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ABSTRACT: Efficient oxygen evolution reaction (OER) catalysts with
fast kinetics, high efficiency, and stability are essential for scalable green
production of hydrogen. The rational design and fabrication of catalysts
play a decisive role in their catalytic behavior. This work presents a high-
entropy catalyst, FeCoNiCuMo-O, synthesized via carbothermal shock.
Synergistic optimization of the adsorption evolution mechanism (AEM)
and lattice oxygen mechanism (LOM) was realized and demonstrated
through the combination of in situ spectra/mass spectrometry and chemical
probe analysis in FeCoNiCuMo-O. Furthermore, the robust stability is
reinforced by the inherent properties conferred by the high-entropy design.
The catalyst exhibits outstanding performance metrics, featuring an
exceptionally low Tafel slope of 41 mV dec™’, a low overpotential of 272
mV at 10 mA cm ™%, and a commendable endurance (a mere 2.2% voltage
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decline after a 240-h continuous chronopotentiometry test at 10 mA cm™). This study advances the development of efficient,

durable OER electrocatalysts for sustainable hydrogen production.
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lobal efforts to combat climate change have driven the

demand for low-carbon and zero-carbon technologies."”
Prominent among these is the harnessing of water electrolysis
for hydrogen generation, especially when powered by renew-
able energy resources, enabling carbon-neutral outcomes vital
for the decarbonization of industries, transportation networks,
and power systems.” In the process of water electrolysis, the
efficiency of the oxygen evolution reaction (OER) directly
impacts the overall energy consumption and economic value.”
This process is typically associated with high reaction energy
barriers and overpotentials, necessitating the use of efficient
catalysts to enhance the reaction rates.” Although noble metals
initially served as reliable catalysts, their exorbitant costs and
finite reserves prompted a shift toward exploring alternatives
grounded in abundant transition metals like iron, cobalt, and
nickel, valued for their economic accessibility and widespread
availability.”~” However, these novel catalysts remain challeng-
ing with persistent issues concerning performance efficiency
and durability.'® The traditional understanding of the OER
mechanism has primarily focused on the adsorbate evolution
mechanism (AEM). According to AEM, changing the Gibbs
free energy of one intermediate will linearly affect the
counterpart of other intermediates (i.e., AGiooy = AGioy +
3.0 + 02 eV)."""" Consequently, it is impossible to
simultaneously optimize the Gibbs free energies of all
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intermediates to achieve optimal reaction conditions. Even
with material design and structural optimization partially
addressing these contflicts, it remains challenging to completely
overcome the limitations imposed by the linear relation-
ship 21415
oxygen mechanism (LOM), distinguishing itself by involving
lattice oxygen directly in the OER, rather than surface-
adsorbed intermediates, in the formation of O-0O
bonds.'”'®"” This breaks free from AEM’s linear constraints
and paves the way for high activity and fast kenitics.'®
However, it requires rational regulation of the catalyst’s
electronic structure to facilitate lattice oxygen activation.
Moreover, the dynamic nature of lattice oxygen engagement,
entailing rapid oxygen migration and transient vacancy
creation, can compromise material integrity and longevity.'”*’
Irrespective of whether AEM or LOM dominates, the
adsorption and desorption of intermediates at active sites result

Recent advancements have unveiled the lattice
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Figure 1. Preparation and morphology of FeCoNiCuMo-O. a. Scheme illustration for the thermodynamic induced evolution of FeCoNiCuMo-O.
b. Temperature profile of CC during carbon thermal shock process (inset pattern: schematic diagram of the device). c. Photo of carbothermal
shock device. d. High magnification SEM of FeCoNiCuMo-O and e corresponding diameter distribution of FeCoNiCuMo-O. f. XRD spectra of
FeCoNiCuMo-O and CoNiCuMo-O. g. Representative TEM (insert pattern: selected area electron diffraction), h HRTEM image, i HAADF-

