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The unique catalytic activities of high-entropy alloys (HEAs) emerge from the

complex interaction among different elements in a single-phase solid solution.

As a “green” nanofabrication technique, inert gas condensation (IGC)
combined with laser source opens up a highly efficient avenue to develop
HEA nanoparticles (NPs) for catalysis and energy storage. In this work, the
novel N-doped non-noble HEA NPs are designed and successfully prepared
by IGC. The N-doping effects of HEA NPs on oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) are systematically investigated. The
results show that N-doping is conducive to improving the OER, but
unfavorable for HER activity. The FeCoNiCrN NPs achieve an overpotential of
269.7 mV for OER at a current density of 10 mA cm~2 in 1.0 M KOH solution,
which is among the best reported values for non-noble HEA catalysts. The
effects of the differences in electronegativity, ionization energy and electron
affinity energy among mixed elements in N-doped HEAs are discussed as
inducing electron transfer efficiency. Combined with X-ray photoelectron

distortion effect, slow diffusion effect and
high entropy effect.!3] Multi-element in-
teractions can result in a divergence of the
properties and states of the center atoms.
Moreover, the nanostructures of HEAs
boost.[*l However, it is still a focus task to
integrate multiple elements into HEAs at
the nanoscale. Inert gas condensation (IGC)
with laser source,’] as a “green” distinc-
tive physical route for scalable nanofabri-
cation, could hew out a highly efficient av-
enue to tune the atomic structure of HEA
nanoparticles (NPs) including heteroatom
doping for various applications. The ultra-
fast laser ablation and cooling processes en-
sure the multiple metallic elements uni-
formly combining regardless of their ther-
modynamic solubility,!®) which differenti-

spectroscopy and the extended X-ray absorption fine structure analysis, an
element-design strategy in N-doped HEAs electrocatalysts is proposed to
improve the intrinsic activity and ameliorate water splitting performance.

1. Introduction

High-entropy alloys (HEAs) with near-equiatomic proportions
have received considerable attention in terms of synthesis and
application, especially in catalysis and energy storage owing to
their unique atomic structure including the cocktail effect, lattice
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ate from the general synthesis techniques,
such as rapid Joule-heating,!”! moving bed
pyrolysis,[®] electrosynthesis and so on.]

Oxygen evolution reaction (OER) is a cru-
cial half reaction in renewable-energy con-
version and storage technologies, while its
dilemma of the complicated four-electron
transfer and sluggish reaction urgently needs to be broken.!1%-12]
Moreover, considering the scarcity, high cost and poor durabil-
ity of RuO, and IrO, as superior active catalysts for OER, 3d
transition metals with low cost and tunable electronic structure
have been preferred and extensively studied in recent years.[1>14]
Compared with single-element transition metals, multi-element
transition metal-based electrocatalysts typically endow more su-
perior activities, as the interatomically electronic interplay can ef-
ficiently modulate the electronic configuration of metal sites to
reduce the kinetic energy barriers.[’>!°l Notably, HEAs as a re-
cently focus in the field of electrocatalysis, their unconventional
compositions and infinite elemental combinations offer many
possibilities for regulating catalytic performance and overcoming
the limitations of conventional binary or ternary alloys.!'”] Gener-
ally, heteroatom (e.g., N, P, B, and S) doping in compounds has
been proven to be an effective method to adjust the adsorption or
desorption energy of the reaction intermediates via tuning the
interactions between metal atoms and the electronic structure
of catalysts.['*2°) Among them, N atoms tend to occupy the va-
cant positions in the lattice due to its small radius, forming “in-
terstitial compounds”.[*!) This unique arrangement of atoms is
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Figure 1. a) Schematic diagram of IGC system and laser preparation of HEA NPs; b) Diagram of FeCoNiCrN NPs; c) Schematic illustration of the in situ
doping via IGC system under reactive N, atmosphere; and d) Synchrotron high-energy XRD patterns and corresponding partial enlarged view.

endowed with an attractive electric conductivity.[?22%] The intro-
duction of N atoms to transition metals causes lattice expan-
sion and redistribution of the density of states near the Fermi
energy level, ameliorating the states density of d-band electron,
while the contraction of d-band makes their electronic structure
similar to that of precious metals.?*?! Numerous studies have
been devoted to focusing on transition metal nitrides due to their
high electric conductivity, good corrosion resistance and high
hardness,!?! thus designing N-doped HEAs are expected to be
an ideal replacement for precious metals in electrocatalytic ap-
plications.

