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ABSTRACT: High-entropy alloy (HEA) electrocatalysts offer
tunable multi-element synergy and intrinsic structural robustness
for oxygen evolution reaction (OER), yet integrating high active-
site exposure with desirable lattice and electronic structures
remains a significant challenge. Here we present an ultrafast
thermal explosion strategy for one-step synthesis of carbon-
encapsulated nanoreactors uniformly embedding FeCoNiCuAl
HEA nanoparticles. Ultrafast heating of metal-chloride-loaded
carbon black drives rapid chloride decomposition and gas
evolution, inflating the carbon into a hierarchical porous network
and inducing the formation and spatial confinement of HEA
nanoparticles. This nanoreactor architecture with confined
microenvironments maximizes accessible active sites and
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accelerates mass/charge transport, yielding lower OER overpotentials than commercial RuO,. Its applicabilities in overall
water splitting (OWS) and rechargeable Zn-air batteries further confirm the potential for practical energy storage integration.
Local structural investigations reveal that the incorporation of Al element could reduce the first-shell coordination number,
enhancing the adsorption capacity of the active sites. Density functional theory (DFT) calculations further demonstrate that
the synergistic interaction between Al and neighboring metal sites facilitates the efficient OER, and Al-induced modulation
of electronic structure lowers the desorption barrier of the *OOH intermediate, thereby accelerating OER kinetics. This
explosion-driven nanoreactor strategy provides a general and one-step route to engineer carbon nanoreactors embedding
HEA electrocatalysts, opening new avenues for advanced clean energy catalysis and practical device integration.

KEYWORDS: electrochemistry, high-entropy alloys, oxygen evolution reaction, Joule heating synthesis, synchrotron X-ray

techniques

1 Introduction

Electrocatalytic water splitting is an essential route for sustainable

hydrogen production, whose efficiency remains constrained by the
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sluggish kinetics of the oxygen evolution reaction (OER) at anode
[1-4]. The inherent complex four-electron transfer pathway,
involving multiple intermediate species (e.g., *OH, *O, and *OOH)
[5], requires electrocatalysts capable of optimizing adsorption
energies across reaction steps while maintaining structural
robustness under oxidative conditions [6]. Currently, commercial
OER electrocatalysts are predominantly noble-metal-based
electrocatalysts, such as IrO, and RuO, [7, 8]. Despite their high
activity, the scarcity and high cost severely hinder their large-scale
applications [9]. Large-scale applications are not only relevant to
electrocatalytic water splitting but also to rechargeable Zn-air
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batteries (ZABs), since the OER plays a crucial role in rechargeable
Zn-air batteries by governing the charging process efficiency [10].
Therefore, the development of noble-metal-free OER
electrocatalysts with high activity, stability, and cost-effectiveness is
of great significance to extend the application of water splitting and
Zn-air batteries [11].

High-entropy alloys (HEAs), comprising five or more elements
in a single-phase solid solution, have recently gained attention as
promising noble-metal-free OER electrocatalysts [12—15]. Their
unique “cocktail effect” enables synergistic interactions among
constituent elements, offering tunable d-band electronic structures
and distortion-induced strain fields [16, 17]. This is critical for
regulating and stabilizing reactive intermediates [18—20]. Despite
their inherent advantages, conventional HEA synthesis strategies
face persistent limitations in synergistically optimizing electronic
structures and ensuring high-density active site exposure. To
address these challenges, various synthetic methods have been
developed to disperse HEA nanoparticles (NPs) onto low-
dimensional carbon supports (e.g., carbon nanotubes and
graphene) [21, 22], including conventional high-temperature
alloying [23], liquid-phase synthesis [24], and gas-phase synthesis
strategy [25]. For instance, Luo et al. employed ligand-assisted
interfacial assembly combined with NH, annealing to fabricate
ordered HEA NPs on a two-dimensional (2D) nitrogen-rich
mesoporous carbon framework, achieving high electrocatalytic
activity and durability [26]. Nevertheless, these approaches often
lack precise control over nanoparticle dispersion and
catalyst-support interfaces, thereby constraining active-site
exposure and electron/mass transport. Therefore, a facile and
innovative approach is urgently needed to maximize active-site
density while optimize electronic structure of HEA electrocatalysts.