STEM image, and the corresponding EDS mapping of FeCoNiCuM
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from the combined interactions between neighboring atoms.”’
The synergistic interactions among elements in high entropy
materials (HEMs) can regulate the electronic structure of the
materials, resulting in their broader range for tuning binding
energies and thereby optimizing the reaction process.”' ™" In
addition, the inherent lattice distortion in HEMs also modifies
the electron cloud distribution around the lattice oxygen,
promoting its activation and achieving more efficient OER. b2
More importantly, the intrinsic enhancement of configura-
tional entropy stabilizes HEMs, countering deleterious effects
on crystal frameworks due to lattice oxygen involvement.*®
Among various fabrication techniques,”’ ' carbothermal
shock (CTS) stands out for its operational simplicity, energy
efficiency, and precision in compositional control.”> The CTS
provides rapid heating rates, which can effectively promote the
homogeneous distribution of metal ions and facilitate the
formation of high-entropy phases.”® Fast cooling limits
secondary or side reactions by reducing transient heating
times and ensures uniform nanoparticle dispersion, thereby
facilitating precise control over the reaction process.33
Moreover, the rapid thermal cycling in air accelerates the
oxidation process,”" enabling the incorporation of oxygen into
the high-entropy framework, which is essential for activating
lattice oxygen in OER.

Fe, Co, Ni, Cu, and Mo are well-known transition metals
that have been widely investigated for their role in OER. Fe,
Co, and Ni with variable valence states facilitate electron

transfer in the OER, lowering the energy barrier and
accelerating kinetics.”® Their unfilled d orbitals can hybridize
with reactant orbitals, weakening bonds and promoting O—0
bond formation.**” In multimetallic systems, Cu is often
included to improve electronic conductivity and facilitate
electron transfer between active sites.*® Previously, Mo was
shown to influence charge redistribution and optimize
adsorption of OER intermediates in high-entropy systems.”
Inspired by the above, we prepared high-entropy oxides
containing Fe, Co, Ni, Cu, and Mo (denoted as FeCoNiCu-
Mo-O) by CTS. The CTS method ensures homogeneous
blending of immiscible components, satisfying the high-
entropy design. Notably, co-optimization of LOM and AEM
is found to play a pivotal role in accelerating the reaction
kinetics of FeCoNiCuMo-O, which is attributed to the
optimization of the rate-determining step (RDS) for both
mechanisms. Meanwhile, the augmented conformational
entropy can bring about a remarkable prolongation of the
catalyst stability. Consequently, FeCoNiCuMo-O exhibits
exceptional electrocatalytic performance under alkaline con-
ditions, with an overpotential (#,,) as low as 272 mV to reach
10 mA cm™?, a Tafel slope of 41 mV dec™’, and enduring
electrolysis capacity spanning 240 h, markedly surpassing
benchmarks set by RuO, (1,0 = 313 mV, 97 mV dec™"). Our
study attempts to shed some light on the path forward for
engineering economically viable OER electrocatalysts that
excel in both efficiency and durability, hopefully representing a

https://doi.org/10.1021/acs.nanolett.4c05658
Nano Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05658?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05658?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05658?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05658?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

14
a b c
o 12+ 1.60
300+ <}
< 5 3 ~10} my
) : O & T
g £ 8 g 8 = 1.56
= I3 8 -1,
<E( 200 - o < «
S z £ >
S 3 = 6r 2
- & < w
1001 ne 1.52 |
FeCoN\Cul\/VO’O a1 mv d_ei——&*”’a
2+
T 1 0 1 1 1 1 1 1 1 48 1 1 1
1.2 14 1.6 1.8 20 40 60 80 100 120 .8 0.9 1.0 1.1 1.2
E (V v.s. RHE) Scan rate (mV s™') loglige, (MA cm2)]
\ FeCoNiCuMo-O
d o (27; CoNICuMo-0 e f 18
> RuO, )
o+ i\ N ~150} O FeCoNilrRu/CNFs HEA HEMG-NPs >
R 3 CoNiCuMo-0 96.7% for 192 h
- - o m RuO, 97.4% for 168 h
L w16+ 2
E 120 PtFeCoNIMINC O i roeeoroe OOOCO0CCO0
= < BN-CoFe-MOF -
Q % RuO, %) FeCoNiCuMo-O 97.8% for 240 h
8 ]
o 90r Nigs-O/Mo,C O >
o [>Co(OH),@Ce0, 2
K Co-W,C O™ This work CoNiCuMo-O% w14r
& 60F AE-CoNDA] o QFecticr
Serot é‘, OMgFeCoNizn)O 1M KOH
30} This work FeCoNiCuMo-O @10 mA cm?
97 1 1 1 1 1 1 2 1 1 1 1
Cy (MF cm?) Tafel slope (mV dec™!) 240 280 320 360 400 0 50 100 150 200
Overpotential (mV) Time (h)

