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High-entropy materials (HEMs) offer a quasi-continuous spectrum of active sites and have generated great
expectations in fields such as electrocatalysis and energy storage. Despite their potential, the complex
composition and associated surface phenomena of HEMs pose challenges to their rational design and
development. In this context, we have synthesized FeCoNiPdWP high entropy phosphide (HEP)
nanoparticles using a low-temperature colloidal method, and explored their application as bifunctional
electrocatalysts for the oxygen evolution and reduction reactions (OER/ORR). Our analysis provides a
detailed understanding of the individual roles and transformations of each element during OER/ORR
operation. Notably, the HEPs exhibit an exceptionally low OER overpotential of 227 mV at 10 mA cm™2,
attributed to the reconstructed HEP surface into a FeCoNiPdW high entropy oxyhydroxide with high
oxidation states of Fe, Co, and Ni serving as the active sites. Additionally, Pd and W play crucial roles in
modulating the electronic structure to optimize the adsorption energy of oxygen intermediates. For the
ORR, Pd emerges as the most active component. In the reconstructed catalyst, the strong d—d orbital cou-
pling of especially Pd, Co, and W fine-tunes ORR electron transfer pathways, delivering an ORR half-wave
potential of 0.81 V with a pure four-electron reduction mechanism. The practicality of these HEPs catalysts

Received 1st May 2024, is showcased through the assembly of aqueous zinc—air batteries. These batteries demonstrate a superior
Accepted 21st August 2024 specific capacity of 886 mA h gz, ! and maintain excellent stability over more than 700 hours of continuous
DOI: 10.1039/d4ee01912a operation. Overall, this study not only elucidates the role of each element in HEMs but also establishes a

foundational framework for the design and development of next-generation bifunctional oxygen catalysts,
rsc.li/ees broadening the potential applications of these complex materials in advanced energy systems.
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Rechargeable zinc-oxygen batteries represent a cutting-edge technology with promising applications ranging from large-scale stationary energy storage for
renewable energy integration to powering electric vehicles and small-scale wearable devices. However, their performance is limited by the slow kinetics of oxygen

redox reactions at the oxygen cathode, which significantly restricts their practical utility. To address these challenges, there is a pressing need for a new generation
of oxygen redox catalysts. High entropy materials are emerging as powerful bifunctional oxygen electrocatalysts due to their quasi-continuous distribution of

surface energy levels and the extensive flexibility they offer in tuning surface compositions. These properties are crucial for optimizing the adsorption energies of
reactants, intermediates, and products involved in the redox processes. In this study, we present a solution-based synthesis route for producing FeCoNiPdWP

nanoparticles, and demonstrate them to show outstanding combined performance in both oxygen reduction and evolution reactions. Besides, we have conducted
a thorough investigation into the specific roles that each metal element plays in the redox process. Additionally, these high entropy phosphide nanoparticles are
integrated as the air cathode in rechargeable zinc-air batteries, resulting in devices that exhibit unprecedented performance and stability.

1. Introduction

Rechargeable aqueous zinc-air batteries (ZABs) are recognized
for their exceptional energy densities, inherent safety, sustain-
ability, and potential for cost-effectiveness across various appli-
cations, including electric vehicles and large-scale stationary
energy storage systems.! However, the performance of ZABs
strongly relies on the activity, stability, and cost of the oxygen
catalyst used at the cathode side to boost the oxygen evolution
and reduction reactions (OER, ORR) during battery charging
and discharging, respectively.”™

For decades, significant efforts have been directed toward
developing high-performance bifunctional oxygen electrocatalysts.
Traditionally, a physical mixture of noble metal catalysts, e.g. Pt/C
for ORR and Ir/C for OER, has been used to accelerate the kinetics
of the two reactions. Despite their relative effectiveness, the high
cost, the scarcity of these noble metals, and the need to double the
catalyst amount—since each material facilitates only one type of
reaction—pose substantial barriers to the commercial viability of
ZABs.>® To address this limitation, alternative bifunctional oxygen
catalysts based on layered double hydroxides,” perovskites,'’
metallic alloys,"* sulfides,* nitrides,"”® phosphides,™* and their
composites'®™” are intensively investigated.

Electrocatalysts based on high-entropy materials (HEMs)
have emerged as particularly promising due to their vast
compositional versatility and the ability to finely tune their
surface properties to optimize performance. Their complex
composition and a huge amount of different potential surface
configurations also result in quasi-continuous surface energy
levels able to suit the adsorption of reactants, intermediates,
and products, facilitating enhanced catalytic activities across
various reactions."®>* The diverse range of surface sites pro-
vided by HEMs makes them ideal for catalyzing complex
reactions and especially valuable as bifunctional catalysts.
Despite these advantages, achieving a single HEM that excels
in both OER and ORR remains a formidable challenge, primar-
ily due to the divergent pathways and distinct intermediate
adsorption energies required by these reactions.>*>*

The vast range of potential HEM compositions makes trial-and-
error processes hopeless to optimize them as dual-functional
catalysts. Thus, to avoid a futile odyssey across the boundless
expanse of HEMs, an educated selection of the HEMs character-
istics leading to optimized catalytic performance is fundamental.
This rational design must be supported by reliable structure-
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activity relationships and precise information on the distinct roles
of each element in the OER and ORR mechanisms. However,
gathering this information is especially difficult for HEMs having
hundreds of thousands of possible atomic configurations. Besides,
further complications arise with inevitable surface reconstructions
caused by the strongly alkaline reaction conditions used.”®?”
Therefore, it is essential to delve into the catalyst reconstruction
and explore the unique contributions of each metal involved. This
approach is crucial for a holistic comprehension of the intricate
dynamics at play within HEMs during catalysis.

