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The complexity of the multielement interaction in high-entropy alloys (HEAs)
may provide more active sites to adapt different catalytic reaction steps in
oxygen evolution reaction (OER). Investigating the correlation between
structure and performance of HEAs electrocatalysts is both essential and
challenging. In this work, FeCoNiCrMo, HEA nanoparticles are successfully
fabricated utilizing a unique nanofabrication method called inert gas
condensation. With the increase of high-valence metal component Mo, the
atomic structure amorphization and electronic structure reconstruction are
unveiled. According to the X-ray photoelectron spectroscopy valence spectra,
the d-band center of FeCoNiCrMo, is ascending, and thus enhancing the
adsorption energy. Synchrotron pair distribution function analysis reflects the
degree of structural disorder and reveals a robust correlation with the intrinsic
OER activities of the electrocatalysts. FeCoNiCrMo, , high-entropy metallic
glass nanoparticles exhibit an outstanding OER performance with an ultralow

monumental challenge as the world grap-
ples, with growing energy scarcity. Alka-
line water electrolysis to hydrogen tech-
nology commercialization model has ma-
tured, and hydrogen evolution reactions
can even reach a very low overpotential
in the latest research.?l However, the high
overpotential of the anodic oxygen evolu-
tion reaction (OER) is relatively challeng-
ing to fall, and the sluggish kinetics in-
volving the transfer of four electrons jeop-
ardizes the overall electrolytic efficiency.l’!
Currently, extensive researches have been
devoted to exploring non-precious metal
catalysts in view of low-cost.[}33-¢*] Tailor-
ing the binding energy by alloying can
optimize catalytic activity through the in-

overpotential of 294.5 mV at a high current density of 100 mA cm~2. This
work brings fundamental and practical insights into the modulation
mechanism of metal components of HEAs catalysts for developing OER.

1. Introduction

A critical juncture has been reached with regard to the demand
for sustainable and clean energy sources.[!l It's a daunting and
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duced electronic interactions.’] As an im-
portant factor affecting the catalytic per-
formance, the bonding interactions should
neither be strong nor weak.l®! Therefore,
high-entropy alloys (HEAs) have been set
apart from most of the electrocatalysts
owing to their own unique properties.!”]

Considering the further development of HEAs as highly effi-
cient electrocatalysts, the positive multielemental synergy may
endow HEAs with enhanced OER properties.[®! Typically, the
complex structure of HEAs can be adjusted by flexibly control-
ling the constituent multielement and their proportions with
atomic-level mixing.!”) High entropy effect and “Cocktail effect”
may provide multiple active sites, promoting the adsorption
and dissociation of oxygen on the surface.!) The structure—
performance relationship behind “cocktail effect” remains largely
explored. HEAs possess sluggish diffusion and high formation
energy, which contribute to maintaining stability and structural
homogeneity.'!] It effectively inhibits the migration and aggre-
gation of metal atoms, delaying electrode deactivation processes
and enhancing catalytic lifespan. Meanwhile, the electronic struc-
ture of HEAs can be optimized through the lattice distortion
effect, which may shift the d-band center and alter the adsorp-
tion energy for high catalytic activity.'*) The position of the d-
band center based on the d-band model plays a crucial role in
the regulation of the adsorption energies and activation energy
barriers.l3] The addition of high-valence of transition metal el-
ements (e.g., Cr, Mo, W, Nb, and Ta) is facilitated to the read-
ier oxidation transition to regulate the adsorption energy of *O
and *OH and then reduce overpotential.'*] In addition, more
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Figure 1. Schematic illustration of the preparation of HEMG-NPs via LE-IGC.

unoccupied d-orbitals can be provided, thus modulating the elec-
tronic structure and the electron density of the active site, as well
as enhancing the interaction with the reaction mediator. Inter-
estingly, introducing Cr element can even induce a disordered
lattice structure, contributing to the formation of amorphous
phase,[®] which may further enhance the catalytic activity due
to the higher surface energy of amorphous materials than their
crystalline counterparts.[*l Therefore, anticipatory rational struc-
tural design of catalysts and modulation of their electronic struc-
ture predictably are crucial for the development of highly active
OER catalysts.