In this work, a facile alloying and unique nanofabrication strat-
egy is reported to successfully synthesize N-doped non-noble
HEA NPs via an IGC system. The HEA NPs with uniform el-
emental distribution are generally formed in a short period of
time (picoseconds). The non-noble HEA NPs with 1.93 at. % N-
doping exhibit a better OER catalytic performance which could be
ascribed to the greater electronegativity of N atom than transition
metals, inducing interfacial charge transfer effect. The higher
density of activated electrons due to the electronic effects of N-
doped HEAs are conducive to improving the OER activity. In-
terestingly, FeCoNiCrN NPs emerge with better electrocatalytic
properties than FeCoNiCrMnN for OER, while FeCoNiCrMn NPs
exhibit better HER performance. Thus, the effect of ionization
energy and electron affinity energy on electron transfer is also
taken into account. Furthermore, based mainly on the electron
valence analysis via the extended X-ray absorption fine structure
(EXAFS) and X-ray photoelectron spectroscopy (XPS), a reason-

able inference on electron transfer in N-doped HEAs electrocata-
lysts is proposed, which may offer a feasible approach to tune the
electrocatalytic intrinsic activity.

2. Results and Discussion

2.1. Characterization

The IGC method is an efficient and green way to introduce inter-
stitial nitrogen into HEAs using N, as the nitrogen source while
maintaining a single-phase structure. This method addresses the
critical challenge commonly encountered in traditional casting
techniques, where N, easily escapes at high temperature.[?’] The
scheme of preparation is illustrated in Figure 1a—c, with the spe-
cific methods in the experimental section. From the results of
EDS, the content of N doping is ~2-7 at. %, which confirms
the feasibility of the scheme (Table S1, Supporting Information).
The synchrotron high-energy XRD patterns without the pres-
ence of impurity peaks imply that both undoped and N-doped
FeCoNiCr and FeCoNiCrMn HEA NPs maintain a single-phase
face-centered cubic (FCC) structure, as shown in Figure 1d and
Figure S1 (Supporting Information), respectively. For FCC struc-
ture, there are tetrahedral gap and octahedral gap for N atoms
to diffuse, and the size of the octahedral gap is larger than
that of the tetrahedral gap, and the N atoms preferentially en-
ter the octahedral gap during diffusion. The diffraction peaks
corresponding to (1 1 1), (2 0 0), (2 2 0), and (3 1 1) planes
of the FCC structure are evident in the as-synthesized samples.



Figure 2. a—c) TEM and ¢ HRTEM images of the FeCoNiCrN NPs sample; Particle size distribution chart (inset in a); SAED of FeCoNiCrN NPs (inset

in c); d) EDS mappings of FeCoNiCrN NPs.

With the implementation of the high entropy concept, multi-
ple elements can be incorporated into a single-phase structure,
thereby enabling various catalytic centers in a single compound.
The XRD peaks shift to lower angles after N doping (3.251 to
3.231), corresponding to the interplanar spacings of (1 1 1) ex-
pand from 2.064 A for FeCoNiCr to 2.075 A for FeCoNiCrN ac-
cording to the refinement of XRD data, representing ~0.53% ten-
sile strain.[?8] The lattice parameters are calculated as 3.5946 A
for FeCoNiCrN and 3.5823 A for FeCoNiCr, which also con-
firms that the nitrogen as a gap atom is dissolved into the FCC
matrix.[?%]

As shown in Figure 2a, the average size of FeCoNiCrN NPs
is ~#17.0 nm, whereas that of FeCoNiCr NPs is slightly larger,
~19.8 nm (Figure S2b, Supporting Information). A similar phe-
nomenon has been observed in FeCoNiCrMnN (Figure S3, Sup-
porting Information). For N-doped HEAs, the increased solubil-
ity raised the composition of nitrogen in the melting zones. Ni-
trogen enrichment may remarkably refine grain size during so-
lidification, as literature reported.*"! In addition, during solidifi-
cation, the faster the cooling rate, the more nucleation sites there
are and the smaller the grain size will be. The large amount of
undercooling achieved by the IGC technique is due to the high
cooling rate which originates from the collision with gas atoms
as well as the extremely large temperature gap between vapor re-
gion and the liquid-nitrogen filled cold finger.®) The HEA NPs