In this work, we propose a one-step ultrafast thermal explosion
synthesis via carbon thermal shock (CTS) to engineer hierarchically
porous nanoreactors uniformly embedding FeCoNiCuAl HEA
NPs. A heating rate of ~ 10° K-s™' triggers rapid metal-chloride
decomposition and gas evolution, which simultaneously inflates the
carbon matrix into an interconnected cavity network and nucleate
well-dispersed HEA NPs. Moreover, the extreme non-equilibrium
environment of CTS provides a powerful platform to tailor atomic
coordination and electronic structures into high-energy states
[27-31]. Comprehensive structural and spectroscopic analyses
confirm robust nanoparticle confinement and Al-driven
modulation of surface coordination and electronic states.
Complementary density functional theory (DFT) calculations reveal
that the adsorption sites dynamically shift during the OER process,
and Al and neighboring metal sites synergistically collaborate to
complete the OER process. Al incorporation leads to a significantly
reduced free-energy barrier for *OOH desorption, indicating the
enhanced OER kinetics. Beyond realizing exceptional OER activity
and stability, this ultrafast thermal explosion strategy establishes a
versatile route for accessing metastable alloys and designing
hierarchical porous architectures, paving the way for broad
applications in electrocatalysis, energy storage, and advanced
materials engineering.

2 Experimental section

2.1 Synthesis of the FeCoNiCuAl/C nanoreactors

In an argon-filled glove box, an equimolar mixture of the metal
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chloride precursors (FeCl-6H,O, 027 g CoClL-6H,O, 024 g
NiCL-6H,0, 0.24 g CuCl,2H,0, 0.17 g; and AICL-6H,0, 0.24 g)
was thoroughly mixed with carbon black (0.3 g) and ground for
30 min. Next, the homogeneous powders were then pressed into a
thin film on carbon paper and clamped onto a copper stage inside
the CTS equipment (HTS-7026D, Shenzhen Zhongke Jingyan
Technology Co., Ltd.) under an Ar atmosphere. A pulsed current of
90 A at 32 V was applied, heating the sample to ~ 1273 K within
milliseconds. During this high-temperature treatment, the release of
gaseous byproducts (e.g., Cl,) from salt decomposition, along with
minor handling losses during sample transfer, resulted in a final
yield of approximately 0.3 g of the FeCoNiCuAl/C nanoreactors.
The resulting products were collected and stored under inert
atmosphere until characterization.

2.2 Characterizations

X-ray diffraction (XRD) patterns were recorded on a Bruker-AXS
D8 Advance diffractometer (Cu Ka, A = 1.5406 A) over 20 =
20°-100° at 0.05° per second. Field-emission scanning electron
microscopy (SEM, JSM-7800F PRIME, 5 kV) and transmission
electron microscopy (TEM, JEOL JEM-2100F, 200 kV) were used
to examine theparticle size, dispersion, and carbon architecture. The
decomposition temperature of 810 K was probed by
thermogravimetric analysis equipped with differential scanning
calorimetry (TGA-DSC, TGA/DSC3+) from room temperature to
1273 K at 50 Kmin' under Ar. Elemental composition was
determined using inductively coupled plasma mass spectrometry
(ICP-MS). The Brunauer-Emmett-Teller (BET) method was
utilized to determine the specific surface area. The Raman spectra
were recorded using a LabRAM HR Evolution Raman
spectrometer with a 532 nm laser wavelength.

High-angle annular dark-field scanning TEM (HAADF-STEM),
energy dispersive X-ray (EDX) mapping, and three-dimensional
(3D) tomographic reconstruction experiments were conducted
using a probe-corrected FEI Themis TEM instrument (operated at
300 kV). A Gatan image filter spectrometer was utilized for data
collection. A probe convergence angle of 17.8 mrad and a probe
current of ~ 10 pA were employed for STEM-EDX data collection.
Tilt series (-80° to +80°) were acquired using a Fischione
tomography holder. The resulting tomographic data was
reconstructed using Thermo Fisher 3D Inspect software and then
visualized using Avizo.

2.3 Synchrotron

spectroscopy techniques

X-ray scattering and absorption

Synchrotron X-ray total scattering measurements were performed
at the BL13SSW beamline of the Shanghai Synchrotron Radiation
Facility (SSRF). The center energy of the beamline X-rays was
50.00 keV, corresponding to a wavelength A = 0.2480 A. The two-
dimensional scattering images were calibrated and integrated using
Dioptas software [32]. The pair distribution function (PDF)
patterns were converted from the resulting one-dimensional data
using PDFgetX2 software for background deduction and
corrections, and the G(r) functions were computed by Fourier
transform (Q,., = 16.8 A™) [33]. The unit cell parameters of the
FeCoNiCuAl/C and FeCoNiCu/C were refined by small box fitting
based on PDFgui [34].

In order to obtain the average local coordination structure of the
FeCoNiCuAl/C and FeCoNiCu/C, the X-ray absorption fine
structure (XAFS) spectra of the Fe K-edge, Co K-edge, Ni K-edge,
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and Cu K-edge were also collected at the BL13SSW of the
SSRF. The data about the Fe K-edge (E = 7112 eV), Co K-edge
(E = 7709 eV), Ni K-edge (E = 8333 eV), and Cu K-edge (E =
8979 eV) were collected at room temperature in transmission
mode. The Athena software package processed the raw data, and
the extended X-ray absorption fine structure (EXAFS) oscillation
function was fitted by Artemis software [35]. Wavelet transform
(WT) of the Fe K-edge, Co K-edge, Ni K-edge, and Cu K-edge
EXAFS oscillations were implemented using HAMA software
module developed by Harald and Marina Chukalina [36].

