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Abstract High-entropy metal phosphide (HEMP) has
considerable potential as an electrocatalyst owing to its
beneficial properties, including high-entropy alloy synergy
as well as the controllable structure and high conductivity
of phosphides. Herein, electrospinning and in situ phos-
phating were employed to prepare three-dimensional (3D)
networks of self-supporting HEMP nanofibers with varying
degrees of phosphate content. Comprehensive characteri-
zations via X-ray diffraction and X-ray photoelectron
spectroscopy, as well as density functional theory calcu-
lations, demonstrate that the introduction of phosphorus
(P) atoms to HEMP carbon nanofibers mediates their
electronic structure, leads to lattice expansion, which in
turn enhances their catalytic performance in the hydrogen
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evolution reaction (HER). Moreover, the formation of
metal-P bonds weakens metal-metal interaction and
decreases the free energy of hydrogen adsorption, con-
tributing to the exceptional activity observed in the HEMP
catalyst. Electrochemical measurements demonstrate that
the HEMP-0.75 catalyst with an ultralow loading of
1.22 wt% ruthenium (Ru) exhibits the highest HER cat-
alytic activity and stability in a 1 M KOH electrolyte,
achieving a minimal overpotential of 26 mV at a current
density of 10 mA-cm™? and Tafel slope of 50.9 mV-dec™".

Keywords High-entropy metal phosphide;
Electrospinning; Hydrogen evolution reaction; Self-
supporting carbon nanofibers

Y. Yamauchi

School of Chemical Engineering and Australian Institute for
Bioengineering and Nanotechnology (AIBN), The University of
Queensland, Brisbane, QLD 4072, Australia

Y. Yamauchi
Department of Chemical and Biomolecular Engineering, Yonsei
University, Seoul 03722, Republic of Korea

Y. Yamauchi
Department of Materials Process Engineering, Graduate School
of Engineering, Nagoya University, Nagoya 464-8603, Japan

Z.-L. Wang

Tianjin Key Laboratory of Applied Catalysis Science and
Technology, School of Chemical Engineering and Technology,
Tianjin University, Tianjin 300072, China

K4


http://orcid.org/0000-0002-4278-4515
https://doi.org/10.1007/s12598-024-02912-5
https://doi.org/10.1007/s12598-024-02912-5
https://doi.org/10.1007/s12598-024-02912-5
https://doi.org/10.1007/s12598-024-02912-5
https://doi.org/10.1007/s12598-024-02912-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s12598-024-02912-5&amp;domain=pdf

P. Wang et al.

1 Introduction

The development of renewable hydrogen energy is a
compelling strategy for addressing the global energy crisis
and mitigating environmental pollution resulting from
extensive fossil fuel usage [1, 2]. Electrolytic water split-
ting has emerged as a promising approach for efficient,
clean, and sustainable hydrogen production [3-6]; how-
ever, the slow kinetics of the hydrogen evolution reaction
(HER) necessitates the development of highly active
electrocatalysts capable of lowering the reaction energy
barrier and enhancing the reaction rate [7-10]. Currently,
platinum (Pt)-based catalysts are regarded as the most
advanced HER catalysts due to their excellent intrinsic
activity; however, their prohibitively high cost and limited
availability limit their large-scale deployment [11-13]. The
cost of ruthenium (Ru) is only one-third that of Pt. In
addition, Ru exhibits a Gibbs free energy of hydrogen
adsorption that is considerably close to zero, making it a
highly efficient and stable catalytic material for the HER.
These advantageous properties make Ru an attractive
doping element for high-entropy metal phosphide (HEMP)
materials. Consequently, the development of Ru-based
catalysts exhibiting high activity, exceptional stability, and
cost-effectiveness is considerably beneficial for achieving
efficient water decomposition.