Here, a HEA nanofabrication strategy was proposed via in-
ert gas condensation (IGC) with laser source in picoseconds. In
this work, FeCoNiCrMo, , HEA nanoparticles (NPs) with amor-
phous structure were successfully achieved by introducing the
high-valence metal Mo for the first time. The “cocktail effect”
can be taken the maximum advantage by changing the content
of Mo element in the HEAs, and FeCoNiCrMo, , exhibited the
best OER catalytic performance with an ultralow overpotential
of 294 mV at 100 mA cm™ compared to FeCoNiCrMo,, and
FeCoNiCrMo,,. The randomicity in coordination environment
in an amorphous structure leads to the diversification of sur-
face active sites, which is conducive to different catalytic reaction
steps. As high-valence metal elements, Mo atoms prefer to be sur-
rounded by lighter atoms of Cr in Mo-rich samples,['”] and the
electrons near the Cr atom are more easily attracted to the larger
electronegativity of Mo. Indeed, electronegativity and ionization
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energy are equally important for electron transfer in catalytic pro-
cesses in view of our pre-work,[’®! as well as the Mo (2.16) el-
ement possesses electronegativity close to that of noble metal
Ru (2.20) and Ir (2.20) element. The optimal electronic struc-
ture in HEA NPs can be obtained by adjusting various neigh-
boring atoms and generating an interfacial charge transfer ef-
fect. Furthermore, the binding energy of an active site can be
governed by the interaction with neighboring atoms.') X-ray
photoelectron spectroscopy (XPS) valence spectra affirmed that
the upshift of the d-band center with the increase of Mo ele-
ment, plays a vital role in the adsorption of intermediates. Syn-
chrotron pair distribution function (PDF) employed to investi-
gate the impact of short- to medium-range atomic structure on
electrocatalytic property. Guidance for the screening of HEA cat-
alysts is provided to explore the correlation between structure and
performance.

2. Results and Discussion

2.1. Structure and Morphology Characterization

The high-entropy metallic glass nanoparticles (HEMG-NPs) of
FeCoNiCrMo, , were synthesized by the laser-evaporated inert-
gas condensation (LE-IGC) strategy (Figure 1). Once the metal
atoms are evaporated from the target driven by the focused pi-
cosecond pulse laser, and form clusters after initial atomic col-
lisions, then small liquid metal particles rapidly condense to
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Figure 2. a) TEM of the FeCoNiCrMo;, NPs sample; b) the corresponding of particle size distribution chart. ¢) HRTEM and SAED images of the
FeCoNiCrMo, 3 and d) FeCoNiCrMog ¢ NPs. e) TEM and EDS mappings of the FeCoNiCrMo; o NPs; f) HRTEM and SAED images of g) corresponding
HAADF-STEM image taken from the FeCoNiCrMo, ¢ NPs. h) Compositional profile within the HEA grain highlighted in (g) marked with the yellow line.

form the HEMG-NPs. The unique way of synthesizing HEMG-
NPs benefits from the high cooling rate which originates from
the collision with gas atoms (Helium), as well as the extremely
large temperature gap between vapor region and the liquid-
nitrogen-filled cold finger. LE-IGC strategy based on fast cooling
at the atomic level, might suppress the precipitation of crystalline
phases and form high-entropy solid solutions.!"] It is worth not-
ing that FeCoNiCrMo systems prepared by traditional methods
generally form FCC structure,['*?] rather than the amorphous
phase in this work.

As shown in Figure 2ab, a spherical morphology for
FeCoNiCrMo, , with an average size of #22.3 nm could be ob-
served. A frequent collision between the FeCoNiCrMo vapor and
gas atoms for an accelerated cooling process suppresses the
growth of the particles and thus ensure the formation of NPs.[*!]
The energy dispersive spectroscopy (EDS) mappings and atomic
percentages were shown in Figure 2e, Figure S2 and Table S1
(Supporting Information). It is obvious that the constituent ele-
ments are homogenously distributed in FeCoNiCrMo,, demon-
strating the successful synthesis of FeCoNiCrMo, HEA NPs.
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Figure 3. a) In situ high-energy synchrotron X-ray study of FeCoNiCrMo ; upon heating. b) Peak height of the first coordination shell Ry and shoulder
of the second coordination shell R,; and R,, as functions of temperature; c) DSC curves of FeCoNiCrMo, o on the top; The 2D mapping profile of the
S(Q) patterns at different temperature for FeCoNiCrMo, 4. d) Heat capacity curves of FeCoNiCrMo, are exhibited on the right for the heating rate of
20 K min~". Enthalpy change (AH) curves obtained by the integration of the heat capacity curves are displayed on the left.

In addition, the effect of Mo content on the phase structure
was investigated systematically. From the XRD pattern (Figure
S1a, Supporting Information), FeCoNiCrMo, , showed clear crys-
tallization while a typical broad wind for amorphous structure
was observed in FeCoNiCrMo, ,. The broad and weak diffrac-
tion peaks for FeCoNiCrMo, ; indicate the structure tends to be
amorphous but still partially crystallized. The structure changes
of the FeCoNiCrMo, with increasing Mo content were further
analyzed in the X-ray structure factor S(Q) (Figure S1b, Sup-
porting Information), and the similar phenomena were also
observed which was consistent with the TEM data. The high-
resolution transmission electron microscope (HRTEM) image
(Figure 2c) showed no lattice fringes on the FeCoNiCrMo, ,
particles. Instead, the selected area electron diffraction (SAED)
pattern (Figure 2d) showed polycrystalline diffraction rings of
FeCoNiCrMo,,. As an intermediate control, the lattice fringe-like
patterns (the upper left circle) and typically maze-like amorphous
atomic structure (the lower right circle) were both clearly ob-
served in FeCoNiCrMo, , (Figure 2f). The corresponding SAED
image of FeCoNiCrMo, , showed the broad diffraction rings and
several diffraction spots, indicating that it is mostly amorphous
and partially crystallized.