Figure 2. Electrochemical performance evaluation. a. LSV curves at a scan rate of S mV s/, b relationship between current density difference and
scan rate (Cy values calculated through linear fitting of the curves), ¢ Tafel slopes, d OER performance comparison of FeCoNiCuMo-O,
CoNiCuMo-O, and RuO,. e. Comparison with the overpotential and Tafel slope of recently reported advanced OER catalysts. f. Stability tests at 10

mA cm™? of FeCoNiCuMo-O, CoNiCuMo-O, and RuO,.

meaningful step toward sustainable hydrogen production
technologies.

Figure S1 shows the process for the preparation of
FeCoNiCuMo-O and its comparative catalysts. A carbon
cloth (CC) was first pretreated by CTS so as to improve its
wettability (Figures S2 and S3). Good wettability of the
substrate not only facilitates uniform distribution of the metal
precursor solution to achieve homogeneous high-entropy
mixing for the catalyst synthesis*> but also increases reaction
rates by enhancing charge transport and promoting ion
diffusion during the OER process.”’ Then the CC was soaked
in the metal precursor solution, dried, and processed by CTS
again. Figure la illustrates the schematic of metal ions
dispersing from the precursor solution to grow into nano
crystalline particles. Figure 1b shows the temperature profile of
CTS process with the characteristics of very short processing
time in the second level and very high temperature close to
2000 K. The inset in Figure 1b shows the schematic of the
CTS configuration and its photograph is shown in Figure 1lc.
Scanning electron microscopy (SEM) images in Figures 1d and
S4 show dispersed FeCoNiCuMo-O particles on the CC fibers,
with an average size of about 49 nm (Figure le). CoNiCuMo-
O presents a similar morphology (Figure SS). The regular
facets indicate the crystalline nature of the particles, which are
confirmed by XRD spectra (Figure 1f). The diffraction peaks
of both FeCoNiCuMo-O and CoNiCuMo-O exhibit a single
hexagonal structure with the space group of P63/mmc (JCPDS
#08-0384). Compared to standard diffraction peaks, a slight
shift in some peaks of both samples indicates lattice distortion
caused by multimetal mixing.*"*> Transmission electron
microscopy (TEM) further discloses the morphology of
FeCoNiCuMo-O as nanocrystalline particles with regular
edges (Figure 1g). High-resolution transmission electron
microscopy (HRTEM) images reveal clear lattice fringes of
FeCoNiCuMo-O, with a lattice spacing of 0.25 nm in the

region marked by a red dashed line (Figure 1h). The selected
area electron diffraction (SAED) pattern (inset in Figure 1h)
again demonstrates the single-crystalline nature of the particle.
High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and corresponding X-ray energy
dispersive spectroscopy (EDS) mapping characterizations
(Figure 1i) show the uniform distribution of Fe, Co, Ni, Cu,
Mo, and O elements, indicating the successful synthesis of
single-phase FeCoNiCuMo-O. Previous studies have demon-
strated that ensuring a single-phase state is crucial for achieving
atomic-level mixing of various elements, enabling synergistic
properties that cannot be attained by individual components.*’
X-ray photoelectron spectroscopy (XPS) analysis shows that
all metal elements are present in their oxidized states within
the samples, as indicated by their binding energies compared
to standard values for both metallic and oxidized forms
(Figures S6—S10 and Tables S1 and S2).