formation via IGC is actually a process far from the equilibrium
state instead of relying on their thermodynamic solubility. From
Figure 2b,c, the HRTEM image and corresponding selected area
electron diffraction (SAED) pattern of FeCoNiCrN reveal the con-
sistent crystal phase with the XRD pattern. The crystal plane spac-
ing of lattice stripes (Figure S4, Supporting Information) sug-
gests a larger lattice distance of FeCoNiCrN compared with Fe-
CoNiCr (1 1 1) spacing of 2.065 A, which represents ~0.58% ten-
sile strain and approaches to the XRD refinement results. There-
fore, the presence of N within the FeCoNiCrN NPs can lead to
the distortions of FeCoNiCr lattice, thus resulting in the tensile
strain effect. The HRTEM image in Figure 2c was captured along
[0 1 1]z axis, where the (1 0 0) interplanar spacing was deter-
mined to be 3.60 A. The clear crystal lattices suggest the high crys-
tallization degree of HEA NPs. Each metal element uniformly
and randomly distributes throughout the HEA NPs by EDS map-
ping (Figure 2d; Figure S5, Supporting Information). The Fe, Co,
Ni, Cr, and Mn content are similar and the N element content
is less, which also confirms the successful N doping. The for-
mation of homogeneous elemental distribution is attributed to
the lattice distortion and low atomic diffusivity upon mixing dur-
ing the rapid cooling process, effectively preventing NPs from
phase separation.’"?) In addition, the sluggish diffusion effect
of HEAs can suppress the coarsening of nanostructured HEA
catalysts.
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Figure 3. a) IR-corrected polarization curves of the different electrocatalysts for OER in 1.0 M KOH solution at room temperature; b) The corresponding
Tafel plots of the different electrocatalysts; c) Current density differences plotted against scan rate of the different electrocatalysts; d) The corresponding
EIS spectra; e) Chronopotentiometry curve obtained with the different electrocatalysts at a constant current density of 10 mA cm™2.

2.2. Electrochemical Evaluation

The OER performance of IGC-prepared HEA NPs was tested in
1.0 M KOH solution using a typical three-electrode system.[**]
Quaternary and quinary as-casted bulk HEAs were also employed
for comparison. In order to prove that the carbon black only func-
tions as a supporter and current collector during the electrochem-
ical test, carbon black with the same concentration was checked
as the control group, which had almost no electrochemical activ-
ity as shown in Figure S6 (Supporting Information). Figure 3a
shows the LSV plots of various electrode materials, which can vi-
sually reflect the oxygen evolution ability. Among them, FeCoNi-
CrN exhibits the lowest overpotential of 269.7 mV at a current
density of 10 mA cm™2, which is even lower than the commercial
RuO, (287.8 mV) and much lower than that of most reported non-
noble metal catalysts.?*] Especially, it has the best OER perfor-

mance at high current densities. In addition to the overpotential,
the Tafel slope is another important parameter for evaluating the
electrocatalytic performance, as well as reflects the energy con-
version efficiency of the catalyst. Generally, a smaller Tafel slope
within a reasonable range infers faster kinetics based on a similar
mechanism. From Figure 3b, the Tafel slope of FeCoNiCrN, Fe-
CoNiCr, FeCoNiCrMnN, and FeCoNiCrMn, derive from the LSV
curve, are 42.5,47.2, 50.5, and 67.8 mV dec™, respectively, which
are all smaller than that of commercial RuO, (86.1 mV dec™?),
indicating faster OER kinetics and catalytic rate. The unique cat-
alytic activities of HEAs emerge from the complex interaction
among different elements in a single-phase solid solution. In ad-
dition, Tafel slope within the range of 30 — 80 mV dec™! is more
conducive to the surface interstitial formation of intermediates
on the catalyst surface during OER.*] The smaller Tafel slope
may be explained by the increased adsorption capacity of the