To further explore the causes of amorphous formation, the
EDS of line sweeps on FeCoNiCrMo, ; from amorphous to crys-
talline NPs was carried out (Figure 2g). It is evident in Figure 2h

that the content of Mo element is from more to less. The increase
of Mo exacerbates the lattice distortion and even leads to the
transformation of ordered atomic arrangements into disordered
ones due to its larger atomic radius than other elements. Atomic
size-induced mismatch entropy is vital for the glass-forming abil-
ity of amorphous systems. According to the lattice distortion ef-
fect in HEA, when the atomic arrangement is unable to main-
tain the critical point of the lattice array, the lattice array is de-
stroyed and an amorphous structure is formed. The in situ heat-
ing synchrotron total scattering was conducted to further explore
the thermal stability of FeCoNiCrMol.0. Figure 3a shows the
reduced pair distribution function (PDF) G(r) obtained by the
Fourier transform of Q(S(Q)™!) (Figure S3a, Supporting Infor-
mation). The first peak R, in G(r), corresponding to the nearest-
neighbor shell, identifies the structural information of solute-
centered short-range order (SRO, 2-5 A). The shoulder R, of
the second peak indicates the packing connectivity of SRO on a
medium-range scale (5-20 A). A heat absorption peak can be seen
atabout 523 K in Figure 3¢, and in Figure S3b (Supporting Infor-
mation), the unusual variation trend occurs for the peak height
of Q; which transforms from the structure factor S(Q), indicat-
ing that the structure tends to be more ordered and correspond-
ing to enthalpy relaxation.?”] Figure 3b shows the peak height
of FeCoNiCrMo, , for R;, R,;, and R,,, which all exhibited sim-
ilar trends of change before 823 K. Analogously, the integrated



intensity for R, (integrated region of G(r) > 0, #2.29-2.92 A) can
be seen in Figure S3c (Supporting Information), which slightly
increased at about 623 K while a significant increase occurred at
about 773 K, matched well with the result of differential scan-
ning calorimetry (DSC). The anomalous exothermic peak can ex-
ist in the amorphous,[?*) expressing as locally ordered regions
and then reentering the disordered state at higher temperatures.
It is indicated that the as-prepared sample experiences a glass-
to-glass transition from a high-energy state to a low-energy state
with a large energy reduction. The presence of a glass-to-glass
transition is also a characteristic of high-energy state metallic
glass.?*] As the temperature increased, the metastable phase was
gradually stabilized, eventually showing an FCC structure simi-
lar to FeCoNiCr.?] Figure 3c is the corresponding 2D mapping
profile for the structure factor S(Q) and a distinct crystalliza-
tion was observed after 823 K. Furthermore, heat capacity mea-
surements were made via DSC at a heating rate of 20 K min™!
as shown in Figure 3d (left). The exothermic peaks moved to
higher temperatures as the Mo content increased, indicating that
FeCoNiCrMo, , has better thermal stability. To compare the en-
ergy state of FeCoNiCrMo,, the enthalpy change (AH) curves
are plotted as shown in Figure 3d (right) obtained by integrat-
ing the heat capacity curves. The AH (from 540 to 810 K) of
FeCoNiCrMo, , is the largest, further demonstrating its high en-
ergy state. It is worthy to emphasize that amorphous materials
with high AH value tend to have large free volumes,!**! which
makes the surfaces more easily adjustable to accommodate the
shapes and sizes of adsorbate molecules, thus enhancing adsorp-
tion.

2.2. Structural Performance Correlation

An anodic OER of water splitting was conducted to evaluate
the electrocatalytic performance of the FeCoNi, FeCoNiCr, and
FeCoNiCrMo, NPs prepared by LE-IGC. The linear sweep voltam-
metry (LSV) measurements, as a vital indicator in the assess-
ment, were conducted in an O,-saturated 1.0 M KOH solution at
room temperature. As shown in Figure 4a, the conformational
entropy of catalytic which obtained via the same preparation
method seems to exert a remarkable effect on OER performance.
Based on the FeCoNi system, a definite improvement in OER per-
formance occurred with the addition of high-valence Cr and Mo
elements, especially for Mo. In addition, the increase of Mo pro-
motes the formation of the amorphous phase, which positively af-
fects catalytic performance. Actually, FeCoNiCrMo, , HEMG-NPs
exhibited the best OER performance among these catalysts, while
the commercial RuO, showed significantly poor overpotential at
a current density of 10 mA cm™ (269.8 mV). The correspond-
ing statistical plots of overpotentials at different current densi-
ties are shown more visually in Figure 4b. The FeCoNiCrMo, ,
catalyst exhibits the lowest overpotential of 243.3 mV at a cur-
rent density of 10 mA cm~2 and an ultralow overpotential of
294.5 mV at a high current density of 100 mA cm=2. The OER
performance trend of FeCoNiCrMo, , HEMG-NPs at high cur-
rents density indicates its great potential for practical applica-
tion. The catalytic performance of FeCoNiCrMo,, is only slightly
inferior to that of FeCoNiCrMo, , and much better than that of
FeCoNiCrMo,,. This phenomenon corresponds precisely to its