Recently, non-Pt-based catalysts, such as transition-
metal-based oxides [14], borides [15], nitrides [16, 17],
carbides [18] and phosphates [19-23], have been widely
studied. Phosphides have specific advantages over other
metal compounds as HER catalysts. For example, the P
atom has a high electronegativity, allowing it to attract
positively charged protons to the active site, thereby
increasing the reaction rate of the HER [24-26]. Mean-
while, the higher P-band center of the P atom causes the
band gap of P-doped catalysts to be narrow, increasing
their conductivity [27, 28]. Overall, the limited active sites
and poor stability of transition-metal phosphides in alkaline
environments restrict their practical applications.

High-entropy alloys (HEAs) have attracted significant
attention in the field of electrocatalysis due to their unique
high-entropy properties, such as high-entropy thermody-
namic effects, structural lattice distortions, slow diffusion
kinetics, and cocktail effects [29-33]. HEAs comprise at
least five equimolar or near-equimolar elements mixed in a
single solid solution, featuring high-entropy stabilization
effects (ASix > 1.5R) [34-36]. As a result of the differ-
ences between the electronegativities and atomic sizes of
various elements, high-entropy alloy lattices are prone to
distortion, which promotes the activation and adsorption of
active substances [37, 38]. Furthermore, since the syner-
gistic effect of HEAs can exert a surface ligand effect on
corresponding catalysts, the d-band center and electronic

aQ

structure of the active site can change, improving the cat-
alytic performance of the HER. Kwon et al. [39] prepared
ZnNiColrX (X = Fe and Mn) HEAs via dealloying. By
regulating the electronic structure of the iridium (Ir) active
site, the adsorption free energy of intermediates was
reduced to achieve excellent catalytic performance.
Although much research has been performed on the elec-
trocatalytic performance of HEAs [40], limited research
has focused on the regulation of the electronic structure and
adsorption free energy of HEA intermediates produced
during the synthesis of HEMPs modified via the intro-
duction of P atoms. Many factors, such as conductivity,
number of exposed active sites, and electronic structure,
influence the HER catalytic performance. Electrospun
carbon nanofibers (CNFs) have been shown to exhibit
unique advantages as electrocatalyst carriers [41-44].
CNFs possess a high specific surface area and exhibit
excellent thermal stability, featuring numerous surficial
lattice defects that endow them with inherent electrocat-
alytic properties. Furthermore, the incorporation of cat-
alytically active components, such as metals and metal
phosphides, onto CNFs improves the conductivity of the
resulting electrocatalyst while effectively mitigating
nanoparticle (NP) aggregation. The active site of the cat-
alyst can be fully exposed through the design of reasonable
self-supporting fiber structures (porous or hollow), greatly
reducing the amount of catalyst required.

Herein, three-dimensional (3D) networks of self-sup-
ported HEMP nanofibers with different degrees of phos-
phating are prepared by -electrospinning and in situ
phosphating for the first time. Phytic acid (PA) within the
in situ phosphating carbon matrix acts as a phosphorus
(P) source and as a chemical crosslinking agent, improving
the conductivity of the resulting catalyst. Due to its unique
porous structure, the active site of the catalyst is fully
exposed, resulting in an excellent HER catalytic activity
with a low loading of 1.22 wt% Ru (which is equivalent to
4% of the price of Pt). In addition, the introduction of P
atoms to regulate the electronic structure of the HEMP
CNFs induces lattice strain while reducing the hydrogen-
adsorption free energy, thereby further improving the HER
catalytic performance. Electrochemical tests show that the
HEMP-0.75 catalyst with a P content of 5.49 wt% exhibits
the best HER activity in 1 M KOH, achieving a minimum
overpotential of 26 mV to produce a current density of
10 mA-cm ™2 and Tafel slope of 50.9 mV-dec™'. These
values represent a significant improvement over 20 wt% Pt/
C (at a current density of 58 mA-cm ™2 and Tafel slope of
79.5 mV-dec™'). Furthermore, due to the synergistic
effects of multiple metals and the introduction of metal-P
bonds formed by highly electronegative P atoms, the sta-
bility of the catalyst can be increased such that a current
density of 12.5 mA-cm 2 can be obtained with only —
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0.058 V verus RHE voltage; this current density can be
maintained for > 50 h.