Herein, FeCoNiPdWP high entropy phosphide (HEP) nano-
particles are synthesized using a mild colloidal method. Subse-
quently, their OER and ORR performance is compared with a
series of control phosphides and commercial reference catalysts.
To gain deeper insights into the oxygen redox reaction mechan-
isms, the distinct roles played by each metal in HEPs are
analyzed using electrochemical measurements, X-ray absorption
spectroscopy (XAS), and density functional theory (DFT) calcula-
tions. Furthermore, the HEP surface reconstruction and the real
active species are explored and identified. Last, rechargeable
ZABs based on FeCoNiPdWP HEPs bifunctional oxygen catalysts
as the air cathodes are assembled and tested.

2. Results and discussion
2.1 Design principles of HEP

A primary challenge in developing bifunctional catalysts for OER/
ORR is ensuring the availability of proper catalytic sites. As
illustrated in Scheme 1, an effective catalyst typically provides
surface sites that strongly adsorb reactants and intermediates but
only weakly bind to the products, thereby promoting high effi-
ciency in driving the forward reaction. In contrast, this type of
catalyst often shows much lower efficiency for the reverse reac-
tion. The opposite is true for catalysts that favor strong adsorption
of the products. HEMs offer a promising solution to this chal-
lenge. These materials combine a vast array of different active
sites, providing a continuum of adsorption energies. This unique
feature enables HEMs to efficiently catalyze both OER and ORR,
making them highly effective as bifunctional oxygen catalysts.
Transition metal phosphides have attracted substantial
attention due to their metallic character and associated high
electrical conductivity, as well as their abundant reserves, cost-
effectiveness, and stability.”* > The higher electronegativity of

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Schematic illustration of the design principles of FeCoNiPdWP HEPs as bifunctional oxygen catalysts in an alkaline electrolyte.

phosphorus than transition metals triggers electron delocalization
and leads to partially positively charged metal and negatively
charged phosphorus, where transition metals could serve as the
OH " acceptor to modulate the binding ability for OER/ORR. From
the electronic band structure perspective, the presence of phos-
phorous modifies the electronic energy levels and d-band center,
increasing the density-of-states near the Fermi level,*® which
signifies abundant charge carriers similar to the noble metals
for the OER/ORR process, thus frequently improving electrocata-
Iytic performance.®*° In addition, the covalent nature of the
metal-phosphorus bond promotes the durability and long-term
stability of the electrocatalysts. Indeed, the hybridization of d
metal orbitals with the p orbital of P to form metal-phosphorus
bonds has been demonstrated to be beneficial in boosting ORR
performance.® Therefore, the rational design and engineering of
HEPs for ZAB applications is a worthy endeavor.

Based on our previous study, the combination of 3d/4d/5d
metals significantly modulates the electronic state and surface
electron density, altering the bond strength between the metal
and oxygen species, which allows adjusting the adsorption/
desorption ability of intermediates and products.'®*”*®* The d
orbitals of 5d metals are more extended and have higher energy
and spatial coverage compared to those of 3d/4d metals. When 5d
metals combine with 3d metals, hybrid orbitals are formed,
adjusting the electron distribution and orbital overlap, thereby
potentially providing more active sites and enhancing catalytic
activity. The high electronegativity of the 5d metals allows for the
regulation of the electronfilling states of the 3d/4d metals,
optimizing the surface electronic structure of the catalysts.

This journal is © The Royal Society of Chemistry 2024

In addition, 5d metals provide strong electronic attraction and
create new coordination environments, stabilizing reaction inter-
mediates, and reducing poisoning. Thus, W, a 5d metal with a
unique orbital filling state was incorporated into the HEP catalyst.

In terms of the 3d transition metals, Fe, Co, and Ni were
selected as well-established effective OER active sites based on
their cost-effectiveness, the theoretically calculated volcano graph
curves between overpotential and intrinsic catalytic activity,>***
and their rich valence state transitions, abundant electronic
configuration, and adjustable spin state, which could effectively
regulate the binding energy and modulate the spin flipping of the
oxygen intermediates.***> On the other hand, while a large
number of excellent ORR catalysts have been reported, the most
effective catalysts are still based on Pt and Pd. Therefore, Pd was
incorporated into the HEP to promote ORR performance.*®*’
Besides, Pd easily forms alloys with other transition metals,*®
facilitating the HEP formation. Notice also that within an HEM,
the amount of Pd is minimized compared with catalysts based on
elemental Pd or binary Pd-based alloys. Overall, FeCoNiPdWP
HEPs are expected to simultaneously provide superior OER and
ORR performance with expectable W-modulated Fe/Co/Ni as the
OER active sites and Pd as the ORR active sites, making them a
potentially ideal cathode material in ZABs.

2.2 HEP synthesis and characterization

FeCoNiPdWP HEPs and the related reference quaternary metal
phosphides (FeCoNiPdP, FeCoPdWP, CoNiPdWP, FeNiPdWP, and
FeCoNiWP) were synthesized using a heating-up colloidal synth-
esis approach (Fig. 1a) using a mixture of 1-octadecene and

Energy Environ. Sci., 2024,17, 7193-7208 | 7195
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oleylamine as the solvent (see details in the experimental section
in the ESIt). Triphenyl phosphite was selected as a low-cost, safe,
and stable phosphorus source.’*>' Metal acetylacetonates and
carbonyls were used as metal precursors. The reaction tempera-
ture was set to 290 °C. At this temperature, the phosphorus-
oxygen bonds in triphenyl phosphite molecules are cleaved,
releasing phosphorous atoms that react with the metal precursors
to yield the HEP. Fig. S1-S6 (ESIt) show the results from the
characterisation of the reference quaternary metal phosphides.