electrocatalyst for OH™. In brief, the Tafel analysis supports
the superior activity of HEA NPs prepared by the IGC system
for the OER application, which is also attributed to the more
available surface-active sites due to the nanometer size. As ex-
pected, N-doping, as an effective means, can improve the OER
performance. In order to further assess the OER catalytic activ-
ity, the electrochemical activity specific surface areas (ECSA) of
catalysts were investigated by the double-layer capacitance (Cy),
which measure by CV curves at various scan rates in the non-
Faraday region.I**! The ECSA values of FeCoNiCr, FeCoNiCrN,
FeCoNiCrMn, FeCoNiCrMnN and Ru,O were calculated to be
10.6, 12.9, 23.8, 18.7 and 26.2 cm?, respectively. An interesting
phenomenon is shown in Figure 3c, the linear slope of FeCoNi-
CrMn(N) is larger than FeCoNiCr(N), indicating a larger elec-
trochemically active area and a higher intrinsic OER activity. It
seems contrary to the actual electrochemical properties. In gen-
eral, the addition of a fifth element as substitutional element may
modify the electronic structures of the HEA, thereby affecting the
catalytic activities. Nevertheless, it is necessary to consider not
only the inherent synergetic effect in the combination of multiple
active metals but also the electronegativity and oxidation state of
the added metal for improving catalytic performance.l*”] The re-
sistance located in the high frequency region reflects the ohmic
resistance (R,), meanwhile the charge transfer resistances (R)
are related to the arc radius of the Nyquist plot in Figure 3d. The
FeCoNiCrN exhibits a prominent interfacial charge transfer re-
sistance of 5.7 Q as compared to that of other electrocatalysts,
which is consistent with their OER activities and signifies the
obviously greater reaction kinetics, attributed to the improved
charge-transfer rate, faster reactant adsorption, and conversion
of intermediates.?®] The catalytic stability as an important prop-
erty to assess an outstanding catalyst is shown in Figure 3e. The
long-term electrolysis was investigated by chronopotentiometry
measurement with a current density of 10 mA cm™2. It is clear
to see that FeCoNiCrN provides excellent stability performance
with overpotential slight amplification for 50 000 s in alkaline
conditions at a static current density of 10 mA cm~2. Moreover,
the FeCoNiCrN NPs present negligible structural and compo-
sitional change after OER stability testing (Figure S7, Support-
ing Information). The elemental maps of the used HEA NPs
further reveal that each element is uniformly distributed with-
out phase separation, which provides dispersed active sites. In-
tuitively enough, the FeCoNiCrN NPs have the most outstand-
ing OER performance among these electrocatalysts with the low-
est overpotential (Figure S8a, Supporting Information) and best
stability. The precursors of HEA NPs, i.e., as-cast alloys, exhibit
very poor catalytic performance with over 400 mV of overpoten-
tial at a current density of 10 mA cm~2. Moreover, the commer-
cial FeCoNiCr (FeCoNiCr-Comm.) is examined with 389.4 mV at
10 mA cm~2, and even exhibits the awful OER performance at a
high current density, reflecting the high activity of nanomaterials
prepared by IGC system again. To further illustrate the stability of
FeCoNiCrN/C at high currents, 1000 times CV and CP measure-
ment at 100 mA cm~2 for OER test are carried out (Figure S9,
Supporting Information), which still exhibit better durability.
Furthermore, the HER performance of IGC-prepared HEA
NPs was also examined. As shown in Figure 4a, FeCoNiCr(Mn)
NPs emerge with better electrocatalytic properties than the cor-
responding N-doped FeCoNiCr(Mn) for HER, which indicates