A three-electrode system in 1 M KOH electrolyte solution
was used to investigate the electrocatalytic performance of the
synthesized catalysts during OER. In the performance testing,
RuO, (SEM as shown in Figure S4c and d) is often selected as
a comparison material because of its high catalytic activity,
relatively high stability, and extensive research foundation,
providing a reliable reference for the evaluation of catalysts. As
illustrated in Figure 2a, the overpotential (1) required for
FeCoNiCuMo-O to reach the geometric area normalized
current densities (jgeo) of 10, 50, 100, and 200 mA/cm? are
272, 303, 317, and 328 mV, respectively, much lower than
those for CoNiCuMo-O (352, 406, 433, and 464 mV) and
RuO, (312, 386, 425, and 470 mV). This demonstrates a
substantial enhancement in the apparent electrocatalytic
activity of FeCoNiCuMo-O. The intrinsic activity of the
catalysts can be reflected by normalizing the current with
electrochemically active surface area (ECSA), which is
associated with the double-layer capacitance (Cy). According
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Scheme 1. Schematic Diagram of AEM and LOM

@ o @\) o 9:;0160 O Metal

AEM A
s ° @0O-e TEY e-O-o \I";> e-0O0e S R : @ Lattice oxygen
7 :
© =1 ¢ ) ¢ @ Adsorbed oxygen
O 0 e P i o Hydrogen
b . ©o ° o) o e [} ° ,"0°0 ° o o
\k' © Oo © ° @ @ © °© @
e ¢
N YOk -) =1 0O = 0-0-6@ —IV/‘> - S OR% = O-O-Oo

I m
LOM f ¢

¢ ' S P

: VI; 2o
_______________________________________________________________________________________________________ o
FeCoNCuM 1F - 1F FeCoNiCuMo-O CoNiCuMo-O
a eCoNiCuMo-O b | coNicumo-0 [ T 1514 d — 180160 1E_14
1.2V 1.2V
AN 5 5
13 V 13 V §’ — 160150 E’ — 160190
M-OOH 0-0r M-00 0-0° ] 1E—13[ S 1E—1:{
— ] k=2 2
1.4V 14V » »
~—n N © ©
5 |15V ’; 15V = | — Q%o 2E-131 S [ ——18o8p 2E-131
2 |18y > |16V
& |15V S [15v Time (s) Time (s)
E=N I U N < MM 70 8
£
14V 14V ?O BN FeCONiCUMo-O  _o-. f R
| M © B CoNiCuMo-O & . {60 - & FeCoNiCuMo-O R
o—.—/\\_/\._/\,,«,—- y \ - o .
2 . - @- CoNiCuMo-O - H
1.3V 13V 30 P - e
= Ve w Lol
<) e,
12V 12V £ 20 i o
= . oL
= — , o K
ocp 310 - =
OoCP q > i
W < 1on . )
-/\’\4-—/\\—.-—./\--\—- P rmrn] D N NS, NS 0 ! ‘ .
No bias No bias P j .=
! I ! It 10+ / g
300 600 1000 1200 : L 0 . . . .
; 300 600 1000 1200 1.40 150 155 160 1.65 00 10 20 30 40 50
Raman shifit (cm™") Raman shifit (cm™) E (V v.s.RHE) E,pp (kJ mol')

Figure 3. In situ Raman spectra of a FeCoNiCuMo-O and b CoNiCuMo-O. DEMS signals of 160160, °0'%Q, and *0'*0 from the gaseous

products for '*0-labeled ¢ FeCoNiCuMo-O and d CoNiCuMo-O. e. The E

.pp Values (purple Y-axis) were derived from CV curves performed at

various temperatures, as detailed in Figures S19—S21 in the Supporting Information. CV curves were collected at 20 °C (green Y-axis). f. The

logarithm of the A,
Arrhenius plots shown in Figures S19 and S21.

for both FeCoNiCuMo-O and CoNiCuMo-O was calculated at fixed potentials, based on the intercepts found in the

to the Cg values (Figures 2b and S11), the ECSA is calculated
as 2.43 (FeCoNiCuMo-0O), 2.10 (CoNiCuMo-0O), and 1.03
(RuO,) cm?, respectively, indicating that FeCoNiCuMo-O has
the most active sites as well. The ECSA-normalized LSV curves
show that the intrinsic activity of FeCoNiCuMo-O remains
superior to the other two (Figure S12).