lattice distortion (%)
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Transmission electron microscope (TEM) images show the
FeCoNiPdWP HEP nanoparticles to have an average size of
20 nm (Fig. 1b). Spherical aberration-corrected high-resolution
TEM (AC-HRTEM) analysis confirmed their high crystallinity
(Fig. 1c and d). X-Ray diffraction (XRD) pattern determined the
particles to have the Pd;sP, rhombohedral phase (JCPDS 01-
071-0193) (Fig. S6a, ESIt). Geometric phase analysis (GPA)
shows a random distribution of distortions induced by tensile
and compressive stresses attributed to the different atomic
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Fig. 1 Chemical and structural characterization of FeCoNiPdWP nanoparticles. (a) Scheme of the synthesis approach used to produce FeCoNiPdWP
HEPs. (b) TEM image. (c) AC-HRTEM image. (d) Magnified AC-HRTEM image and lattice distance analysis of the blue square in (c). Two crystal planes
with lattice distances of 0.228 and 0.302 nm are indexed to the (205) and (021) crystal planes of the Pd;sP, rhombohedral phase, respectively. (e) GPA
analysis. (f) HAADF-STEM micrograph and EDS compositional maps. (g) HAADF-STEM micrograph and (h) line scanning profiles. (i) Metal ratios obtained
using ICP-OES.
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radii and electronegativity of the constituent elements (Fig. 1e).
High-angle annular dark field scanning TEM (HAADF-STEM)
micrographs combined with energy-dispersive X-ray spectroscopy
(EDS) compositional maps show a homogeneous distribution of
the different elements within the HEP nanoparticles (Fig. 1f-h).
The TEM-EDS metal ratios are consistent with those obtained
from inductively coupled plasma optical emission spectroscopy
(ICP-OES): Fe/Co/Ni/Pd/W = 15.7/19.8/20.3/30.6/13.6 (Fig. 1i).

2.3 OER

2.3.1 OER catalytic performance. The OER activity of the
materials supported on glassy carbon (GC) was evaluated by
linear sweep voltammetry (LSV) in 1.0 M KOH (see the experi-
mental section in the ESIf for electrode preparation and OER
test details). The LSV curves display a small bump in the
potential range of 1.3-1.4 V vs. RHE associated with the oxida-
tion of the transition metals. FeCoNiPdWP shows the best OER
catalytic performance with outstanding low overpotentials of
227 mV at 10 mA cm ™2, 250 mV at 50 mA cm ™2, and 258 mV at

View Article Online
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100 mA cm ™ (Fig. 2a and b). These values are well below those
measured for RuO,, PdP, (Fig. S7, ESIt), and the quaternary
phosphides, which overpotential at 10/100 mA cm ™ > follows the
trend FeCoNiPdWP < FeCoNiPdP < FeNiPdWP < FeCoPdWP
< FeCoNiWP < CoNiPdWP < RuO, < PdP, (Fig. S8, ESIt).
FeCoNiPdWP also shows the smallest Tafel slope (33 mV
dec™), well below that of the other metal phosphides (37-59
mV dec™') and RuO, (75 mV dec™ '), demonstrating especially
favorable OER kinetics (Fig. 2¢). Cyclic voltammetry (CV) curves
at different scan rates (Fig. S9, ESIt) and the derived double-
layer capacitance (Cq;) values (Fig. 2d) show that all the qua-
ternary and quinary phosphide catalysts have a similar electro-
chemical active surface area (ECSA), higher than that of PdP,
(Fig. S10, ESIT). Normalization of the OER current densities by
the ECSA values implies that FeCoNiPdWP has a higher intrin-
sic activity per active site (Fig. 2e). Electrochemical impedance
spectroscopy (EIS) analysis confirms FeCoNiPdWP to display
the smallest OER charge transfer impedance thus the most
favorable reaction kinetics (Fig. 2f and Table S1, ESIt).
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Fig. 2 OER performance on GC electrodes with a loading of 0.5 mg cm™2. (a) LSV curves at 5 mV s, (b) Overpotential at different current densities. (c)
Tafel fitting plots calculated from the LSV curves in (a), the open circles are measured data and the long solid lines are fitted data. (d) Cq values calculated
from the CV curves in Fig. S9 (ESI). (e) Current density normalized by ECSA at 1.488 vs. RHE. (f) Nyquist plot of the EIS spectra of the different catalysts at
1.5V vs. RHE. The inset shows the equivalent circuit model used to fit the experimental data (Table S1, ESIt), where Rq is the internal resistance of the cell,
R is the charge-transfer resistance, and CPE represents the double-layer capacitance at the electrode—electrolyte interphase. (g) Comparisons of the
OER performance of FeCoNiPdWP with other recently reported catalysts on GC. (h) CA curve of FeCoNiPdWP at 1.46 V vs. RHE.
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Overall, FeCoNiPdWP HEPs show superior OER performance
when compared not only with the reference materials tested here
but also with previously reported catalysts supported on GC, as
shown in Fig. 2g and Table S2 (ESIt).**>"%* Besides, FeCoONiPAWP
shows excellent stability with a continuously applied potential of
1.46 V vs. RHE for 120 h resulting in just a 3% decrease in current
density as determined by chronoamperometry (CA) measure-
ments (Fig. 2h), well below the current density decay obtained
from the quaternary metal phosphides (Fig. S11, ESIt)

2.3.2 HEP reconstruction during OER. The high-resolution
X-ray photoelectron spectroscopy (XPS) spectra of FeCoNiPdWP
HEPs before and after OER operation are displayed in Fig. S12
and S13 (ESIt). Before OER, FeCoNiPdWP displays both M-P and
M-O surface chemical environments, the latter originated dur-
ing sample storage, transportation, and manipulation.®>%® After
long-term OER, surface metals show a single oxidation state,
Fe**, Co*", Ni**, Pd*', and W°®*, with no M-P chemical environ-
ment. Besides, no P is detected at the surface of the HEP
nanoparticles. Additionally, the hydroxide (Oqy) contribution
to the O 1s XPS spectrum becomes dominant, which is attributed
to the formation of a metal (oxy)hydroxide surface.
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XRD analysis of FeCoNiPdWP after the OER stability test
revealed that the crystalline Pd,sP, rhombohedral phase disap-
peared during OER operation (Fig. S14, ESIt). Besides, EDS
spectra (Fig. S15 and S16, ESIt) show that the P amount strongly
decreased from 29% to 3% after OER. In situ Raman spectro-
scopy was used to explore the evolution of HEP with the applied
potential (Fig. S17, ESIf). The spectra show Raman peaks at
around 300 cm ', and 400-700 cm™ ', whose intensity increases
with the applied voltage. This observation is related to the
formation of layered Fe/Co/Ni (oxy)hydroxides.®”"*® Thus, overall,
XPS, XRD, and Raman results are consistent with the HEP being
reconstructed into a high entropy oxyhydroxide (HEOOH) in
OER conditions.