structural change, namely, FeCoNiCrMo,, is clearly crystalline,
and FeCoNiCrMo, , has the best amorphous formation capacity,
which is slightly better than that of FeCoNiCrMo, . It is demon-
strated that the high atomic disorder of the system is favorable
for catalytic performance. This is also attributed to the unique
catalytic activity of HEAs, which emerges from the complex in-
teraction among different elements in a single-phase solid solu-
tion. It can be seen that the carbon cloth as the control group
had almost no electrochemical activity in Figure S4 (Supporting
Information), which proved it only functions as a supporter and
current collector during the electrochemical test. Apart from the
overpotential, the Tafel slope is another important performance
parameter and reflects the energy conversion efficiency of the cat-
alyst. From Figure S5a (Supporting Information), the Tafel slope
of FeCoNiCrMo, ,, FeCoNiCrMo,,, FeCoNiCrMo,,, FeCoNiCr,
FeCoNi, and RuO, derived from the LSV curve, are 36.9, 50.8,
65.1, 83.5, 104.8, and 109.3 mV dec™!, respectively. The small-
est Tafel slope of FeCoNiCrMo, , indicated that the determining
step was at the end of the multi-electron transfer reaction, which
is usually a sign of a good catalyst. The faster kinetics and cat-
alytic rate can be more favorable adsorbing OH™ to form surface
intermediate during the OER process. Although the Tafel slope
of RuO, is larger in our work, it is within a reasonable range as
reported in previous literatures.?’] Moreover, the electrochemi-
cal activity-specific surface areas (ECSA) of catalysts were investi-
gated by the double-layer capacitance (Cy), which is measured by
CV curves (Figure S6, Supporting Information) at various scan
rates (10-100 mV s7!) in the non-Faraday region.?®! As illus-
trated in Figure S5b (Supporting Information), the C, values of
FeCoNiCrMo, ,, FeCoNiCrMo, ,, FeCoNiCrMo,, ,, FeCoNiCr, Fe-
CoNi, and RuO, were calculated to be 35.96, 35.45, 27.6, 25.84,
14.52, and 23.96 mF cm?, respectively. The phenomenon indi-
cated that FeCoNiCrMo, , had a larger electrochemically active
area and a higher intrinsic OER activity, which was consistent
with the actual electrochemical properties. As an important prop-
erty for assessing an outstanding catalyst, the catalytic stability
was also investigated by chronopotentiometry measurement with
a current density of 10, 50, and then 100 mA cm~2. The excellent
stability performance of FeCoNiCrMo, , can be seen in Figure S7
(Supporting Information) for 166 h in 1.0 m KOH. The overpo-
tential is slightly elevated at the beginning, which may be due
to the oxidation of the surface that increases the internal resis-
tance or the O, bubbles that block up some of the active sites.
The EDS mapping of the used FeCoNiCrMo, , further revealed
that the composition of each element is negligibly changed and
evenly distributed, and remaining amorphous (Figure S8, Sup-
porting Information), which provided dispersed active sites. The
atomic arrangement of HEAs in the amorphous state is disor-
dered and there are no defects such as grain boundaries, seg-
regation, etc., which is conducive to the improvement of corro-
sion resistance. The high configurational entropy of HEAs de-
creases the Gibbs free energy of the system and maintains the
stability of the internal structure of the alloy.!?”) Meanwhile, the
OER performance of FeCoNiCrMo, , in the initial state and af-
ter annealing at 973 K for 1 min were compared in Figure 4c.
As can be seen in Figure S9a (Supporting Information), the an-
nealed FeCoNiCrMo, , and FeCoNiCrMo, , exhibited the same
distinct FCC structure as FeCoNiCr. The similar results were ob-
served in Figure 3, in fact, FeCoNiCrMo; , has begun to crystallize
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Figure 4. a) IR-corrected polarization curves of the different electrocatalysts for OER in 1.0 M KOH solution at room temperature; b) The overpotential of
different electrocatalysts for OER; c) IR-corrected polarization curves of FeCoNiCrMo, 5 and FeCoNiCrMo; o, — annealed for OER in 1.0 M KOH solution
at room temperature; High-resolution XPS spectra of d) Cr 2p, €) Mo 3d. f) The work functions and d-band centers of FeCoNiCrMoy ,, FeCoNiCrMog ¢,

and FeCoNiCrMoy 4. g) The corresponding EIS spectra.

after 823 K. It was obvious that the OER performance was
reduced after crystallization, which was in line with the phe-
nomenon observed on FeCoNiCrMo,, (Figure S9b, Support-
ing Information), directly demonstrating the advantage of amor-
phization in the HEA for OER activity.