2.4 Electrochemical tests

Electrochemical measurements were conducted in a three-electrode
electrochemical cell using a Pt sheet as the counter electrode and
Ag/AgCl as the reference electrodes, with a salt bridge employed to
minimize potential interactions between hydroxide ions (OH") and
the AgCl surface [37]. A 1 M KOH solution was used as the
electrolyte, with the actual pH values measured experimentally at
13.6. The reference electrode potential was converted to the
reversible hydrogen electrode (RHE) scale using Eq. (1)

E(RHE) = E(Ag/AgCl) +0.197 V+0.0592 x pH (1)

Linear sweep voltammetry (LSV) was tested from 1.2 to 1.8 V
(vs. RHE) at a scan rate of 10 mV-s™, with 100% iR compensation
after activating the working electrode for several times until stable
signals were achieved. The electrochemical double-layer capacitance
(Ca) was determined by cyclic voltammetry (CV) in the non-
Faradaic region (0.02-0.12 V vs. Ag/AgCl) at scan rates of 20, 40,
60, 80, 100, and 120 mV-s™. This method was utilized to estimate
the electrochemically active surface area (ECSA). Electrochemical
impedance spectroscopy (EIS) measurements were recorded at
1.5 V (vs. RHE) over a frequency range from 100 kHz to 0.1 Hz
with an alternating current (AC) amplitude of 5 mV. Oxygen
reduction reaction (ORR) polarization curve was tested from 0.4 to
1.0 V (vs. RHE) at a scan rate of 10 mVs™.

The overall water splitting was constructed using commercial
20 wt.% Pt/C loaded on carbon cloth (1.0 mg-cm™) as the cathode
and carbon cloth coated with 1.0 mg-cm™ of the catalyst as the
anode, immersed in a flowing alkaline electrolyte (1.0 M KOH).
Polarization curves were measured at a scan rate of 10 mV-s™ and
the chronopotentiometry measurements were collected at a current
density of 10 mA-cm™.

A rechargeable Zn-air battery was assembled with a polished zinc
foil as the anode and carbon paper coated with 1.0 mg-cm™ of the
catalyst as the air cathode, with a aqueous electrolyte consisting of
6.0 M KOH and 0.2 M ZnCl,. The Pt/C + RuO, (mass ratio of 1:1)
mixture was used as the benchmark catalyst. Polarization curves
were measured at a scan rate of 5 mV-s" and the galvanostatic
charge/discharge cycling measurements were collected at a current
density of 10 mA-cm™.

2.5 Computational method

The first principles calculations employed DFT using projector
augmented wave (PAW) method with the Vienna ab initio
simulation package (VASP) code. Exchange-correlation effects are
treated within the Perdew-Burke-Ernzerhof (PBE) of the
generalized gradient approximation (GGA) and the spin-orbit
interaction included. The energy is converged to 10° eV with a
plane-wave energy cutoft of 450 eV and 6 x 3 x 1 k points
generated in a Gamma centred grid [38]. The HEA structure
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containing 135 atom supercell was populated with metal atoms (Fe,
Co, Ni, Cu, and Al) based on experimental compositions. The alloy
theoretic automated toolkit (ATAT) software package was used to
distribute transition metals across sites in a special quasirandom
structure (SQS) [39]. The surface of HEA with low energy (111)
orientation was modeled in which a 9-layered HEA (111) slab. At
least 15 A vacuum in stacking direction was added to separate the
free surfaces of HEA due to periodic.

3 Results and discussion

FeCoNiCuAl/C nanoreactors were synthesized by CTS of carbon
paper loaded with a mixture of carbon black (CB) and equimolar
Fe, Co, Ni, Cu, and Al chloride precursors under an Ar atmosphere
(Fig. S1 in the Electronic Supplementary Material (ESM), see details
in Section 2). Upon applying 90 A at 32 V, the sample was heated to
~ 1273 K within milliseconds, corresponding to a heating rate of ~
10° K-s™ (Fig. S2 in the ESM). TGA-DSC analysis shows that most
metal chlorides decompose between 810 and 1030 K, liberating
gaseous byproducts (e.g, Cl) that trigger an explosion-like
expansion of the carbon matrix and create interconnected hollow
cavities (Fig. S3 in the ESM). During the rapid cooling stage (~ 10°
K-s), the vaporized metal species condense and intermix under
non-equilibrium conditions, leading to in situ nucleation and
uniform confinement of FeCoNiCuAl HEA NPs within the porous
carbon framework. This one-step CTS process thus yields
hierarchically porous nanoreactors featuring continuous internal
porosity and well-dispersed HEA electrocatalysts. A schematic
diagram illustrating our proposed ultrafast thermal explosion
strategy is presented in Fig. 1(a). For comparison, FeCoNiCu/C and
Co/C samples were also prepared using similar operational
procedures.