The Tafel plot, extrapolated from the polarization curves
and depicted in Figure 2c, elucidates the kinetics underlying
the OER process. The Tafel slope of 41 mV dec™ for
FeCoNiCuMo-O is much lower than that of CoNiCuMo-O
(69 mV dec™) and RuO, (97 mV dec™). The improved
catalytic reaction in FeCoNiCuMo-O is also evidenced by its
notably lower charge transfer resistance than those of
CoNiCuMo-O and RuO, (Figure S13). Figure 2d summarizes
the comparison of OER performance of FeCoNiCuMo-O,
CoNiCuMo-O, and RuO,, showing that FeCoNiCuMo-O is
superior in all aspects to the other two. The comparison with
the literature further shows the superior performance of our

designed catalysts in the aspect of the lower overpotential and
Tafel slope of FeCoNiCuMo-O (Figure 2e and Table S4).

To elucidate whether the enhanced performance is induced
by the increased entropy due to the construction of multiple
elements, since it has been reported that high entropy materials
are designed for high-efficiency catalysts,* other catalysts with
four out of the five metals have also been investigated (Figures
S14—S16). All catalysts containing Fe show similar reaction
kinetics, close to that of FeCoNiCuMo-O, confirming the
efficiency improvement is induced by Fe but not entropy
increase.

However, the enhanced configurational entropy can ensure
robust structural integrity during prolonged electrolysis
processes.* In the realm of OER catalysts utilized in basic
environments, a predominant challenge is their inadequate
stability, which precludes the use of many catalysts.*> Contrary
to these limitations, FeCoNiCuMo-O demonstrates remark-
able durability, exhibiting a robust performance during a 240-h

continuous chronopotentiometry (CP) test at 10 mA cm™?,
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Figure 4. LSV curves of a FeCoNiCuMo-O, and b CoNiCuMo-O in 1 M KOH (with and without 0.602 M methanol). LSV curves in 1 M KOH
and 1 M TMAOH of ¢ FeCoNiCuMo-O and d CoNiCuMo-O, shift of e Tafel slope and f An. LSV curves were recorded in 1 M KOH at pH
values of 12.5, 13, 13.5, and 14 of g FeCoNiCuMo-O and h CoNiCuMo-O. i The j at 1.55 V (v.s. RHE) is plotted on a logarithmic scale as a

function of pH, from which the p*"F is derived.

with the voltage decaying by only 2.2%, much stable than
CoNiCuMo-O (3.3% for 192 h) and RuO, (2.6% for 168 h)
(Figure 2f), and other Fe-containing four-metal-element
catalysts as well (Figure S17). It exhibits commendable long-
term stability even under a higher current density of 50 mA
cm™? (Figure S18).

The superior performance of FeCoNiCuMo-O can be
explained with both AEM and LOM. Scheme 1 schematically
shows the two mechanisms. AEM is normally thought to
involve four simultaneous proton—electron transfer (CPET)
reactions.”® Specifically, OH™ in solution is first adsorbed on
the surface of the catalyst (step I) and subsequently
deprotonated to form *O (step II). This is followed by the
combination of another OH™ to form *OOH (O—O bond
formation) (step III), and finally O, is precipitated along with
the deprotonation of *OOH (step IV). There exists a linear
free energy relationship (LFER) between *OH and *OOH,
with AGuoop-AGoy = 3.2 & 0.2 eV. Although optimizing the
adsorption of *OH generally leads to a corresponding
improvement in the adsorption of *OOH, the constant energy
difference limits the potential for achieving optimal perform-

ance across all reaction steps. On the other hand, the LOM
process involves direct coupling of *O with lattice oxygen
(step II) and subsequent adsorption of OH™ to form *OO and
*OH intermediates (step III). This intermediate releases O,
and generates oxygen vacancies (O,,) (step IV), followed by
deprotonation (step VI) to restore the initial surface after OH™
fills the O, to form *OH (step V).'* Lattice oxygen is involved
in direct O—O coupling, bypassing the LFER limitation and
thus providing a faster reaction path.