The electrochemical activity of catalysts is dominated by the
electronic structure, and it is essential to analyze the surface
electrochemical states of FeCoNiCrMo, using high-resolution
XPS to further reveal the structure—function correlation. As the
Cr 2p and Mo 3d spectrum of FeCoNiCrMo, are displayed in
Figure 4d,e. It is noteworthy that the obvious shift to higher bind-
ing energy was observed in Cr 2p spectra for FeCoNiCrMo, , in
comparison with that of FeCoNiCrMo,,,. In contrast, Mo 3d peaks
for FeCoNiCrMo, , shifted to lower binding energy, manifesting
the increased electronic density of Mo after amorphization. Sim-
ilarly, the electrons near the Cr atom are more easily attracted
to the larger electronegativity of Mo (2.16) due to the smaller

electronegativity of Cr (1.66) compared with that of Ni (1.91), Co
(1.88), and Fe (1.8). Meanwhile, Cr atoms possess the smallest
ionization energy (6.7665 eV) compared to those elements, which
reflects the very easiness of Cr atomic losing electrons. The in-
teraction between Mo and Cr may facilitate to electron transfer
during OER, owing to the electron-donating processes of OER.
Therefore, Cr atoms are more favorable for delivering electrons to
Mo atoms. The conductivity of the FeCoNiCrMo, followed an or-
der of FeCoNiCrMo;, , > FeCoNiCrMo, , > FeCoNiCrMo, ,, which
was also in line with their catalytic activities in the OER. More-
over, the valence band spectrums (VBS) of FeCoNiCrMo, were
analyzed to obtain the work functions®®®! and d-band centers of
the samples in Figure 4f (refer to the Experimental Section).
FeCoNiCrMo, , possessed the smallest work function (3.788 eV)
compared to FeCoNiCrMo,, (3.836 eV) and FeCoNiCrMo,,
(3.941 eV). This result represented the lower energy barrier to
excite an electron to the vacuum level and escape from the solid
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surface. As shown in Figure S10 (Supporting Information), with
the increase in Mo atomic ratio in the FeCoNiCrMo,, the d-band
center of VBS shifts to a higher position, and the FeCoNiCrMo, ,
has the highest one (—2.332 eV). The G(r) peaks shift to larger
interatomic distances as the increase of Mo elements (2.537-
2.605 A), representing ~2.61% tensile strain (Figure 5g). Gen-
erally, as tensile strain occurs, the decrease in electron orbital
overlap would induce an upshift of the d-band center and nar-
rowing of the energy band distribution, then the d electrons be-
come more unstable, meaning that their XPS binding energies
would be smaller.3!! The higher is the d-band center, the greater
is the adsorption energy. These results also matched well with
the above results of heat capacity. These energy traps are more
widely distributed in FeCoNiCrMo, ,, which can provide stable
adsorption positions to promote catalysis. The easy adsorption of
oxygen-containing species (e.g., O, OH and OOH) contributes to
the oxidative formation of intermediates for liberating the active

sites.??] Hence, the addition of high-valent Mo sites accompa-

nied by amorphization can further tune the electron structure,
such as reducing the local work function, increasing the elec-
tron density, distribution, and conductivity, as well as elevating
the density of states at Fermi level of FeCoNiCrMo,, to promote
OER activity. Correspondingly, the FeCoNiCrMo, , had the small-
est arc radius of the Nyquist plot related to the charge transfer
resistances (R,) as shown in Figure 4g, and the resistance lo-
cated in the high-frequency region reflects the ohmic resistance
(R,). Compared to that of other electrocatalysts, FeCoNiCrMo,
exhibited a prominent interfacial charge transfer impedance of
~3.1 Q, and that of FeCoNiCrMo,;, FeCoNiCrMo, ,, FeCoNiCr,
and FeCoNi are 4.6, 6.1, 7.6, and 18.6 Q, respectively, suggest-
ing the faster charge-transfer rate and greater reaction kinetics.
It is conducive to faster adsorption of reactants and conversion
of intermediates. Unlike the Nyquist plots of RuO,, the shapes
of that for other samples were not simple semicircles or straight



lines, but showed a dispersion effect, suggesting the presence
of a slight diffusion layer controlling on the electrode surface.
The Warburg impedance of a finite diffusion layer thickness can
be used to model circuits (Figure S5¢, Supporting Information),
which is equivalent to an RC series circuit at high frequencies.
Moreover, the filling degree of the d-electrons in the band in-
creases as the d-band center moves toward the Fermi level. It
positively affects the electrical conductivity, as more carriers are
available for current conduction. Additionally, the high entropy
and synergistic effect of homogeneous mixing of Fe, Co, Ni, Mo,
and Cr also may produce favorable local coordination environ-
ments and electronic structures that optimize the adsorption en-
ergy of the intermediates during OER reaction, thereby reducing
the required overpotentials.[*®33]