that N-doping in HEA NPs is not always positive on electro-
catalytic water splitting. The low electron affinity and high ion-
ization energy (14.5341 eV) of N element induce the resistance
to Lewis acid/base, a large energy gap between the highest oc-
cupied molecular orbital and the lowest unoccupied molecular
orbital,??] as well as the small atomic radius and high inter-
electron repulsion, makes it difficult to gain electrons, which is
unfavorable for electron transfer during an electron-absorbing
process for HER. Interestingly, FeCoNiCrMn HEA NPs exhibit
dramatic HER activity with a low overpotential of 161.8 mV at
10 mA cm™ in the 1.0 M KOH (Figure S8b, Supporting In-
formation). A strong relationship with the electronegativity of
the fifth metal in HEA is necessarily focused on. Apart from
that, as a function of the hydrogen adsorption strength, the vol-
cano trend about the catalytic activity also needs to be consid-
ered due to the difference in atomic configurations involved in
changing the adsorption energy.“**!) The addition of Mn ele-
ment can optimize the electronic configuration of the catalyst
and reduce the free energy of hydrogen adsorption, thus im-
proving the inherent HER activity of the catalyst.*}] Neverthe-
less, the negative impact of N doping on HER is even greater
than the benefits of Mn addition in Figure 4a. FeCoNiCrMn is
more prone to doping with N due to the more affinity of N for
Mn element and the more negative enthalpy of mixing between
them. The similar results can be seen in Table S1 that the N
content of FeCoNiCrMnN (6.85 at. %) increased three-fold than
that of FeCoNiCrN (1.93 at. %). It can be seen that the lowest
Tafel slope (~117.5 mV dec™!) and the largest ECSA of FeCoNi-
CrMn NPs indicate the faster kinetics, and the extremely out-
standing electrochemically active area (~10.75 mF cm™2) far be-
yond other electrocatalysts (%1 mF cm~2) under the alkaline con-
dition (Figure 4), which is in accordance with the HER activity. In
addition, the respective exchange current density values are pro-
vided in Figure 4b, FeCoNiCrMn NPs show higher intrinsic ac-
tivity except Pt/C. The EIS patterns also show that FeCoNiCrMn
NPs possess a significantly smaller charge-transfer impedance
(R = 5.10 Q) than those of FeCoNiCrN (13.11 Q), FeCoNiCr
(14.03 Q), and FeCoNiCrMnN (79.36 Q). It implies that the con-
ductivity of electrons on the surface of FeCoNiCrMn NPs is more
suitable for alkaline conditions, and accelerate the electron trans-
port across the catalysts. In addition, the stability test of FeCoNi-
CrMn NPs was conducted in an Amperometry mode (Figure S10,
Supporting Information) and the potential require to maintain
the overpotential of 162 mV, which exhibits a slight decline in
current density. The results of 1000 times CV and CP measure-
ment at 100 mA cm~2 for HER test are further illustrate the good
stability of FeCoNiCrMn/C within 15 h (Figure S11, Supporting
Information). From the above discussion, FeCoNiCrMn and Fe-
CoNiCrN are taken as the cathode and anode respectively, form-
ing the FeCoNiCrMn//FeCoNiCrN couple, for overall water split-
ting in 1.0 M KOH, as shown in Figure S12 (Supporting Infor-
mation). The cell voltage required to achieve a current density of
10 mA cm~ is 1.735 V, higher than the sum of overpotentials
of the HER, 0.1618 V, and the OER, 0.2697 V (1.23 + 0.1618 +
0.2697 = 1.66 V), which is mainly attributed to the slightly unsta-
ble FeCoNiCrMn electrode. The long-term stability tests for full-
cell (FeCoNiCrMn//FeCoNiCrN) at 10 mA cm~? is further inves-
tigated in Figure S13 (Supporting Information), and the voltage
rises slightly after continuous operation of 35 000 s.
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Figure 4. a) IR-corrected polarization curves of the different electrocatalysts

for HER in 1.0 M KOH solution at room temperature; b) The corresponding

Tafel plots of the different electrocatalysts; c) The corresponding EIS spectra; d) Current density differences plotted against scan rate of the different

electrocatalysts.

2.3. Electron Valence Analysis

Multiple processes exist during OER with single-electron transfer
in each step, and thus the energy barriers accumulate at each in-
dividual step rendering the OER kinetics sluggish causing a high
overpotential.**l Tuning the catalyst electronic structures, as one
of the effective strategies to optimize the intrinsic activity of the
catalyst for fast electron transfer, is focused on discussion. The
surface chemical compositions and valence states of FeCoNiCrN
and FeCoNiCr were employed to further investigate by XPS anal-
ysis as shown in Figure 5. Both samples were etched with argon
ions to remove surface oxides as much as possible before XPS
measurement due to the easy oxidation of metal powder samples
in air. It can be seen that N element is successfully doped into
the catalyst, and the Fe 2p, Co 2p, Ni 2p, Cr 2p XPS spectrum
of FeCoNiCrN and FeCoNiCr present similar valence state peaks.
Notably, an obvious negative shift of FeCoNiCrN to lower bind-
ing energy can be observed in the Cr 2p spectrum. Compared
with that of FeCoNiCr, the peak shifts of Fe 2p, Co 2p, and Ni 2p
are inconspicuous but all of them show a negative shift trend, in-
dicating the electron transfer on surface Fe, Co, Ni, and Cr after N
doping. Based on previous literature, the free energies of Co, Fe
and Ni nitride formation are positive while Cr has large negative
free energies for nitride formation, indicating the more affinity
of N for Cr element.’!l Besides, due to the smaller electronega-
tivity of Cr (1.66) compared with that of Ni (1.91), Co (1.88) and
Fe (1.8), the electrons near the Cr atom are more easily attracted
to the larger electronegativity of N (3.04). This phenomenon is