XAS on the Fe, Co, Ni K-edge was used to gain an under-
standing of the FeCoNiPdWP atomic structure and the recon-
struction process taking place during OER for the as-prepared
HEP nanoparticles, the fresh electrode, and the electrode with
the completed reconstruction process. X-ray absorption near
edge spectroscopy (XANES) analysis of the reconstructed sam-
ples revealed significant increases in the oxidation states of the
metals during OER operation, with Fe increasing from 3.0 to
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Fig. 3 XAS characterization of HEPs. (a)—(c) Fe (a), Co (b), and Ni (c) XANES plots of the as-prepared powders, the as-deposited films, and reconstructed films,
freeze-quenched at 1.53 V vs. RHE after 2 h OER operation. (d)—(f) Metal oxidation states of Fe (d), Co (e), and Ni (f) from the XANES. To quantify differences in the
edge positions, the K-edge energy was calculated using the integral method,?® and the obtained values are plotted here as symbols. A linear regression including
the three iron/cobalt/nickel oxide references was used to derive the oxidation states of the HEPs before and during the OER. (g)—(i) Fe (g), Co (h), and Ni (i) EXAFS
spectra (Fig. S18, ESIt) and simulations (Table S4 for the simulation parameters, ESIT). The data at the bottom/up show the as-prepared/reconstructed electrodes.
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3.1, Co from 1.4 to 3.3, and Ni from 2.0 to 3.8 (Fig. 3a-f and
Table S3, ESIt). Fe, Co, and Ni in oxidation states above three
have been shown to facilitate water oxidation.®*°* Thus, the
high Fe, Co, and Ni average oxidation states during the OER
support the hypothesis that these three elements or their
multimetallic neighbouring sites function as OER active sites.

To gain insight into the local structure of Fe/Co/Ni, the
extended X-ray absorption fine structure (EXAFS) data and k*-
weighted EXAFS spectra were simulated, as shown in Fig. 3g-i
and Fig. S18 (ESIY). For all the 3d metals, models of layers with
edge-sharing [MO¢] octahedra were applied to simulate the
EXAFS spectra (see Table S4 for fitting parameters, ESIt). The
model comprises three shells: (i) for the M—-O bond of the [MOg]
octahedra (1.87-2.02 A), (ii) for the M-M distance of two
adjacent [MOg] octahedra (2.81-2.98 A), and (iii) a second,
larger M-O distance (3.40-3.43 A). This model is consistent
with the FeCoNi oxyhydroxide structure or their deprotonated,
oxidized, and potassium-intercalated relatives that have
recently been proposed to form during OER.”* For Fe, two
M-O bond distances (1.89 and 2.02 A) were required, likely
due to the presence of a Jahn-Teller distortion caused by the
unevenly occupied t,, orbital of [Fe"'Og). The presence of two
different M-O bond lengths automatically leads to two different
Fe-M bond distances as well, which were taken into account in
the simulation. The short M-O bond distances (1.87-1.89 A) are
consistent with the high oxidation states extracted from the
XANES data (Table S4, ESIT). Overall, results from XAS analyses
reveal that, during OER, FeCoNiPdWP is fully reconstructed
into layers of edge-sharing [MOg] octahedra with 3d metal
oxidation states above three. These motifs are consistent with
highly oxidized oxyhydroxides and related structures that are
frequently observed during and after the OER.%*%7%%

2.3.3 HEP element roles in OER. DFT calculations were
carried out to identify the roles of individual metal sites and their
synergistic effects in the FeCoNiPdWP HEPs reconstructed during
the OER, denoted as FeCoNiPAWOOH (Fig. S19, ESIt), and the
reference reconstructed quaternary compounds (Fig. S20-S25,
ESIt). As shown in Fig. 4a, all the reconstructed models have the
Fermi level (Er) within a band of states, indicating a metallic
conductivity. The total density of state (TDOS) of FeCoNiPdAWOOH
is greater than that of the reference compounds at around Ep,
pointing to a higher electron transport rate. The projected DOS
(PDOSs) of each element in the FeCoNiPAWOOH model is dis-
played in Fig. 4b. Notably, the O 2p orbitals have a strong overlap
with the different metal elements, pointing at an efficient p-d
orbital coupling and self-complementary effect.” The Ni-3d and
Co-3d orbitals are close to Er, pointing to high electrochemical
activity with strong electron depletion capability. The Fe-3d orbital
shows eg~t,, splitting with a strong overlap with the W 5d orbitals,
implying a high degree of W 5d-Fe 3d orbital coupling and
electron exchange between these two metals.’**'°* The center of
the Pd-4d band is located well below the Ey, lower than the other
metal sites, indicating an electron-rich characteristic. Consistently,
the charge density difference (CDD) analysis revealed that Pd sites
exhibit electron accumulation (Fig. S20b, ESIt). In addition, Pd-4d
orbitals cover a wide energy range, from —10.0 eV to Eg. Overall,
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Fe-3d, Co-3d, Ni-3d, Pd-4d, W-5d, and O-2p orbitals cross the Eg
and show a significant covalent interaction between metal and O
bands, which boosts the site-to-site electron transfer and might be
one of the reasons for the outstanding OER performance of the
reconstructed HEOOH. Meanwhile, the d-band center (d.) of
FeCoNiPAWOOH is higher than that of the quaternary metal
oxyhydroxides and the electronic structure balance involves charge
transfer between all the different elements (Fig. 4c).