The crystal structure of the FeCoNiCuAl HEA electrocatalyst
was first determined by XRD. As shown in Fig. S4(a) in the ESM,
FeCoNiCuAl, FeCoNiCu, and Co all adopt a face-centered cubic
(FCC) lattice. Notably, the diffraction peak for FeCoNiCuAl shifts
to a higher 20 angle compared to FeCoNiCu (Fig. S4(b) in the
ESM), indicating a lattice contraction with the addition of Al
Rietveld refinement of the XRD data yields a lattice parameter of
a = 3.557 A for FeCoNiCuAl (Fig. 1(b)). The reduction in lattice
parameter from FeCoNiCu (3.561 A) to FeCoNiCuAl confirms a
lattice contraction upon Al incorporation, consistent with the
observed 20 angle shift toward higher angles (Fig. S5 in the ESM).
To probe local structure, we carried out full-profile PDF
refinement using synchrotron X-ray total scattering data (Fig. 1(c)).
The resulted first-shell metal-metal distance (2537 A)
deviates slightly from the ideal FCC bond length, implying the
presence of local distortions. Such deviations are consistent with
surface reconstruction on the HEA NPs, where atomic-scale
strain fields and element size mismatch induce non-uniform
lattice environments, contributing to enhanced electrochemical
activity [40].

The SEM image of the FeCoNiCuAl/C reveals that the CB
particles maintains their well-preserved spherical morphology with
an average diameter of ~ 50 nm (Fig. S6 in the ESM). FeCoNiCuAl
NPs with an average size of ~ 7.40 nm are embedded within the
carbon matrix (Fig. 1(d) and Fig. S7 in the ESM). Notably, as
shown in Fig. S8 in the ESM, the particle size of the FeCoNiCu NPs
is approximately 18 nm, which is larger than that of the
FeCoNiCuAl NPs. This suggests that the addition of Al modifies
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Figure1 (a) Schematic illustration of the one-step CTS process for synthesizing hierarchically porous FeCoNiCuAl HEA nanoreactors. (b) Rietveld refinement of the
XRD pattern for the FeCoNiCuAl HEA electrocatalyst, fitted to a cubic FCC Fm3m model. (c) Full-profile PDF refinement of FeCoNiCuAl HEA electrocatalyst using
cubic Fm3m model. (d) Dark-field TEM image of FeCoNiCuAl HEA NPs uniformly dispersed on the carbon support. The inset shows particle-size histogram obtained
by counting 50 NPs. (e) HRTEM image of FeCoNiCuAl loaded nanoreactor. The inset displays lattice fringes corresponding to the (111) planes of the FCC HEA phase.
(f) HAADF-STEM image and the corresponding EDS mapping of Fe, Co, Ni, Cu, and Al in FeCoNiCuAl NPs.

the particle morphology. From the high-resolution TEM (HRTEM)
image (Fig. 1(e)), distinct lattice fringes with a spacing of 0.20 nm
(region A) could be observed, corresponding to the (111) plane of
the FCC FeCoNiCuAl HEA. Additionally, region B in the HRTEM
image shows the presence of cavities with the carbon matrix, which
is expected to promote electrolyte accessibility and enhance active-
site utilization within the HEA electrocatalyst. HAADF image
coupled with energy dispersive X-ray spectroscopy (EDS) elemental
mapping (Fig. 1(f) and Fig. S9 in the ESM) demonstrate that Fe, Co,
Ni, Cu, and Al are uniformly distributed within HEA NPs, without
apparent phase separation observed. Simultaneously, a portion of
the Fe, Co, Ni, and Cu signals is also discernible on the carbon
support, indicating that during the ultrafast thermal explosion
synthesis process, a minor fraction of metal species is dispersed in
the form of nanoscale clusters within the carbon matrix (Fig. S10 in
the ESM). This observation is consistent with the inherent
characteristics of this synthesis method [41, 42]. This distribution,
combined with the mesoporous structure, is expected to be
beneficial to enhancing electrocatalytic performance of the
FeCoNiCuAl/C electrocatalyst.

Nano Research, 2026, 19, 94908613
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Moreover, the EDS analysis further confirmed that the atomic
ratio of Fe, Co, Ni, Cu, and Al is approximately 18:20:23:17:22,
which is consistent with the results obtained from inductively
coupled plasma (ICP) analysis (Table S1 in the ESM). Based on the
ICP-MS-measured compositions, we calculated the configurational
mixing entropy (AS,,,) using the equation of AS,,, = —RX(xlnx),
where R is the molar gas constant, and x; represents the atomic
fraction of each element. The calculated AS,, value (~ 1.59R)
surpasses the threshold of 1.5R commonly recognized for HEAs,
confirming that FeCoNiCuAl/C catalyst meets the criteria for HEA
classification. This hierarchical architecture (HEA NPs and cavities
within the carbon matrix) functions as an efficient nanoreactor,
where confinement effects facilitate sufficient contact between the
electrolyte and active sites.