2 Experimental

2.1 Chemicals

Anhydrous ferric trichloride (FeCls, > 98.0%, Aladdin),

cobalt chloride hexahydrate (CoCl,-6H,0, > 98.0%,
Aladdin), nickel chloride hexahydrate (NiCl,-6H,O,
> 99.9%, Aladdin), manganese chloride tetrahydrate

(MnCl,-4H,0, 99.99%, Aladdin), ruthenium chloride tri-
hydrate (RuCl;-3H,0, 95%, Bidepharm), polyacrylonitrile
(PAN, M, = 150,000, Aladdin), poly(styrene) (PS, 98%,
Aladdin), N, N-dimethylformamide (DMF, > 99.5%, AR),
phytic acid (PA, > 90%, Meryer), potassium hydroxide
(KOH, 95%, Aladdin), and nafion solution (5 wt%,
Meryer) were used without further purification.

2.2 Materials synthesis

In a typical procedure, 0.25 mmol FeCl;, 0.25 mmol
CoCl,-6H,0, 0.25 mmol NiCl,-6H,O, 0.25 mmol
MnCl,-4H,0, 0.25 mmol RuCl;-3H,0, 0.94 mmol PA,
0.96 g PAN and 0.4 g PS were dissolved in 11 g DMF. The
well-dissolved metal salts/phytic acid/PAN polymer pre-
cursor solution was obtained after stirring with a magnetic
stirring apparatus for 12 h at 60 °C. Then, the prepared
precursor solution was loaded into a plastic syringe with a
stainless steel needle and injected into an electrospinning
machine with an anode voltage of 20 kV, an injection rate
of 0.6 mL-h_l, a distance between the collector and needle
of 18 cm, and a rotation speed of 400 r-min~"'. The pre-
cursor nanofibers were pre-oxidized at 230 °C in the air for
3 h at a heating rate of 2 °C-min~"' and then annealed at
1000 °C in an argon atmosphere for 3 h at a heating rate of
2 °C-min~". Finally, the sample was cooled to room tem-
perature in an argon atmosphere. After carbonization, PS
decomposes to create a porous structure in each fiber,
resulting in the formation of porous FeCoNiMnRuP HEMP
CNFs. The phosphating degree HEMP-x is determined
based on the mole ratio of PA:Metal, where PA:Metal =
0:4, 2:4, 3:4, 4:4 are defined as HEMP-0, HEMP-0.5,
HEMP-0.75, HEMP-1.0, respectively.

2.3 Materials characterizations

The morphological properties of the samples were
observed using a field emission scanning electron micro-
scope (FE-SEM, Regulus 8100, 1 kV) and high-resolution
transmission electron microscopy (HRTEM, JEM 2100F,
200 kV). Energy-dispersive X-ray spectroscopy (EDX)
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mapping images were obtained using scanning transmis-
sion electron microscopy (STEM, Sigma 500) at an
acceleration voltage of 300 kV. Data from inductively
coupled plasma-optical emission spectrometry (ICP-OES)
were obtained using the Thermo Fisher iCAP PRO. X-ray
diffraction (XRD) investigations were performed on a
Smart Lab 3KW diffractometer using Cu Ka
(4 = 1.54056 A). The chemical states of different elements
were analyzed via X-ray photoelectron spectroscopy (XPS)
using an ESCALAB Xi 4 X-ray photoelectron spectrom-
eter. The binding energies were calibrated with C Is
(284.8 eV) as the standard. The electrochemical processes
were conducted in 1.0 M KOH saturated with Ar and
controlled by a CHI760E electrochemical workstation.