PDOS analysis was used to evaluate the adsorption behaviors
over different sites. For the reactant OH species, during the
initial adsorption process, s/p bands were down-shifted (Fig. 4d),
indicating electron transfer from the surface sites to OH to
stabilize adsorbed *OH. The improved adsorption capability
favored the weakening of O-H bonds in *OH, thus triggering
the subsequent dissociation processes. Compared with Fe, Co,
and W sites, stronger p-d orbital couplings between the OH* and
Ni/Pd sites were observed, which points to a more stable adsorp-
tion of OH* on the Ni/Pd sites within FeCoNiPdAWOOH. This was
experimentally demonstrated by the methanol probe molecule
test of FeCoNiPdWP and FeCoNiWP in 1 M KOH and 1 M
methanol, concluding that the presence of Pd significantly pro-
moted the adsorption of OH™ species (Fig. S26, ESIT). CDD results
also showed that Ni sites presented noticeable electron depletion
with OH ™ adsorption, demonstrating charge transfer during the
adsorbing process (Fig. S27, ESIt). The integral projected crystal
orbital Hamilton population value (ICOHP) provides the number
of bonded electrons between the selected metal and O atoms in
the active *OH and the corresponding bonding strength. Notably,
the ICOHPs of Ni and Pd are larger than those of Fe/Co/W,
demonstrating stronger OH adsorption in the formers (Fig. 4e).

Gibbs free energies were calculated considering various
potential metal active sites to reveal the energy barriers of
adsorption/desorption of key intermediates. As shown in
Fig. 4f, the energy barriers (AG) for each step among various
active sites were quite different. For the Fe/Co/Ni sites in the
FeCoNiPdAWOOH model, the third step (formation of *OOH from
*O with OH™ in the electrolyte) exhibited the largest barrier. On
the other hand, for Pd and W sites, the AG values slightly
increased at the second step and first step, respectively. Accord-
ingly, Fe/Co/Ni active sites exhibited lower overpotentials than
those of Pd and W sites, respectively, under the equilibrium
potential (1.23 eV, Fig. S28, ESIf). Thus, in FeCoNiPdAWOOH,
activity was associated with Fe/Co/Ni active sites, and the third
reaction step was the rate-determining step (RDS) during the four-
electron transfer process. To visualize the electronic environment
during the reaction coordinates of OER, the PDOS of the most
stable binding of key intermediates (*OH, *O, *OOH, and *O,) is
plotted in Fig. 4g. The ¢ components of O-2p orbitals facilitated
the electron transfer of sequential adsorbed intermediates. From
the initial OH species to the final product O,, the consecutive
upshifting of the o orbitals demonstrates efficient electron trans-
fer with low barriers for intermediate transformation, which is
consistent with the highly efficient OER reaction trend.

Notably, all of the Fe, Co, and Ni sites on the FeCoNiPd-
WOOH model showed smaller energy barriers than within the
other models, demonstrating the significant effect of all the
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Fig. 4 DFT calculation results. (a) TDOS of FeCoNiPAWOOH, FeCoNiPdOOH, FeCoNiWOOH, FeCoPdWOOH, FeNiPdAWOOH, and CoNiPdWOOH. (b)
PDOS of FeCoNiPdWOOH. (c) Electronic density of states of the d-band for the metal atoms in various models. (d) PDOS for OH adsorption at various
active sites. (€) COHP bonding analysis of M—O interactions (M in the surface site over FeCoNiPdWOOH and O in adsorbed OH). (f) Standard free energy
diagram of the OER process at 0 V of FeCoNiPdWOOH for various active sites. (g) PDOS of key intermediates over Ni sites in FeCoNiPdWOOH.

elements in the reconstructed sample (Fig. S29, ESIt). Conse-
quently, Fe/Co/Ni are identified as the main active sites for OER,
which is consistent with the experimental results. In particular,
the strong and positive effect of Pd was further demonstrated by
DFT calculations over FeCoNiPAWOOH and Pd-free FeCoNi-
WOOH models. Pd benefits the electron transfer (Fig. S30 and
S31, ESIt), optimization of adsorption configuration (Fig. S32,
ESIt), and electron interaction between the oxygen intermediates
(Fig. S33, ESIY). Overall, the synergistic effect of the multiple
metal atoms, materialized through an efficient p-d orbital
coupling and moderate d-band center, optimized the adsorp-
tion/desorption of OER intermediates to promote OER kinetics.

In summary, the FeCoNiPdAWOOH reconstructed from FeCo-
NiPdW HEP is highly active towards OER. In the reconstructed

7200 | Energy Environ. Sci., 2024,17, 7193-7208

phase, Ni and Pd are favorable for the initial hydroxide adsorp-
tion, facilitating the subsequent electron transfer reaction
steps. Subsequently, Fe/Co/Ni as the main active sites having
favorable OER reaction intermediate adsorption energies, due
to their electronic modification by Pd and W. Furthermore, XAS
revealed unusually high oxidation states of Fe (+3.1), Co (+3.3),
and Ni (+3.8) during the OER, which is crucial to promote the
OER reaction.”®™*