attributed to the possibly existing interfacial charge transfer ef-
fect upon doping. The electronegativity of Mn is smaller at 1.55
and yet exhibits poor OER performance which even more con-
sider that Mn possesses a greater ionization energy (7.434 eV)
compared to Cr (6.7665 eV). Owing to the electron-donating pro-
cesses of OER reaction, the ionization energy must be considered
which reflects the difficulty of atomic losing electrons. Although
Mn is oxygenophilic, it is hard for Mn to lose electrons, and the
addition of Mn inhibits the electron transfer of Cr. The interac-
tion between Mn and Cr may restrain the activity of Cr, leading
to a weakening of the electron-losing capacity which is averse to
electron transfer during OER performance.

Furthermore, the EXAFS characterization was conducted to
disclose the coordination environment and the elements’ oxida-
tion states in the local structures of HEA NPs.7#23] The FT-
EXAFS spectra of Figure 5f indicate that metal-metal bonds of all
FeCoNiCrN elements are slightly shifted, and the shortest neigh-
bor atom distance for Cr implied that the electrons of Cr are more
easily attracted to N, which is also consistent with the XPS analy-
sis. The corresponding K-space data are also given in Figure S14a
(Supporting Information), indicating the validity of R-space data.
It is further evidence of a synergistic electronic coupling effect
among the Fe, Co, Ni, Cr, and N atoms which may change the ad-
sorption for the OER intermediates. What’s more, the FT-EXAFS
spectra (Figure S14b, Supporting Information) shows that the
peaks of FeCoNiCrN and FeCoNiCr NPs with reduced intensity
and their average bond length of Co were quite different from
the metallic bond in foil Co reference, suggesting that the Co
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and FeCoNiCrN.

elements are surrounded by different metallic species (Fe, Cr, and
Ni) and the generation of lattice distortion effects of HEA NPs.
The peak shift of FeCoNiCrN toward lower radial distance could
be attributed to N-doped. The local electronic structures of HEA
NPs often relate to the underlying mechanism of the catalytic
activity. A similar phenomenon can be more obviously seen in
Figure 5g—i, the wavelet transform of Cr K-edge EXAFS further
demonstrates the coordination environment of Cr in an intuitive
way and Cr had a strong tendency to bond with N.[*4]

It is essential to analyze the surface electrochemical states of
FeCoNiCrN NPs. Hence, the valence changes of the catalysts in
different state (the pristine, activated and CP-10 h of FeCoNi-
CrN NPs ink) are compared by XPS analysis. As displayed in
Figure 6a, the binding energy peaks locate at 778.4, 781.4, 783.5,
and 787.2 eV are contributed by Co®, Co**, Co** and satellite
peak, respectively. For Fe 2p, the multi-peak spectrum can be de-

convoluted to reveal a composition of Fe?, Fe?*, Fe** and satellite
peak, with the peaks of 707.5, 711.0, 713.1, and 715.0 eV, respec-
tively. The Ni 2p spectrum are observed that the peaks at 853.3,
855.7,857.3, and 861.6 eV correspond to Ni’, Ni?*, Ni**and satel-
lite peak.*) The binding energies of Cr?, Cr** and Cr®* were at
574.9, 576.6, and 578.8 eV, respectively. The intensity of the zero-
valence peaks representing metals in FeCoNiCrN weaken signifi-
cantly while that of the high valence states peaks strengthen after
activation, indicating the transformation from M° to M**/M3*
possibly as well as the production of active intermediates in-
cluding M-O/M-OH/M-OOH. Transition metallic elements with
high valence states generally display superior catalytic activity.
The increased electron holes in d-band of oxidized metal species
with high valence can shift O 2p to the Fermi energy level as
well as enhance the covalency of M-O bonds to boost the charge
transfer.*6~*8] As for the XPS fine spectrum of O 1s (Figure 6f),
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Figure 6. High-resolution XPS spectra of a) Co 2p, b) Fe 2p, c) Ni 2p, d) Cr 2p, €) N 1s, and f) O Ts of pristine, activation and CP-10 h FeCoNiCrN inks.