The involvement of AEM and LOM can be directly
identified by the in situ Raman spectroscopy electrochemical
analysis, as shown in Figure 3a and b. Initially, the Raman
spectra of both FeCoNiCuMo-O and CoNiCuMo-O, taken
before immersion in the electrolyte and at open circuit
potential (OCP), are virtually identical, confirming that the
laser does not substantially alter the materials. No new peaks
emerge in the Raman spectra of either sample until the voltage
reaches 1.4 V (v.s. RHE). As the voltage is progressively
increased from 1.4 to 1.6 V (v.s. RHE), a distinct band appears
at ~566 cm™!, where FeCoNiCuMo-O and CoNiCuMo-O
exhibit apparent peak intensity, corresponding to the lattice
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translation mode of M-OOH.**™* Then, this peak gradually
diminishes as the voltage is lowered from 1.6 back to 1.4 V
(v.s. RHE). Clearly, FeCoNiCuMo-O has a stronger M-OOH
characteristic peak than CoNiCuMo-O. Simultaneously, within
the same voltage range, the appearance and disappearance of
the O—O~ characteristic peak at ~1170 cm™" align with those
of the M-OOH feature.*”** The more pronounced M-OOH
and O—O~ peaks in FeCoNiCuMo-O indicate its superior
OER performance is due to the enhanced contributions of
both AEM and LOM. '®O-labeled in situ differential electro-
chemical mass spectrometry (DEMS) further tests the
synergistic enhancement of AEM and LOM in FeCoNiCu-
Mo-O. Initially, both catalysts were activated five times in a 1
M KOH solution using H,'®O as the solvent to label the
catalyst surface, followed by LSV tests in an electrolyte using
H,'O as the solvent. The dynamic surface reconstruction
facilitates the incorporation of heavy oxygen isotopes ('*O)
into the lattice structure. Figure 3c and d shows the signals of
the products during the testing process. Both samples
displayed signals from '°0'™O products labeled with '*O,
which gradually decreased in intensity with an increasing
number of tests, indicating the consumption of the labeled '*O
isotope. These observations confirm the involvement of lattice
oxygen in the reactions for both FeCoNiCuMo-O and
CoNiCuMo-O. Notably, the intensity of the 'O'°O and
160"0 signal peaks in FeCoNiCuMo-O was higher than in
CoNiCuMo-O, indicating its higher efficiency according to
both mechanisms, which is consistent with the in situ Raman
spectroscopy analysis.

To link the reaction energetics with the underlying
mechanistic pathways, temperature-dependent kinetic analyses
of FeCoNiCuMo-O and CoNiCuMo-O electrocatalysts were
carried out in the range of 20—70 °C (Figures $19—S21), and
the apparent activation energy (Eapp) and pre-exponential
factor (Aapp)51 were extracted according to Arrhenius equation
(see the Supporting Information section for specific calcu-
lations).>> To comprehensively capture the variation of Epp
with potential, the analyses were performed below and above
the catalytic onset potential. The E,,, values of both catalysts
peaked near their respective catalytic OER onset potentials
(Figure 3e), which is consistent with the observation that
FeCoNiCuMo-O requires a lower overpotential than CoN-
iCuMo-O to effectively catalyze OER. The lower E,,, value in
FeCoNiCuMo-O indicates reduces in the energy barrier and
kinetic constraints associated with the RDS for intermediate
formation.”” This can be attributed to the emergence of new
pathways mediated by lattice oxygen and the optimization of
active sites in the AEM.

A,p is positively correlated with the number of active
intermediates and the concentration of active sites in the rate-
determining step.”> However, FeCoNiCuMo-O exhibits faster
reaction kinetics despite its lower A, (Figure 3f), suggesting a
reduced reliance on these factors. This implies that lattice
oxygen provides an alternative reaction pathway, reducing the
need for surface active sites and emphasizing the more pivotal
role of LOM in enhancing OER activity.”*