2.4 ORR

2.4.1 ORR catalytic performance. HEPs were further eval-
uated towards the ORR in 0.1 M KOH using a rotating ring-disk
electrode (RRDE). A large cathodic peak is observed when the
electrolyte is saturated with O, compared with Ar, indicating a
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notable ORR electrochemical activity for the FeCoNiPdWP
(Fig. 5a). Fig. 5b and Fig. S34 and S35 (ESIt) show the LSV
curves with various rotation speeds in the range 400-2500 rpm for
the different metal phosphides and a commercial Pd/C reference
catalyst. As shown in Fig. 5¢, the limiting diffusion current density
for the metal phosphides complies with the trend of FeCoNiPdWP
(5.37 mA cm™*) > CoNiPdWP (4.37 mA cm ?) > FeCoPdWP
(2.77 mA em™®) > FeCoNiPdP (2.08 mA cm ?) > FeNiPdWP
(1.67 mA cm?). The half-wave potentials, extracted from the LSV
curves at 1600 rpm, of the different metal phosphides follow the
same trend as the limiting diffusion current density, with FeCo-
NiPdWP showing the highest value at 0.81 V. This value is very
close to that obtained for Pd/C, at 0.82 V. When LSV curves are
normalized to the quantity of Pd, FeCoNiPdWP and commercial
Pd/C catalysts show similar half-wave potentials but FeCoNiPdWP
is characterized by a significantly higher current density (Fig. S36,
ESIt). Overall, FeCoNiPdWP exhibits excellent ORR activity,
matching that of Pd/C and state-of-the-art ORR catalysts, as shown
in Fig. 5d and Table S5 (ESIf).'*>°%°6781027113 Begides, FeCo-
NiPdWP displays superior ORR stability with just a slight perfor-
mance degradation after 5000 cycles (Fig. 5e), implying much
more stable cycling performance than the quaternary metal
phosphides (Fig. S37, ESIT).

2.4.2 HEP reconstruction during ORR. After the ORR sta-
bility test, the XRD main peak of HEPs is still visible, but it
exhibits a broader half-width, indicating a loss of crystallinity
or a reduction of the size of the HEP crystal domains during the
ORR (Fig. S38, ESIT). High-resolution XPS spectra of FeCo-
NiPdWP HEPs after long-term ORR are displayed in Fig. S39
(ESIt). The W 5d and Pd 5d XPS spectra display a unique
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contribution assigned to W-P and Pd-P chemical environ-
ments. On the other hand, the Fe 3d, Co 3d, and Ni 3d spectra
display two coordination environments, M-P and M-O(H).
Besides, as shown in Fig. S40 (ESIt), the O 1s XPS spectrum
displays two peaks, which are indexed to O-P bond and Ogy, and
the P 2p XPS spectrum shows two coordination environments,
P-O and P-M. Besides, XPS spectra also show that during the
ORR, the Fe, Co, and Ni metal ratios at the FeCoNiPdWP surface
slightly increase (Fig. S41, ESIT). Additionally, the amount of P at
the surface significantly decreases, from 16.5% to 11.0%, while
that of oxygen increases, from 15.1% to 27.2%. EDS analysis
confirms that the overall P content decreases after ORR, while
that of O increases, and the overall content of the different
metals remains mostly unchanged (Fig. S42, ESIt). Thus, a slight
enrichment of the surface with the 3d elements, Fe, Co, and Ni,
is inferred, which is again related to the higher affinity of these
elements for oxygen and OH™ groups. Nevertheless, this enrich-
ment is less abrupt than that obtained in the more oxidizing
OER conditions. Besides, the lower applied voltages also result in
a less oxidized HEP surface where Pd and W maintain the
phosphide chemical environment. Within its experimental error,
EDS elemental maps show that all the metals, P and O are
homogeneously distributed at the particle level after the ORR
reaction (Fig. S43, ESIt). However, AC-HRTEM single particle
analyses reveal highly crystalline HEP cores surrounded by about
2 nm amorphous shells. The crystalline cores with a lattice
distance of 2.39 A match the (211) crystal plane of the rhombo-
hedral Pd;sP, phase, corresponding to the main XRD peak at
26 = 39° (Fig. S44, ESIt). According to XPS data, the amorphous
shells are enriched with Fe, Co, and Ni in a hydroxide or
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Fig. 5 ORR performance. (a) CV curves measured in Ar and O, saturated

electrolytes of FeCoNiPdWP. (b) LSV curves of FeCoNiPdWP at different

rotation speeds in the range 400-2500 rpm. (c) LSV curves at 1600 rpm for different metal phosphides and Pd/C catalysts. (d) Half-wave potential

comparison between metal phosphides and Pd/C catalysts prepared in this
FeCoNiPdWP HEPs during 5000 cycles.
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oxyhydroxide chemical environment while also containing nota-
ble concentrations of W-P and Pd-P. The higher oxidation
resistance of W-P and Pd-P during the ORR process is attributed
to their stronger bond with shorter bond lengths, as calculated
by DFT (Fig. S45, ESIt). Additionally, W and Pd exhibit greater
stability due to more negative standard enthalpies'"*™"'® and
possess much larger standard redox electrode potentials com-
pared to Fe, Co, and Ni.

2.4.3 HEP element roles in ORR. Electrochemical measure-
ments were first used to investigate the different element roles
in FeCoNiPdWP HEP for ORR. Without Pd, FeCoNiWP displays
a very weak catalytic ability (Fig. S46a and b, ESI), demonstrat-
ing the key role played by Pd as an active ORR site. Besides, the
half-wave potential of PdP, is also relatively low, at 0.69 V
(Fig. S47a and b, ESIt). Thus, while Pd serves as the active site,
it doesn’t exhibit high catalytic ability within a PdP, environ-
ment. This reinforces the importance of other metals-Fe, Co,
Ni, and W-in enhancing and stimulating the catalytic ability of
Pd sites within the phosphide environment.

An ORR electron transfer number (1) over 3.9 is obtained for
FeCoNiPdWP, CoNiPdWP, FeCoPdWP, PdP,, and Pd/C, imply-
ing a 4 electron pathway (Fig. S46¢c, S47c and S48a, ESIt) at 0.5V
vs. RHE, where a stable limiting diffusion current density is
measured. In contrast, FeCoNiPdP, FeNiPdWP, and FeCoNiWP
are characterized by smaller n values, in the range 3.6-3.8,
indicating the coexistence of the 4 electron and 2 electron
pathways. The hydrogen peroxide (H,0,) yields further confirm
the pathway assignment (Fig. S46d, S47d and S48b, ESIf).
These results point at Pd, Co, and W as collectively assuming
a more fundamental role in fine-tuning the reaction pathway,
thereby amplifying the ORR performance of FeCoNiPdWP HEPs
compared with the quaternary metal phosphides.