the peaks associate with the lattice oxygen bond (M—0), hydrox-
ide bond (OH™) and absorbed H,O are located at 530.2, 531.9,
and 533.1 eV,[*! respectively, which also correspond to the above
results of the high valence metals generation. In general, the
higher valence state can cause a downward shift of the metal
d-band to overlap with the p-band of the oxygen ligand, dimin-
ishing the energy-limiting barrier to accelerate the OER kinet-
ics. Meanwhile, to gain further insights on the stability behav-
ior of FeCoNiCrN at OER, the surface chemical states are ana-
lyzed after 10 h of CP test via XPS. The intensity of metal zero-
valence peaks is drastically reduced as compared with that of the
sample before the CP-10 h test, indicating that the surface of Fe-
CoNiCrN NPs had been irreversibly converted to (oxy)hydroxide-
based compounds, while that of high valence metals peaks has
been maintained at a high level which was the reason for the
excellent stability of FeCoNiCrN NPs. The comparison of XPS
spectrum between pristine-FeCoNiCrN and CP-10h-FeCoNiCrN
in Figure S15 (Supporting Information), the relative content of
oxygen significantly increased, corresponding to the production
of (oxy)hydroxide-based compounds. The pronounced peak ap-
peared at 397.1 eV is attributed to the M-N which faded away

after stability testing, indicating the presence of partial N atom
leaching.[% This phenomenon also corresponds well to the EDS
results, which the relative content of N decreased compared to
before stability testing (1.63 at. % to 0.79 at. %). The leaching of
N atoms under basic OER conditions may cause a certain surface
reorganization of HEA NPs thus their electronic structure,®!] in-
cluding the generation of defective sites, disorder, uncoordinated
bonds, and potentially higher surface area which increases the
active sites and thus affecting the stability. Additionally, Figure
S16 (Supporting Information) shows the comparison among the
pristine, activation and CP-10 h of FeCoNiCrN NPs by FTIR anal-
ysis. The broad absorption peak at 3556 cm™ is the stretching
vibration of hydroxyl (O-H) which is attributed to the generation
of (oxy)hydroxide-Metals, and the -NH, stretching vibration is at
1608 cm™! corresponding to the XPS results of N 1s spectrum.

3. Conclusion

To sum up, N-doped HEA NPs were designed and suc-
cessfully synthesized via a unique green-nanofabrication IGC
system. Multiple metallic elements combined uniformly is



benefited from the ultrarapid laser etching and cooling processes.
N doping in HEA NPs can effectively enhance the flexibility in
their electronic structures. The optimized FeCoNiCrN NPs ex-
hibit an outstanding OER performance with an overpotential of
269.7 mV at a current density of 10 mA cm~2 and superior elec-
trochemical stability. The FeCoNiCrMn//FeCoNiCrN couple de-
livers a current density of 10 mA cm~2 in 1.0 M KOH solution at
1.735 V for overall water splitting. In this work, the differences
of electronegativity, ionization energy and electron affinity en-
ergy among mixed elements in N-doped HEAs were discussed as
inducing electron transfer efficiency to create highly active sites
with optimized energy barriers, which provides an in-depth un-
derstanding about the triggers of rapid electron transfer.

4. Experimental Section

Materials and Methods: ~ Alloy ingots, as precursors, were obtained by
typical arc-melting of mixtures consisting purity metal (299.9%) elements
under a high-purity Ar atmosphere. A unique instrument for nanostructure
preparation, i.e., IGC, was designed to evaporate via laser beam and si-
multaneously condense the evaporation products through liquid nitrogen
under an inert gas atmosphere. The HEA NPs were manufactured from
the above ingots via the IGC system. The scheme of preparation was il-
lustrated in Figure la—c, where the HEA ingot as the target evaporated
by laser beam, and then the evaporated HEA atoms condensed in He at-
mosphere as small crystals and accumulated on a copper roller filled with
liquid nitrogen to form a loose powder that was subsequently collected by
a scraper. A fast-cooling rate can suppress the precipitation of the second
phase to form the solid-solution. Specially, the N-doped HEA NPs were
prepared by a similar method under a N, atmosphere. All the samples
were preserved in an oxygen-free environment.