The surface differences in terms of active sites in
FeCoNiCuMo-O and CoNiCuMo-O can be partially explained
by the distinct binding energy shifts observed for the
constituent elements (Figure S7). These variations significantly
influence the activity of the active sites, leading to changes in
their interaction energy with reaction intermediates, ultimately

resulting in different kinetic behaviors, such as reactivity and
selectivity.>

The enhancement of AEM for FeCoNiCuMo-O can be
explained according to the LSV curves of FeCoNiCuMo-O
and CoNiCuMo-O in both CH;OH-free and CH;OH-
containing electrolytes, as shown in Figure 4, panels a and b,
respectively. Methanol is known to compete with the
electrocatalyst surface for the adsorption of *OH intermedi-
ates.””>> The smaller current density difference observed for
FeCoNiCuMo-O compared to CoNiCuMo-O suggests a
weaker *OH adsorption capacity for FeCoNiCuMo-O. This
is further corroborated by the increased intensity of the M-O
peak in the O 1s XPS spectrum of FeCoNiCuMo-O, which
indicates a greater ease of *OH dissociation (Figure S7 and
Table S1). The above results clarify that the enhanced M-
OOH peak observed in the in situ Raman spectra is due to the
weakened *OH adsorption on the FeCoNiCuMo-O surface,
which promotes the accumulation of M-OOH s;)ecies. This, in
turn, optimizes the RDS of the AEM pathway.™

Similarly, tetramethylammonium hydroxide (TMAOH) is
commonly used as a chemical probe to detect active oxygen
species (0,>”) formed during deprotonation in the LOM
process, as the strong electrostatic interaction between TMA*
and the O,” negatively impacts the activity of LOM-based
electrocatalysts. When comparing data collected in 1 M KOH
and TMAOH electrolytes (Figure 4c and d), the differences in
Tafel slopes (Figure 4e) and overpotentials at various current
densities (Figure 4f) are significantly greater for FeCoNiCu-
Mo-O than for CoNiCuMo-O. The OER activity of
FeCoNiCuMo-O is significantly inhibited in TMAOH, which
indicates that the deprotonation step in LOM is strongly
interfered with by TMA™. It can be inferred that the RDS in
FeCoNiCuMo-O has been optimized, thereby enhancing the
contribution of LOM to OER.**" To further investigate the
reasons behind the enhancement of lattice oxygen in
FeCoNiCuMo-O, LSV tests were performed in electrolytes
with varying pH values. As mentioned above, the RDS of LOM
solely involves proton transfer, which contributes to its
pronounced pH dependence.’*™® As shown in Figure 4g
and h, the OER activity of FeCoNiCuMo-O significantly
improved with increasing pH, while CoNiCuMo-O demon-
strated only a slight pH dependency. Simultaneously, the order
of the proton reaction was calculated on the reversible
hydrogen electrode (RHE) scale (p""F) to assess the
dependency of reaction kinetics on proton activity, providing
deeper insight into effect of pH on activity.”' A parameter
closer to 1 indicates a higher sensitivity of the catalyst to pH
changes.”> The p*F of CoNiCuMo-O was 0.16, significantly
lower than that of FeCoNiCuMo-O at 0.86 (Figure 4i). This
suggests that the optimization of the LOM pathway for
FeCoNiCuMo-O was achieved by increasing the proton
transfer kinetics at the catalyst surface. Thus, FeCoNiCuMo-
O exhibits faster kinetics and stronger LOM than CoNiCuMo-
O. It has been reported that Fe can improve metal—oxygen
covalency and thus lattice oxygen activation, which makes
catalysts more inclined to follow the LOM.> In addition, a
series of literature reports that the introduction of Fe
significantly improves the chemisorption of intermediates for
both AEM and LOM.>>** However, much is still unknown in
this regard, and more in-depth studies could be carried out in
the future.

In summary, the synthesis of FeCoNiCuMo-O electro-
catalyst via a CTS strategy leverages the advantages of this
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method for fabricating high-entropy materials. In-situ Raman
and DEMS revealed that the OER on FeCoNiCuMo-O was
performed by both LOM and AEM. Further, kinetic and
extensive chemical probe tests confirmed the optimization of
intermediate *OH adsorption in AEM and proton transfer in
LOM. This dual pathway optimization allowed FeCoNiCuMo-
O to overcome the overpotential limitations imposed by LFER.
In addition, the high entropy design ensures the stability of
FeCoNiCuMo-O during prolonged electrolysis. This work
endeavor furnishes invaluable inspiration for the rational
design of highly stable and catalytically active non-noble
metal catalysts.
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