Numerous amorphous materials have emerged as a great
prospect for catalysis due to structurally disordered amorphous
phase that can form favorable catalytic sites.[!!3*] The pair distri-
bution function (PDF) analysis provided atomic-scale local struc-
tural information, which was conducted in Figure 5, to discover
in depth the structural features of the FeCoNiCrMo, that influ-
ence their OER catalytic properties. The G(r) patterns could be
achieved through a fast Fourier transform of S(Q).[* Meanwhile,
the average number density (p,) of FeCoNiCrMo, was also ob-
tained via G(r) processed by PDFgetX2 software, which reflects
changes in the atomic spacing and arrangement. FeCoNiCrMo, ,
possessed the smallest p, (0.0925) than FeCoNiCrMo, ¢ (0.1150)
and FeCoNiCrMo,, (0.1230), suggesting the looser atomic ar-
rangement. All peaks shifted right with the increase of Mo atomic
ratio, indicating the volume expansion of the MRO structure.
Consistent with the rise of Mo elements with large atomic sizes,
the atoms stretch and become loosely arranged (Figure 5g). In
addition, the & value, as an indicator of the correlation with
amorphous ordering, is obtained via exponential function fit-
ting of the PDF profiles.**] FeCoNiCrMo; , possessed the high-
est £ value, about 5.706, as shown in Figure S11 (Supporting
Information), suggesting stronger ordering that can extend to a
medium-range length scale. Furthermore, the local bonding in-
formation from the PDF data was extracted to probe the coor-
dination environments and connection modes by analyzing the
Gaussian fitted curves of the first and second coordination shells
for FeCoNiCrMo,. Considering that the atomic radii of Fe, Co, Ni,
and Cr are similar rather than that of Mo is too large, Fe-Co-Ni-Cr-
Mo was characterized as pseudobinary [(Fe, Co, Ni, Cr)-Mo] with
weighted partial PDFs corresponding to the (Fe, Co, Ni, Cr)- (Fe,
Co, Ni, Cr), and (Fe, Co, Ni, Cr)-Mo based only on atomic size. As
shown in Figure 5a—c, T(r) were converted from G(r) by the fol-
lowing equation: [= 4ITrp(r) = G(r) + 4I1rp,] to resolve the nearest-
neighbor partials.[*®] The relevant Gaussian fitting parameters
of PDF are listed in Table S2 (Supporting Information). Some
marginal distortion in Gaussian fitting is due to the compact
atomic arrangement caused by the reduction of the Mo element.
Nevertheless, little variation in average bond length indicated a
stable SRO structure. Furthermore, the radial distribution func-
tion g(r) can be obtained via the second peak of G(r) with the func-
tion of g(r) = 1 + G(r)/4xrp,, which reflects four kinds of correla-
tion mode within the medium range, denoted as 1-atom (vortex-
sharing), 2-atom (edge-sharing), 3-atom (face-sharing), and 4-
atom (intercross-sharing) atomic cluster connections.!*! g(r) has
been employed to reveal the connection modes of short-range

polyhedral at medium-range length scale. The unevenness of
the connecting style of atomic clusters results in the splitting
of the second peak of g(r) in Figure 5d—f. The results showed
that the 1-atom connection modes dominate in these samples
(Figure 5i). However, the vortex/edge-sharing cluster connec-
tion mode transformed into the face-sharing with increased crys-
tallinity, which is mainly reflected in the increased percentage
of the 3-atom and 4-atom connection modes in FeCoNiCrMo, ,.
Figure S12 (Supporting Information) shows that FeCoNiCrMo, ,
possessed the smallest nearest-neighbor coordination number.
Generally, the fewer the atomic coordination number, the looser
the surface arrangement, the narrower the band distribution, the
higher the d-band center, and the stronger the adsorption en-
ergy for catalysts.[®38] This matched Figure 4g. In short, the in-
timately structural interacted within short- to medium-range or-
ders might be responsible for the outstanding OER performance
of the FeCoNiCrMo, ,,.