DFT calculations were further used to gain an understand-
ing of the catalytic mechanism and element roles in the
reconstructed HEPs during ORR. The reconstructed HEP model
was built considering the experimental results, i.e. a HEP core
with a ~2 nm shell rich in Fe, Co, and Ni in a hydroxide
environment and Pd and W in a phosphide environment. We
denote this reconstructed HEP as FeCoNiPdAWPOH (Fig. S49,
ESIT). In the PDOS spectra, the good overlap between different
metal elements-d orbitals and with the O-p orbitals implies
possible p-p/p-d/d-d orbital coupling, which might further
promote electron transfer efficiency (Fig. S50, ESIT).

The site-dependent PDOS of individual metal components
located within or at the surface of the FeCoNiPdAWPOH was also
taken into consideration to appreciate their roles in the
enhancement of ORR activity (Fig. 6a). From the reconstructed
FeCoNiPdWPOH interior to the surface, the e,—t,, splitting of
Fe-3d orbitals gradually decreased. The alleviated eg—t,, splitting
could lead to higher valence states over the surface but also
reduce the energy barrier of electron transfer from the electro-
catalysts to the adsorbates to improve the ORR performance. Co
sites displayed a site-independent electronic structure from the
interior to the surface, which could endow the stable adsorption
of intermediates and initial electroactive features during the
ORR (Fig. 6b). On the other hand, the Ni-3d and Pd-4d bands
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gradually approach the Er from FeCoNiPdAWPOH interior to the
surface, suggesting improved electroactivity of the surface metal
sites (Fig. 6¢ and d). In contrast, the W-5d orbitals demonstrated
an upshifting trend away from Ef, leading to decreasing valence
states (Fig. 6e). This compensation of the PDOS trend, facilitated
by the W-5d orbitals, contributes to the high electroactivity of the
Pd/Ni/Co/Fe surface sites.

The ORR Gibbs energy barrier at various metal sites in
FeCoNiPdWPOH was also calculated. As shown in Fig. 6f and
Fig. S51 (ESIt), notably, among all of the various metal sites, Pd
sites displayed the smallest energy barrier with just a 0.20 eV of
the RDS for the conversion from *OOH to O*. Thus, Pd sites
show the most thermodynamically favorable process, which is
consistent with the experimental results. In addition, the PDOS
of key ORR intermediates displayed a gradual downshifting of
the O-p orbitals, indicating the reduction trends and highly
efficient intermediate conversions for FeCoNiPAWPOH (Fig. 6g).

O, adsorption results in strong local charge redistribution
over the Pd active sites, causing electron migration from the
surface to the adsorbed *O, species (Fig. S52, ESIt). The PDOS
for adsorbed O, is down-shifted compared with that of the free
O, (Fig. S53, ESIt), further revealing the strong interaction
between the Pd sites and O,. Besides, the final product H,O
could easily escape from the surface of FeCoNiPdWPOH
(Fig. S54, ESIt). The adsorption and desorption ability of the
oxygen intermediates for Pd sites can be modulated by the
introduction of other metals, as determined by the optimum d.
values (Fig. S55, ESIT).

Overall, FeCoNiPdWP shows excellent ORR performance
with large limiting current density, high half-wave potentials,
four electron-transfer pathways, and long-term cycling perfor-
mance. In FeCoNiPdWP, Pd was found to be the most active
element among the five metals within the reconstructed FeCo-
NiPdWPOH leading to the excellent ORR catalytic performance.
The strong d-d orbital coupling of different elements, espe-
cially Pd, Co, and W, fine-tunes ORR electron transfer pathways
and the surface electron modulation of Pd with other metal
elements decreases the energy barrier during the ORR.

2.5 HEP as bifunctional oxygen catalysts

A key performance parameter to evaluate the oxygen bifunctional
catalytic performance is the potential gap (Eg,p,) between the OER
overpotential at 10 mA ¢cm ™ (E; = 10) and the ORR half-wave
potential (E;,). A smaller Eg,, value implies a better bifunctional
performance, thus enabling ZABs with higher charge/discharge
energy efficiency. Due to the excellent OER and ORR performance,
the reconstructed FeCoNiPdWP shows an extremely low Eg,, value
of 0.65 V in 0.1 M KOH, much lower than the combination of the
benchmark OER and ORR catalysts, Pd/C and RuO,, resulting in
an Eg,, of 0.75 V (Fig. 7a). Besides, the FeCoNiPAWP exhibits an
outstanding low bifunctional Eg,, compared with state-of-the-art
bifunctional oxygen catalysts, as shown in Fig. 7b and Table S6
(ESI).%32:5456,78,108,109, 111,112, 1177121 The remarkable dual function-
ality of the reconstructed FeCoNiPdWP in both OER and ORR can
be attributed to the distinct contributions and cooperative inter-
actions of each metal involved. While OER and ORR typically
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diagram of the ORR process at 0 V of various active sites on the surface
FeCoNiPdWPOH.

necessitate varying strengths in binding with the oxygen inter-
mediates, the distinctive roles played by each element within the
reconstructed FeCoNiPdWP transcend these conventional con-
straints. In the OER process, Fe, Co, and Ni emerge as the primary
active sites, whereas in ORR, Pd takes on the leading role,
complemented by the involvement of Co and W in modulating
the electron transfer pathway. The different metal elements play
distinctive roles in OER and ORR, respectively, and their synergis-
tic interaction maximizes the performance of the resulting HEM.