The OER performance of FeCoNiCuAl/C and reference samples
was evaluated in O,-saturated 1 M KOH using a typical three-
electrodes cell. As shown in Fig. 2(a), FeCoNiCuAl/C achieves the
lowest overpotential of 280 mV at 10 mA-cm?, superior than
commercial RuO, (295 mV), FeCoNiCu/C (300 mV), and Co/C
(346 mV). The activity enhancement of FeCoNiCuAl/C persists at
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Figure2 Electrocatalytic OER performances of FeCoNiCuAl/C electrocatalyst. (a) LSV polarization curves in O,-saturated 1 M KOH. (b) Overpotentials at 10, 50, and
100 mA-cm™ for FeCoNiCuAl/C, FeCoNiCu/C, Co/C, and commercial RuO,. (c) Tafel plots derived from LSV data. (d) C; capacitances and (e) EIS Nyquist plots of
FeCoNiCuAl/C, FeCoNiCu/C, Co/C, and commercial RuO,. (f) Comparison of both overpotential at 10 mA-cm™ and double-layer capacitance of previously reported

noble-free HEA electrocatalysts.

higher current densities (50 and 100 mA-cm?), indicating the
robustness of the electrocatalyst (Fig. 2(b)). In contrast, the non-
porous CB substrate exhibits negligible activity (Fig. S11 in the
ESM). Kinetic analysis (Fig. 2(c)) yields a Tafel slope of
70.9 mV-dec' for FeCoNiCuAl/C, considerably lower than
FeCoNiCu/C (83.92 mV-dec'), Co/C (106.82 mV-dec'), and
commercial RuO, (86.31 mV-dec”), indicating more favorable OER
kinetics. The C, extracted from non-Faradaic CV (Fig. 2(d) and
Fig. S12 in the ESM) is 20.2 mF-cm™ for FeCoNiCuAl/C, higher
than that for FeCoNiCu/C (14.4 mF-cm?), Co/C (10.8 mF-cm™),
and RuO, (17.8 mF-cm™), corresponding to ECSA values of 505,
360, 270, and 445 cn’, respectively (Fig. S13 in the ESM). These
results confirm that the hierarchically porous nanoreactor design
maximizes accessible active sites. Notably, Al itself is intrinsically
inactive in OER, yet its incorporation into the FeCoNiCu/C matrix
markedly enhances performance. This boost may arise from Al-
induced electronic modulation that optimizes the adsorption
energy of key intermediates, a mechanism we further elucidate
through XAFS and DFT studies below.

EIS was employed to probe charge-transfer behavior under OER
conditions. Nyquist plots for all samples feature a large semicircle in
the low-frequency region (Fig. 2(e)), whose diameter corresponds
to the charge transfer resistance (R,). The FeCoNiCuAl/C exhibits
the smallest R,, consistence with its low OER overpotential and
accelerated kinetics. Long-term stability was evaluated by
chronopotentiometry test at 10 mA-cm™ (Fig. S14 in the ESM).
FeCoNiCuAl/C maintains a nearly constant potential over 20 h of
continuous operation, demonstrating exceptional durability in
alkaline media. To further substantiate the stability of the catalyst,
we conducted an ICP measurement to determine the elemental
compositions of the FeCoNiCuAl/C following the OER test. The
results (Table S1 in the ESM) show that while Al and Cu display a
marginal decline in the contents relative to the other elements, the
amounts of Fe, Co, and Ni remain relatively constant with only
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insignificant variations. This phenomenon can be attributed to the
severe lattice distortion effect inherent to HEAs, which effectively
prevents excessive dissolution of the elements [43]. Considering
both overpotential and C,; our designed explosion-driven
FeCoNiCuAl/C nanoreactor has achieved a superior performance
level among the noble-metal-free HEA electrocatalysts ever
reported (Fig. 2(f)) [11, 12, 18, 27, 44-52].

In view of the good OER activity and stability of FeCoNiCuAl/C,
a two-electrode configuration for overall water splitting was
assembled using FeCoNiCuAl/C as the anode catalyst and Pt/C as
the cathode catalyst. As shown in Fig. S15(a) in the ESM, the
FeCoNiCuAl/C||Pt/C achieves a current density of 10 mA-cm™ at
1.56 V, which is much lower than that of RuQ,||Pt/C (1.58 V). The
two-electrode system assembled by FeCoNiCuAl/C||Pt/C (1.56 V)
was continuously operated for 20 h at a current density of
10 mA-cm™ with a negligible current attenuation (Fig. S15(b) in the
ESM). Such a combination of good activity and stability endows it
with great potential for practical applications in sustainable
hydrogen production.