2.3. Electron Valence Analysis

The comparative analysis of X-ray photoelectron spectroscopy
(XPS) about the valence changes of the catalysts in different states
(the pristine and CV-1000 cycles of FeCoNiCrMo;, , NPs ink) is es-
sential to analyze the surface electrochemical states. As displayed
in Figure S13 (Supporting Information), the O signal of the XPS
wide-scan survey was significantly intensified after CV-1000
cycles due to the conversion of corresponding (oxy)hydroxides.
According to high-resolution XPS (HR-XPS) spectra in
Figure 6a—e, the binding energies of Cr°, Cr**, Cr®" and satellite
peak were at 574.8, 576.6, 578.0, and 579.6 eV, respectively. For
Mo 3d, the binding energy peaks locate at 228.2, 229.3, 231.4,
and 235.6 eV are contributed by Mo®, Mo **, Mo ", and Mo 3d;,
peak, respectively.??! The Ni 2p spectrum are observed that the
peaks at 853.2, 856.1, 856.13, and 857.8 eV correspond to Ni’,
Ni?*, Ni**, and satellite peak.[*°] For Co 2p, the multi-peak spec-
trum can be deconvoluted to reveal a composition of Co°, Co’*,
Co?*, and satellite peak, with the peaks of 779.4, 781.2, 783.1, and
787.6 eV. The peaks at 707.7, 711.1, and 713.2 eV corresponded
to Fe®, FeX*, and Fe’*, respectively. Especially, by comparing
the positions of the XPS peaks before and after the reaction
of the samples, the binding energies of the metals generated
more or less positive shift in CV-1000 cycles FeCoNiCrMo, ,,.
The phenomenon indicated that the metal atoms lose partial
electrons, namely transfer the electrons to the oxygen atoms to
form oxides. The intensity of metal zero-valence peaks is appar-
ently reduced after the CV-1000 cycles, while that of the high
valence states peaks strengthen, also indicating the generation of
(oxy)hydroxide-based compounds. In other words, the reducing
Fe’, Co% Ni’ Cr° and Mo® in FeCoNiCrMo, , themselves are
oxidized as electron donors, the downward shift of the metal
d-band and overlap with the p-band of the oxygen ligand result-
ing in the higher valence state,[*!] which enhance the covalency
of M-O bonds. During the oxidation process of the metals, the
potential energy increased in general and then diminished the
energy barrier of the reactants on the surface of catalyst to boost
electronic transfer, accelerate OER kinetics, as well as guide the
reactants toward the desired product transformation.[*?] Mean-
while, the lattice distortion effect of high-entropy alloys makes
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Figure 6. High-resolution XPS spectra of a) Mo 3d, b) Cr 2p, c) Ni 2p, d) Fe 2p, €) Co 2p, and f) O Ts of pristine and CV-1000 cycles FeCoNiCrMo, 4. g)
Ni K-edge, h) Mo K-edge XANES, and i) EXAFS patterns of pristine and CV-1000 cycles FeCoNiCrMoy .

the atomic stacking of the system relatively loose, structurally
disordered, and susceptible to surface reconstruction, OH™ can
be easily incorporated into the amorphous phase to form hybrid
catalyst, which synergistically improves the OER performance.
As displayed in Figure 6f. The peaks associated with the lattice
oxygen bond (M—O), hydroxide bond (M—OH/M—OOH), and
absorbed H,O are located at 530.9, 532.3, and 533.3 eV. The XPS
fine spectrum of O 1s can also correspond to the above results
of the high valence metals generation. Furthermore, X-ray ab-
sorption spectroscopy (XAS) was performed on the pristine and
CV-1000 cycles FeCoNiCrMo;, , to investigate the surface chem-
ical evolution during OER process. A similar phenomenon was
also seen in X-ray absorption near edge structure (XANES) of K-
edge in Figure 6gh and Figure S14 (Supporting Information).
The positive shift of photoelectron to higher energy observed af-
ter CV-1000 cycling indicated the increase in the metal valence
state,[**] which verified the oxidation in FeCoNiCrMo, ,. Further-
more, the extended X-ray absorption fine structure (EXAFS) spec-

tra of Mo K-edge intuitively demonstrated the coordination envi-
ronment of Mo (Figure 6i). The peaks strengthened and shifted
to a lower R-value after 1000 CV cycles, indicating an increased
packing density around the Mo atom due to local structural rear-
rangements.

3. Conclusion

In summary, we have successfully synthesized FeCoNiCrMo,
HEMG-NPs with high ORE activity by LE-IGC. We demonstrate
that, by regulating high-valence metal Mo in FeCoNiCrMo,, HEA
can adjust electronic distribution and structural disorder to boost
the OER performance. These findings, assisted by XPS, PDF,
and EXAFS analysis, corroborated that the fewer is the atomic
coordination number, the looser is the surface arrangement, the
narrower is the energy band distribution, the higher is the cen-
ter of the d-band, and the stronger is the adsorption energy for
catalysts. As shown in Table S3 (Supporting Information), the



FeCoNiCrMo, , HEMG-NPs exhibit a superior OER performance
(overpotential of 243.3 mV at a current density of 10 mA cm~2) to
most reported catalysts and are comparable to the precious met-
als. The rational design of the spontaneously inhomogeneous
atomic configurations for building the highly efficient electrocat-
alysts at the high current density represents an advancement to-
ward further development of practical industrial water oxidation.

