OOH to *OH. The results further lead
to a significantly lower AG value for Co sites in (MnNiCuCoZn)
F, when compared to (MnNiCuCo)F,, strongly proving that the
higher ORR activity of (MnNiCuCoZn)F, also stems from Zn's
improvement of the electronic structure. Hence, Co compo-
nents dominate the ORR catalytic process in the (MnNiCuCoZn)
F,-PCNFs. Besides affecting the pore structure characteristics of
PCNFs and causing transformation of the (MnNiCuCoZn)F,
nanoparticles to expose more active sites, zinc's role in elec-
tronic regulation on other metal sites can further enhance ORR
catalytic activity.

The OER process involves the adsorption of H,O on the
surface of metal sites, followed by multiple deprotonation steps
and O-O coupling to form oxygenated intermediates (i.e., *OH,
*0, and *OOH) and 0,.* The OER processes of (MnNiCuCoZn)
F, and (MnNiCuCo)F, are shown in Fig. 7c and d. The depro-
tonation of *OH to form the *O species, as well as the combi-
nation of *O with H,0 and subsequent deprotonation to form
*OOH species, may be challenging and act as the possible RDS
(Rate-Determining Steps) for metal sites in both (MnNiCuCo)F,
and (MnNiCuCoZn)F,. The energy barrier of the RDS on the Co
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site of (MnNiCuCoZn)F, exhibits a AG value of 0.73 eV, which is
lower than those on Zn (AG = 2.31 eV), Cu (AG = 1.06 eV), Ni
(AG =1.84 eV), and Mn (AG = 3.19 eV) sites. Therefore, the Co
site can contribute to higher OER catalytic activity when
compared to other metal sites in (MnNiCuCoZn)F,. The energy
barriers of the RDS for various metal atoms in (MnNiCuCo)F,
are Co (AG =1.35eV), Cu (AG =1.84 eV), Ni (AG =2.36 ¢V), and
Mn (AG = 4.92 eV), respectively. The Co component in both
(MnNiCuCo)F, and (MnNiCuCoZn)F, exhibits a vital role in the
OER process. These results indicate that Zn significantly
reduces the activation energy required for the deprotonation of
*OH on Co atoms (1.35 eV — 0.73 eV), thereby significantly
enhancing the OER kinetics of (MnNiCuCoZn)F,.

4 Conclusion

Uniformly loaded high-entropy fluoride nanoparticles on
porous carbon nanofibers ((MnNiCuCoZn)F,-PCNFs) were
successfully designed and prepared through electrostatic spin-
ning and calcination processes. Partial loss of the zinc compo-
nent induced a transformation of high-entropy fluoride
nanoparticles from single-crystal into polycrystalline. The
prepared (MnNiCuCoZn)F,-PCNFs, with their continuous
conductive pathways and porous morphology, provided an ideal
site with high catalytic efficiency for electrocatalytic processes.
And the multi-principal element nature of high-entropy mate-
rials can also offer a variety of active sites to effectively promote

19118 | J Mater. Chem. A, 2024, 12, 19109-19122

the electrocatalytic processes of the ORR and OER. Meanwhile,
the “polycrystalline transformation” further increased the
exposure opportunities of active sites. Consequently, the
prepared (MnNiCuCoZn)F,-PCNFs exhibited outstanding elec-
trocatalytic activity for the ORR (E;,, = 0.852 Vvs. RHE) and OER
(m1o = 310 mV). Consequently, the assembled ZABs demon-
strated a peak power density of 206 mW cm™?, a specific
capacity of 760 mA h g~ " and a stable charge-discharge cycle life
of over 400 h. The role of (MnNiCuCoZn)F,-PCNFs in enhancing
electrocatalytic performance was explored through the DFT
calculations. The zinc component in (MnNiCuCoZn)F,-PCNFs
led to a more continuous distribution of electronic states at the
Fermi level, facilitating electron transfer. Additionally, the zinc
component optimized the energy layout of reaction intermedi-
ates, significantly reducing the energy barriers for the ORR and
OER (from 1.80 eV to 1.03 eV for the ORR, and from 1.35 eV to
0.73 eV for the OER), thereby effectively enhancing oxygen
electrocatalytic activity.
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