2.4 Electrochemical measurements

All electrochemical measurements were performed using a
three-electrode system that contained a Hg/HgO reference
electrode, a graphite rods counter electrode, and self-sup-
ported CNFs-based materials (0.5 cm x 0.5 cm) as the
working electrode. All linear sweep voltammetry (LSV)
curves were recorded at a scan rate of 5 mV-s™'. The
potentials were converted to a reversible hydrogen electrode
(RHE) according to the equation Egpyg = Exgmgo + 0.098
+ 0.059 x pH. Pt/C (20 wt%) powder was used as a control
and deposited on a glassy carbon electrode (GCE) with a
diameter of 5 mm for measurement. The electrocatalyst inks
were prepared by dispersing a certain amount of electrocat-
alysts in a mixed solution of ethanol (49 pL), deionized water
(150 pL) and Nafion (9 pL) through a sonication for 30 min.
Tafel plots were generated by fitting the linear range of the
overpotential (1) and log current densities (lgj), using the
equation 1 = b 1g(j) + a, where b is the Tafel slope. The
electrochemically active surface area (ECSA) of different
samples was determined from cyclic voltammetry (CV)
sweeps over a Faraday current-free region at various scan
rates. The double layer capacitance (Cy;) was calculated using
the equation: Cyq; = Ai/2v, where v is the scan rate. The ECSA
was estimated using the equation: ECSA = Cy/C,, with a
specific capacitance value (Cy) of 0.04 mF-cm ™.

2.5 Computational methods

The density functional theory (DFT) calculations were carried
out using Vienna Ab-initio Simulation Package (VASP)
[45, 46] with frozen-core all-electron projector-augment-
wave (PAW) [47, 48] method. The Perdew—Burke—Ernzerhof
(PBE) [49] of generalized gradient approximation (GGA) was
adopted to describe the exchange and correlation potential.
The cutoff energy for the plane-wave basis set was set to
450 eV. A 5-layer 3 x 3 Fe (111) slab (180 Fe atoms) was
used, and a vacuum region of 15 A above them was used to
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ensure the decoupling between neighboring systems. 147 Fe
atoms in the Fe (111) slab were randomly replaced by 25 Co,
24 Ni, 90 Ru and 8 Mn atoms to build the model of HEMP-0
(Fe4CO3Ni3Mn1Ru1 1). The HEMP-0.75 (FC2.4C02.35Ni2V31
Mn; gsRu; 5,Ps 49) was simulated by replacing Fe or P atoms
in 3-layer 2 x 3 Fe,PF (111) slab with Co, Ni, Ru and Mn
atoms. The geometry optimizations were performed until the
forces on each ion were reduced below 0.01 eV-A‘l, and a
1 x 2 x 1 Monkhorst-Pack k-point [50] sampling of the
Brillouin zone was used. The DFT-D3 method was used to
describe the Van der Waals interaction [51].

The Gibbs free energy (AG) is calculated as
AG = Eppr + AEzpg — TAS (1)

AE,pg is the difference corresponding to the zero point
energy between the adsorbed molecule and molecule in the
gas phase, and AS is one molecule entropy between the
absorbed state and gas phase. Epgr is the total energy of the
DFT calculated system.

3 Results and discussion

3.1 Synthesis and structural characterization
of catalysts

Self-supported FeCoNiMnRuP HEMP CNFs with porous
structures were prepared using the electrospinning
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technique and by subsequent heat treatment (Fig. 1). First,
five metal salts, PA, polyacrylonitrile (PAN) and poly-
styrene (PS) were uniformly dissolved in a dimethylfor-
mamide (DMF) solution to prepare a metal salt/PA/PAN/
PS precursor solution. Then, this precursor solution was
formed into a nanofiber membrane by electrospinning, and
the mixed-metal salt and PA were uniformly embedded in
the PAN/PS nanofibers (Fig. Sla). In the HEMP-CNF
system, PA acts as a P source and as a chemical
crosslinking agent to form a supramolecular polymer net-
work through a nucleophilic addition reaction with PAN
[52, 53]. During heat treatment, the nanofiber structure is
stabilized via pre-oxidation at 230 °C. Subsequently, dur-
ing carbonization, the FeCoNiMnRu mixed-metal precur-
sors are uniformly dispersed within CNFs, leading to the
gradual binding and confinement of metal clusters. At an
elevated temperature of 1000 °C maintained for 3 h, the
metal atoms acquire sufficient kinetic energy to undergo
extensive diffusion, resulting in the uniform formation of
single-phase HEA particles [54]. The phosphating mecha-
nism can be described as the P-O bond in the P-containing
precursor undergoing cleavage during post-treatment car-
bonization. This leads to the generation of highly elec-
tronegative P species, which are subsequently coordinated
with metals, resulting in the formation of metal phosphide
nanostructures (HEMP-x). In the HEMP-x CNFs systems,
the molar ratio of PA/Metal = x (Table S1) can regulate the
degree of phosphating over a wide range. The in situ