Furthermore, FeCoNiCuAl/C was evaluated as the air cathode
for rechargeable ZABs. Compared to Pt/C + RuO, battery, the HEA-
based battery exhibits a narrower charge-discharge polarization gap
(Fig. S16(a) in the ESM), higher discharge voltage, and lower
recharge voltage. Furthermore, its peak power density reaches
1084 mW-cm™ at 204 mA-cm?, superior than the 98.9 mW-cm™
achieved by the Pt/C + RuO, cell (Fig. S16(b) in the ESM). In
addition, as illustrated in Fig. S16(c) in the ESM, the open-circuit
potential of the FeCoNiCuAl/C-based battery is estimated to be
1.42 V, slightly higher than that based on Pt/C + RuO, (1.41 V).
The good ZAB performance is primarily attributed to the superior
OER capability, outweighing the impact of the moderate ORR
performance, as evidenced by a half-wave potential of 0.72 V (Fig.
S$17 in the ESM). The HEA/C cathode reliably powers a 2.0 V light-
emitting diode (LED), validating its practical applicability (Fig.
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S16(d) in the ESM). The operational stability of the FeCoNiCuAl/C
cell maintains a steady charge potential (1.95 V), discharging
potential (1.19 V), and a round-trip efficiency of 61% for over 80 h
without significant deterioration, which is comparable to the Pt/C +
RuO, system (Fig. S16(e) in the ESM). These results highlight the
potential of our designed explosion-driven HEA nanoreactors for
high-performance and durable energy storage devices.

Catalytic performance depends critically on two factors: the
density of accessible active sites governed by the microstructural
architecture, and the intrinsic activity of those sites defined by their
local coordination environment [53, 54]. To directly visualize how
our explosion-driven CTS process optimizes both aspects, we
performed 3D HAADEF-STEM tomography reconstruction on
FeCoNiCuAl/C. Figure 3(a) presents the front view of the
reconstructed volume (240 nm x 254 nm x 312 nm), where the
high-contrast regions (yellow) correspond to HEA NPs and low-
contrast regions (green) to the CB matrix. The orthogonal slices
visualize a continuous and interconnected network of hollow
cavities pervading the CB matrix, and the HEA NPs are revealed to
be uniformly and intimately bounded to the cavity walls (Fig. 3(b)).
By adjusting the contrast range, the low-contrast CB can be filtered
and removed for a better visualization of the HEA NPs and cavities

(a) Front view

HEA NPs

(Fig. 3(c) and Fig. S18 in the ESM). The results show that the HEA
NPs are uniformly dispersed with a particle size of ~ 4.98 nm, and
hollow cavities occupy 28% of the total material volume. Such a
hierarchical porosity not only exposes a large number of active sites,
consistent with the measured high ECSA of 505 cm’, but also
creates locally concentrated reactant reservoirs, shortening diffusion
paths and reducing mass-transfer resistance [55-57]. The tight
coupling between nanopores and catalyst particles further ensures
efficient electron transfer, as evidenced by the minimal charge-
transfer resistance in EIS. Furthermore, Fig. S19 in the ESM shows
that the BET surface area of the FeCoNiCuAl/C nanoreactors was
measured to be 198.97 m’, a value that significantly exceeds those of
conventional catalysts [58]. This high surface area not only provides
abundant active sites but also enhances mass transfer efficiency
[59]. Consequently, these microstructural features, ie., numerous
cavities, homogeneous HEA NPs dispersion, and strong
HEA-cavity interfaces, provide a superior microstructural platform
that ensures the outstanding OER activity and kinetics. Specifically,
the nanoscale cavities within the nanoreactor function as
concentrated electrolyte reservoirs, creating localized microenviron-
ments of significantly increased OH ™ concentrations at catalyst
surfaces that accelerate adsorption of OH™ intermediates on active

Right view Top view

cavities

Figure3 3D tomography reconstruction of FeCoNiCuAl/C nanoreactors. (a) Reconstructed FeCoNiCuAl/C and corresponding front, right, and top views of the same
reconstruction. (b) Orthoslices through the volume (xy planes at z = 69, 99, 129, and 159 nm). (c) Sequential filtering of the reconstructed data for the removal of low-

contrast carbon, isolation of cavity structures, and final rendering of HEA nanoparticles
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sites of the HEA NPs and effectively lower the activation energy
barrier for the OER reaction. Simultaneously, the interconnected
hollow structure shortens the diffusion pathway for O, gas
products, reducing mass transfer resistance and minimizing the
accumulation of O, bubbles on catalyst surfaces, significantly
improving OER performance [60-62].