4. Experimental Section

Materials and Synthesis: A typical arc-melting method was used for the
preparation of alloy ingots under a high-purity Ar atmosphere, and the raw
metal materials of mixtures are high purity (299.9%). IGC, as a unique
instrument for nanostructure preparation, was designed to evaporate HEA
NPs from the alloy ingots via a laser beam. Then, the evaporated HEA
atoms can be rapidly cooled during the collision with He gas atoms and
attached to the copper roller filled with liquid nitrogen, which can be easily
collected by a scraper. The fast-cooling rate makes it easier to form solid
solutions, even amorphous alloys.

Characterizations: TEM, HRTEM, and EDS measurements were car-
ried out by an JEOL JEM 2100F electron microscope. The support films on
double-folding grids were used to prepare all TEM magnetic powder sam-
ples. XPS and VB-XPS data were calibrated for the C 1s peak (284.8 eV),
which was recorded on an ESCALAB 250Xi spectrometer. The origin of
the binding energy Ey was set to the Fermi energy E¢ of the Au plate. The
Shirley background is subtracted from the measured spectra. For the ac-
curate comparison of all valence band spectra, the upper level of integra-
tion of background subtraction is fixed at 10.0 eV bonding energy posi-
tion throughout all valence-band spectra. The d-band center of the valence
band spectrum is given by / N(e)ede/ [ N(g)de, where N(g) is the XPS
intensity after background subtraction.[**] The work function is calculated
using the tangent method according to the valence band spectrum. DSC
experiments in a high-purity N, atmosphere were performed by Netzsch
Pegasus DSC with a heating rate of 20 K min~". The hysteresis loop was
measured via a physical property measurement system with the vibrat-
ing specimen magnetometer module (DYNACOOL-9, Quantum Design,
USA).

HE-XRD for PDF and XAFS patterns were collected at beamline BL14B1
and BL13SSW of the Shanghai Synchrotron Radiation Facility (SSRF).
Athena was used to process the X-ray absorption curves by energy shift
and phase correction, normalizing and obtaining the K-space and R-space
data.[*] In addition, HE-XRD in situ heating was detected at beamline 3W1
of the Beijing Synchrotron Radiation Facility (BSRF). Two-dimensional
diffraction patterns were obtained by silicon detector with a data acqui-
sition time of 1 s for each pattern. The time for data readout and storage
was ~4 5.23] The heating rate was 20 K min~". The other spectral data were
collected at room temperature in fluorescent mode. The structure factor
S(Q) with Q.. = 30 A" was derived from the scattering data by masking
bad pixels; integrating images; subtracting the appropriate background;
and correcting for oblique incidence, absorption, multiple scattering, flu-
orescence, Compton scattering, and Laue correction using the Fit2D and
PDFgetX2 software. a Gaussian to represent a partial [47r? i (), where
pij(r) is the partial pair density function], one can express T(r) as a sum of
the weighted Gaussians.[46]

T(”)=ZZ4”’PU (r) Wij Q]

i j<i

where i and j denote the ith and jth atomic species, and W is the weight
of the i~j pair. W;; = ZCicjloibj/<b>2 (i #Jj) or Wy = ¢2b2/<b>2(i = j),
where ¢; is the atom fraction and b; is the scattering factor of the ith ele-
ment. The W;; and R;; of different atomic pairs are calculated based on the
above equation and conducted the peak fitting of the first peak of T(r). The
most-probable distance (R,) between the centers of the two connected co-
ordination short-range clusters corresponding to 1-atom, 2-atom, 3-atom,

and 4-atom can be calculated as 2R;, \/§R1, \/§R1, and \/ERM where R,

is the average bond length.[*’] These are, therefore, the predicted second
peak positions from the decomposed g(r).

Electrochemical Measurements: Electrochemical OER measurements
were assessed on an electrochemical workstation (CHI660E, Shanghai
Chen Hua Ltd., China) at room temperature with the traditional three-
electrode cell, and the electrolyte is 1.0 M KOH. The catalyst ink was ul-
trasonically dispersed in the absolute ethanol, and then dripped onto a
carbon cloth, which was as the working electrode. The catalyst mass load-
ing was ~1.5 mg cm™2, The Pt sheet and Hg/HgO electrode were used
as the counter electrode and the reference electrode, respectively. All the
potentials reported were referenced versus reversible hydrogen electrode
(RHE). The polarization curves were conducted at a scan rate of 5 mV s™!
with 100% IR correction. EIS measurements were performed in the fre-
quency range of 10° to 0.01 Hz at 0.6 V versus Hg/HgO for OER. Dura-
bility was evaluated by chronopotentiometry test under a constant current
density of 10, 50, and 100 mA cm~2. To calculate ECSA, the applied specific
capacitance (20-60 uF cm~2) was set as 40 uF cm~2.148] The Chronopoten-
tiometry (CP) test or Amperometric i—t Curve (i—t) was executed to detect
the stability of the catalysts.
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