2.6 ZAB performance

FeCoNiPdWP was then used as the oxygen cathode in aqueous
rechargeable ZABs. Reference ZABs were also assembled with a
combination of 20 wt% Pt/C and RuO, (Pt/C&Ru0,) as the cathode.
Fig. 7c shows a schematic of the ZAB architecture. As shown in
Fig. 7d, the ZAB with the FeCoNiPdWP-based air cathode exhibits
an open-circuit potential (OCP) of 1.60 V, which is 96.4% of the
theoretical limit (1.66 V) and higher than that of the reference Pt/
C&RuO,-based ZAB at 1.56 V. The high OCP values could light a
red-screen LED, proving its potential for practical application. The

This journal is © The Royal Society of Chemistry 2024

-reconstructed samples. (g) PDOS of key intermediates over Pd sites in

peak power density of the FeCoNiPAWP HEPs-based ZAB is
123 mW cm?, significantly above that of the Pt/C&RuO,-based
ZAB at 111 mW cm > (Fig. 7e). The specific capacity and energy
density of the FeCoNiPdWP-based ZAB are 886 mA h g, ' and
1063.2 mW h gz, ! at a current density of 8 mA cm ™2, higher than
those of the Pt/C&RuO,based ZAB at 793 mA h g, ' and
911.9 mW h gz, " (Fig. 7f). The higher specific capacity and energy
density are directly attributed to the improved ORR performance of
the FeCoNiPdWP-based air cathode, which is the primary factor
limiting the discharge process. The FeCoNiPdWP-based ZAB not
only excels in performance compared with the reference ZAB tested
here but also stands out when compared with state-of-the-art ZABs
(Table S7, ESIT).14,52,54,56,103,105,108,109,119,1227132

The rate performance of the FeCoNiPdWP-based ZAB was
further evaluated. As shown in Fig. S56 and S57 (ESIt), the
FeCoNiPdWP-based ZAB exhibits stable charge-discharge
curves at the current density of 2-18 mA cm™ >, with an energy
efficiency in the range of 70-50%.

The long-term stability of the ZABs was also measured
with continuous charge/discharge cycles at a current density
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Fig. 7 Oxygen bifunctional properties and ZAB performance. (a) ORR/OER bifunctional LSV curves of different electrodes. (b) Comparison of the Egqp
values of FeCoNiPdWP and other state-of-the-art bifunctional oxygen catalysts. (c) ZAB schematic diagram. (d) OCP measurements, (e) power density
plots, and (f) specific capacity comparisons between a FeCoNiPdWP- and a Pt/C&RuO,-based ZAB. Photograph of a red LED screen powered by a
FeCoNiPdWP-based ZAB is also shown in (d). (g) Galvanostatic discharge—charge curves with 10 min discharge and 10 min charge cycles at a current
density of 8 mA cm™2 of FeCoNiPdWP- and Pt/C&RuO,-based ZABs. (h) Enlarged galvanostatic discharge—charge cycles at the specific cycles (1st,
200th, 500th, 1000th, 1500th, and 2000th) for 20 min of the FeCoNiPdWP-based ZAB.

of 8 mA cm ™. As shown in Fig. 7g, the FeCoNiPdW-based ZAB
can be stable over 700 h, i.e. 1 month, of continuous cycling
(over 2000 cycles). In contrast, the Pt/C&RuO,-based ZAB is
stable for just about 100 h, i.e. 300 cycles. Fig. 7h shows the
enlarged galvanostatic discharge-charge cycles of FeCoNiPdWP
HEPs-based ZABs at the specific cycles at 1st, 200th, 500th,
1000th, and 2000th cycles. The initial charging/discharging
potential gap is 1.0 V. With continuous cycling, the potential
gap is decreased to 0.97 V at 200 cycles, and it remains in the
range of 0.95-0.96 V after 1000-2000 cycles, further proving its
good stability.

3. Conclusion

FeCoNiPdWP HEP nanoparticles were synthesized using a mild
colloidal method and tested as bifunctional OER/ORR catalysts.
These HEPs demonstrated exceptional OER performance, with a
low overpotential of 227 mV at 10 mA cm™ 2 and a Tafel slope of
33 mV dec . The outstanding OER performance is attributed to
a reconstructed FeCoNiPAWOOH surface rich in high-oxidation-
state Fe, Co, and Ni (Fe = 3.1; Co = 3.3; Ni = 3.8) as main active
sites, Pd aiding in OH™ adsorption, and W optimizing oxygen

7204 | Energy Environ. Sci., 2024, 17, 7193-7208

intermediate adsorption via electronic structure modulation. For
ORR, FeCoNiPdWP HEPs show a half-wave potential of 0.81 V
and efficient four-electron transfer pathways. During ORR, the
surface of the HEP was also slightly enriched in Fe, Co, and Ni
and reconstructed into a FeCoNiPAWPOH, with Fe/Co/Ni found
as oxyhydroxides but with Pd and W maintaining the phosphide
chemical environment as observed by XPS analysis. This unique
FeCoNiPdWPOH surface, together with the active role of Pd and
the influence of Co and W in modulating the electron transfer
pathways, significantly enhances the ORR performance. Overall,
each element within FeCoNiPdWP HEPs plays a crucial role in
enhancing both OER and ORR performances. The combination
of all these elements playing distinctive roles and the switchable
active sites in redox reactions transcends the usual constraints of
bifunctional catalysts, which generally excel in only one of these
reactions. As a result, FeCoNiPdWP shows an extremely low Eg,,
value of 0.65 V and FeCoNiPdWP-based ZABs exhibit outstand-
ing performance and stability for over 700 h. This work provides
a platform to understand the different surface reconstruction
behaviors of HEP catalysts and the distinct element roles in OER
and ORR reactions, which paves the way for designing advanced
bifunctional oxygen catalysis, potentially based on HEMs.

This journal is © The Royal Society of Chemistry 2024
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