Atomic pair distribution function (PDF) analysis was conducted
to probe the local atomic structure in FeCoNiCuAl/C versus
FeCoNiCu/C (Fig. 4(a)). In FeCoNiCuAl/C sample, the first three
coordination shells are shifted to shorter interatomic distances
compared to the FeCoNiCu/C, which may be related to
compressive  strains induced by Al incorporation. The
corresponding atomic distances could be extracted from full-profile
PDF fitting (Fig. S20 in the ESM) and the values are listed in Table
S2 in the ESM. However, because Fe, Co, Ni, and Cu scatter X-rays
similarly, PDF alone cannot resolve element-specific distortion.
With this regard, synchrotron XAFS was employed to investigate
electronic and local coordination structures of specific elements.
From the XANES data (Figs. 4(b) and 4(c), and Fig. S21 in the
ESMN), the metallic states of Fe, Co, Ni, and Cu elements are
similar with their corresponding metal foils. In addition, compared
to FeCoNiCu/C, the absorption edges of Fe and Cu in the
FeCoNiCuAl/C are nearly unchanged. In contrast, the Ni and Co
edges shift to lower energies, indicating lower valance states for an
electron-rich local environment around those atoms. This

electronic enrichment might be attributed to surface-passivating
effect of Al that prevent the oxidation of other elements, which
could tune the d-band center and facilitate OER kinetics [63, 64].

To probe local bonding environments, we performed wavelet-
transform EXAFS (WT-EXAFS) analysis and quantitative EXAFS
fitting. The WT-EXAFS maps for Fe, Co, and Ni in FeCoNiCuAl/C
exhibit a single intensity maximum at ~ 8.3 A", while the WT-
EXAFS plot for Cu displays an additional intensity component at
higher k of 8.6 A" (Fig. 4(d)). These results indicate that Al
preferentially bonds with lighter elements (Fe/Co/Ni) rather than
heavier element Cu leading to the aggregation of Cu. This behavior
aligns with the more negative mixing enthalpies of Fe-Al
(-11 kJ-mol™), Co-Al (=19 kJ-mol™') and Ni-Al (22 kJ-mol™) pairs
than the Cu-Al (-1 kJ-mol™) pair [65]. Quantitative EXAFS fittings
(Figs. 4(e) and 4(f), and Figs. S22 and S23 in the ESM) and the
extracted bond lengths and coordination numbers (Figs. 4(g) and
4(h), and Table S3 in the ESM) reveal contractions of Fe-M,
Co-M, and Ni-M but an expansion of Cu-M in FeCoNiCuAl/C
relative to those in FeCoNiCu/C, indicating a lattice distortion
induced by Al. In addition, the first-shell coordination numbers for
all metals are revealed to reduce with the introduction of Al The
resulting low-coordination active sites, together with the Al-
induced strain engineering, may optimize the electronic structure,
strengthening the adsorption of critical intermediates [66-68],
which explains the enhanced OER performance of FeCoNiCuAl/C.

Figure4 Local structural and electronic characterizations of FeCoNiCuAl/C electrocatalyst. (a) Comparison of low-r PDF profiles for FeCoNiCuAl/C and FeCoNiCu/C.
(b) Normalized XANES spectra at Co and (c) Ni K-edges. (d) WT-EXAFS contour maps for Fe, Co, Ni, and Cu K-edges for FeCoNiCuAl/C. ((e) and (f)) k*-weighted
Fourier transform for EXAFS spectra of (e) Co and (f) Ni K-edges. ((g) and (h)) Comparison of (g) extracted first-shell bond lengths and (h) coordination numbers for Fe,

Co, Ni, and Cu, comparing FeCoNiCuAl/C and FeCoNiCu/C.
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We also performed in situ electrochemical Raman spectroscopy
to investigate structural changes of FeCoNiCuAl/C during the OER
process. As shown in Fig. $24 in the ESM, upon applying an anodic
potential, new peaks emerge at ~ 294 and ~ 340 cm™, which can be
ascribed to the formation of CuO [69, 70]. Notably, as the potential
increases, only distinct Cu-O peaks are observed, with no
detectable signals from other metal-oxygen species. The
phenomenon is attributed to the oxidation of aggregated Cu, where
the aggregation of Cu arises from the less negative Cu-Al mixing
enthalpy and is consistent with the findings from the WT-EXAFS
analysis. Due to the relatively higher surface energy of aggregated
Cu, which renders Cu atoms more active, aggregated Cu is more
prone to oxidation compared to the alloy [71, 72]. It is believed that
the oxidation of aggregated Cu can improve electrochemical
activity, as high-valence transition metals exhibit a strong hydrolysis
effect to promote the formation of *OOH, which accelerates
electrochemical kinetics [73].