Fig. 1 Schematic diagram of HEMP CNFs with a rich granular porous structure synthesized by electrospinning technology and a
subsequent heat treatment process. Possible crosslinking reactions and interactions with metal salts are also presented

Q
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phosphating method uses nontoxic, P-containing PA; this
eliminates the requirement for toxic P sources while
facilitating the in situ formation of a carbon matrix. This
carbon matrix reduces the resistance of the resulting cata-
lyst and enhances the overall performance. Furthermore,
the presence of six phosphate groups in the PA molecule
allows for abundant P atoms to interact strongly with metal
ions. These interactions effectively reduce the size of the
NPs, leading to improved HER catalytic activity. The
precursor solution without PS is electrospun and car-
bonized to form CNFs with a smooth surface (Fig. S1b).
The CNFs added to PS decompose above 800 °C to form
porous CNFs (Fig. Slc) [55]. In addition, the formation of
HEMP NPs at high temperatures enhances the interaction
between PAN molecules near HEMP NPs under the action
of PA, leading to the aggregation of HEMP NPs on the
fiber surface and in situ phosphorylation, forming a rich
granular porous structure of CNFs (Fig. S1d). This struc-
ture shows high electrical conductivity and can fully
expose the active site of the HEMP NP catalyst. Further-
more, the introduction of P atoms can regulate the elec-
tronic structure of the catalyst, allowing HEMP CNFs to
exhibit excellent HER performance in the presence of
ultralow (1.22 wt%) Ru contents.

The CNFs without HEMP loading were characterized
first. Figure S2 shows scanning electron microscopy
(SEM) image and scanning transmission electron micro-
scopy—energy-dispersive X-ray (STEM-EDX) mapping
image of CNFs, indicating that C, N, O and P are evenly
distributed throughout the CNFs. Table S2 shows the
contents of C, N, O and P in CNF carriers. XPS was used
to determine the chemical states of N and P in CNFs,
showing that CNFs primarily contain C-N, P-C and P-O
bonds (Fig. S3). Figure 2a shows a FE-SEM image of
HEMP-0.75 carbonized at 1000 °C for 3 h, where ran-
domly oriented nanofibers form a typical 3D network
structure. Numerous FeCoNiMnRuP NPs, with an average
diameter of approximately 35.5 + 11.2 nm, were densely
and uniformly anchored in porous CNFs with an average
diameter of approximately 185.5 £ 30.2 nm (Fig. S4).
The transmission electron microscopy (TEM) image
(Fig. 2b) also shows a uniform distribution of HEMP-0.75
NPs across CNF. High resolution TEM (HRTEM) images
show well-resolved lattice fringes with crystal face
spacings of 0.221 and 0.203 nm, which can be associated
with the (111) and (201) crystal faces of HEMP-0.75 NPs
hexagonal phosphide, respectively (Fig. 2c, d) [56]. It is
important to note that the lattice spacing of HEMP NPs
becomes gradually larger as the degree of phosphating
increases (Fig. S5). STEM-EDX elemental mapping
images of the HEMP CNFs show that Fe, Co, Ni, Mn, Ru
and P are homogeneously distributed throughout each
HEMP NP, with no significant elemental separation or
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phase separation (Fig. 2e). This is due to the high-entropy
cocktail effect forming numerous interactions between
various elements, promoting a uniform distribution of
elements in the lattice and further increasing the com-
plexity of the high-entropy phosphide, thereby enhancing
the catalytic activity of HEMP. The concentrations of
elements in HEMP-0.75 CNFs were measured by induc-
tively coupled plasma-optical emission spectrometry
(ICP-OES). The molar relative percentage of each ele-
ment in HEMP-0.75 was calculated to be Fe:Co:-
Ni:Mn:Ru:P = 15:15:15:12:8:35 (Table S3).