Characterizations: Transmission electron microscopy (TEM), high-
resolution transmission electron microscope (HRTEM) and energy dis-
persive spectroscopy (EDS) measurements were carried out by an FEI
Talos F200S electron microscope operated at 200 kV. All TEM samples
were prepared by depositing a drop of diluted ethanol suspension on a
copper grid coated with a carbon film. X-ray photoelectron spectroscopy
(XPS) data were recorded on a ULVCA-PHI spectrometer, and the spectra
were calibrated reference to the C 1s peak (284.8 eV) as an internal stan-
dard. The crystal structures of the IGC-prepared HEA NPs were detected
by synchrotron high-energy X-ray diffraction (XRD) at beamline 11-ID-C at
the Advanced Photon Source, Argonne National Laboratory. High-energy
monochromatic X-rays with a beam size of 500 um x 500 um and a wave-
length of 0.1173 A were used in transmission geometry for data collection.
All the samples for synchrotron XRD measurements were sealed with Kap-
ton tape. Extended X-ray absorption fine structure (EXAFS) of Fe, Co, Ni,
Cr, and Mn K-edge were performed at Beamline 20-BM-B of Argonne Na-
tional Laboratory to explore the electronic structures of catalysts. The FT-IR
spectrum was recorded on a Bruker TENSOR27 FTIR spectrometric ana-
lyzer with KBr pellets.

Electrochemical Measurements:  The electrochemical performance was
assessed on an electrochemical workstation (CHI660E, Shanghai Chen
Hua Ltd., China) via the traditional three-electrode cell at 25 °Cin T M
potassium hydroxide (KOH) electrolyte. The catalyst-modified glassy car-
bon (GC) was used as the working electrode, as well as the Pt sheet and
Hg/HgO electrode were used as the counter electrode and the reference
electrode, respectively. Nevertheless, the counter electrode was graphite
sheet in the HER reaction due to the sensitivity of the Pt. The catalyst ink
contained the as-synthesized catalysts (6 mg), conductive carbon (4 mg)
and 5 wt. % Nafion (20 uL) were ultrasonically dispersed in 980 mL of
the absolute ethanol for 60 min to obtain a homogenous suspension. In
total 10-uL of the homogeneous dispersion was transferred onto the sur-
face of the GC substrate (0.19625 cm?) twice and dried at room tempera-
ture. The catalyst mass loading was ~0.306 mg cm~2. The electrolyte was

purged with O, (for OER) or N, (for HER) for 30 min before each test,
and then the working electrode was activated by Cyclic voltammograms
(CVs) tests. All the potentials reported were referenced versus reversible
hydrogen electrode (RHE) with IR compensation. Linear sweep voltam-
metry (LSV) test, as an essential indicator, was carried out evaluating elec-
trocatalytic performance and the scanning rate was 5 mV s™'. CVs tests
were performed in the potential window of 0.92 - 1.02 V (versus Hg/HgO)
with different sweeping rates from 10 to 100 mV s~! to calculate the elec-
trochemical double-layer capacitances (Cdl). Electrochemical impedance
spectroscopy (EIS) measurements were performed in the frequency range
of 10° Hz to 0.01 Hz at 0.6 V versus Hg/HgO for OER and —1.25 V versus
Hg/HgO for HER, respectively. Durability was evaluated by chronopoten-
tiometry test under a constant current density of 10 mA cm™2. In order
to calculate ECSA, the applied specific capacitance (20—60 uF cm™2) was
set as 40 puF cm=2.146]

ECSA = Cdl/Cs x ASA m

where Cs was the specific capacitance and ASA was the actual surface
area of substrates. The Chronopotentiometry (CP) test or Amperometric
it Curve (i-t) was executed to detect the stability of the catalysts.[>?] In-
evitably, due to the weak mechanical bonding and the violent production
of gas bubbles during HER/OER test at high current density, the catalyst
film as the working electrode can fall off on the surface of the glass-carbon
electrode. Therefore, carbon cloth was selected as a support for the dura-
bility test of 1000 times CV and CP measurement at 100 mA cm~2 for
HER/OER test.
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