To elucidate how Al incorporation enhances the intrinsic OER
activity of FeCoNiCuAl/C, we performed DFT calculations on
(111) slab models of FeCoNiCuAl and FeCoNiCu HEAs (Fig. S25
in the ESM, see computational details in Section 2). Projected
density of states (PDOS, Fig. 5(a)) reveals that the overall d-band
centers shift from -1.676 eV in FeCoNiCu to -1.615 eV in
FeCoNiCuAl. This upshift brings the d-band closer to the Fermi
level, reducing the occupation of antibonding states and thereby
strengthening adsorbate binding, facilitating more efficient
intermediate binding and subsequent reaction progression [74, 75],
which is in consistent with the finding from EXAFS fittings analysis
that reduced coordination numbers enhance adsorption capacity.
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To identify the most favorable adsorption sites for H,O molecule,
the adsorption energies at all non-equivalent atop sites of individual
metal atoms (including different surface atomic positions for each
element) were systematically evaluated via DFT calculations. The
screening results reveal that in FeCoNiCu, Fe exhibits the strongest
adsorption (—0.98 V), followed by Co (-0.87 eV), Ni (-0.62 eV),
and Cu (-0.51 eV). In FeCoNiCuAl, Al demonstrats a higher
adsorption energy (-0.64 eV) relative to the other metal elements
(Tables $4 and S5 in the ESM). These quantitative results indicate
the optimal adsorption sites are Fe in FeCoNiCu and Al in
FeCoNiCuAl. Gibbs free energy (AG) diagrams for the four
elementary OER steps were computed for both models. As shown
in Figs. S26 and S27 in the ESM, although OH- initially adsorbs at
Al atop sites to form *OH, *OH can not stabilize at Al atop sites but
instead prefer bridging sites between Al and neighboring M (Fe,
Co, Ni, and Cu) atoms. Furthermore, as the OER reaction
intermediate evolves from *OH to *O and then to *OOH, the
adsorption sites on the catalyst surface correspondingly shift from
the Al-M bridging site to the hollow site and back to the bridging
site, accompanied by systematic changes in adsorption energy
(Figs. 5(b) and 5(c)). These computational results provide direct
evidence that the synergistic interaction between Al and
neighboring metal sites facilitates the efficient OER. Notably, for
both models, the highest energy barrier corresponds to *OOH
desorption: AG (*OOH > O,) is 5.12 ¢V on FeCoNiCu but is
reduced to 2.00 eV on FeCoNiCuAl This dramatic decrease
confirms that Al-driven electronic modulation lowers the rate-
limiting step, consistent with the PDOS analysis and the
experimentally observed lower overpotentials and accelerated
kinetics.
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Figure5 Density functional theory calculation for the OER mechanism. (a) PDOS and (b) Gibbs free energy diagrams of FeCoNiCuAl HEA electrocatalyst and

FeCoNiCu. (c) Schematic of the whole OER mechanism on FeCoNiCuAl
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Overall, the superior OER performance of the FeCoNiCuAl/C
nanoreactor arises from three synergistic factors. First, our ultrafast
explosion-driven CTS method gives rise to a hierarchically porous
carbon scaffold, containing continuous and interconnected nano-
cavities that dramatically increase surface area and expose abundant
active sites. Second, the simultaneous in situ nucleation and
confinement of FeCoNiCuAl HEA NPs ensure uniform dispersion
on both external and internal surfaces, maximizing catalyst
utilization and facilitating rapid mass transport. Third, strategic
incorporation of Al induces compressive strain and d-band
modulation, which lowers the *OOH desorption barrier and
enhances intrinsic activity. Together, these structural and electronic
advantages endow FeCoNiCuAl/C with low overpotentials,
accelerated kinetics, and long-term durability, establishing a
versatile one-step route to high-entropy alloy nanoreactors for
advanced water-splitting and energy-storage applications.

4 Conclusions

To summarize, we demonstrated a one-step ultrafast thermal
explosion strategy to fabricate hierarchically porous carbon
nanoreactors uniformly embedding FeCoNiCuAl HEA NPs. The
resulting FeCoNiCuAl/C catalyst exhibits outstanding OER
performance, including a low overpotential and great durability
superior than commercial RuO,. When applied to overall water
splitting and Zn-air batteries, it achieves good performance,
validating its practical applicability. Advanced HAADF-STEM and
3D tomography reconstruction reveal a continuous network of
internal cavities and HEA NP confinement, while XAFS and DFT
analyses show that the Al incorporation induces compressive strain,
lowers coordination numbers, and modulates the d-band center to
reduce the *OOH desorption barrier. Al and neighboring metal
sites synergistically collaborate to complete the OER process. By
integrating explosion-driven nanoreactor formation with HEA
design, this work establishes a versatile strategy for noble-metal-free
electrocatalysts design and paves the way for their deployment in
efficient and durable energy-conversion technologies.

Electronic Supplementary Material: Supplementary material
(FeCoNiCuAl HEA electrocatalyst structure characterization,
overall water splitting and rechargeable Zn-air battery applications,
in situ Raman spectra of the FeCoNiCuAl/C at different potentials,
and the surface models of DFT calculations) is available in the
online version of this article at https://doi.org/10.26599/NR.2026.
94908613.
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