The single-phase properties of HEMP were further
investigated via XRD. Figure 2f shows XRD patterns of
HEMP-0, HEMP-0.5, HEMP-0.75 and HEMP-1.0 with dif-
ferent degrees of phosphorylation. The results show that the
introduction of P atoms induced the crystal regulation of the
HEAs from the fcc phase (JCPDS No. 47-1417) to the
hexagonal phase (JCPDS No. 51-0943) [56]. According to
XRD pattern of HEMP-0.75, five diffraction peaks at
20 = 40.2°,44.2°,47.2°,52.9°, 54.1° and 54.6° were indexed
to the (111), (201), (210), (002), (310) and (211) planes of the
hexagonal phase. XRD patterns of the HEMP samples mainly
show peaks related to the hexagonal phase at appropriate
phosphating degrees, and diffraction peaks produced by other
phosphates or impurities are not detected; this further
demonstrates that no phase separation occurs in HEMP,
which is consistent with STEM-EDX results. Interestingly,
with increasing P concentration, the peak of the (111) crystal
plane of HEMP moves to a lower angle (Fig. 2g). The com-
bination of P, Fe, Co, Ni, Mn and Ru atoms with small atomic
sizes increases the atomic-size heterogeneity in the HEAsS,
leading to the expansion of lattice spacing [57], consistent
with observations of HRTEM images. In the case of HEMP-
0.75, the P site exhibits moderate electronegativity and a
negative charge, effectively functioning as a Lewis base site.
This facilitates the trapping of positively charged protons,
resulting in a Gibbs free energy of adsorbed hydrogen
approaching zero. However, excessive P doping, as in the
case of HEMP-1.0, leads to strengthened P-H bonds. Con-
sequently, the adsorption strength of H atoms on the phos-
phide surface becomes excessively high, ultimately
deteriorating the catalytic activity of electrocatalytic hydro-
gen evolution [58]. These results indicate that CNFs loaded
with HEMP NPs are successfully prepared by simple elec-
trospinning and carbonization.

The surface area and pore structure of HEMP CNFs
were investigated using N, adsorption—desorption iso-
therms (Fig. 2h). The coexistence of a rough surface with a
rich, granular, porous structure and the prevalence of
mesopores cause HEMP-0.75 to have a high specific sur-
face area of 468.9 m>g~', which is larger than that of
HEMP-0 (327.6 m*-g~"). This indicates that PA is essential
for increasing the size of the active sites. The pore size

a

K4



P. Wang et al.

L5 L
o ?QO.ZQS nm
§ 3 &

HEMP-1.0 g

d=37nm _, HEMP-0.75
—e—HEMP-0

e
3
3

T
dvidD (cm*g™)
°
4

- HEMP-0.75 = X
3 = E oo
© «© : 4 6 8 10 12 14 16 18 20
~ ‘; Pore diameter (nm)
£ HEMP-0.5 £
c c
g = | &
£ § <
A HEMP-0 N —eo— HEMP-0.75
i —e— HEMP-0
Fe,P JCPDS No: 51-0943 FeNi Alloy JCPDS No: 47-1417
1 | I | T AN TR AT T 1 L L L L L L
40 50 60 70 80 39 40 a1 0.0 0.2 0.4 0.6 0.8 1.0
26 (degree) 20 (degree) Relative pressure (P/P,)
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distribution plot (Fig. 2h, inset) confirms the microporous
and mesoporous properties of HEMP-0.75.

The surface chemical compositions and electronic
effects of HEMP CNFs were studied via XPS. Figure S6
shows XPS survey spectrum of HEMP-0 and HEMP-0.75.
Notably, the peaks of Fe 2p and Ru 2p in HEMP-0.75 show
negative shifts of 0.64 and 0.65 eV, respectively, compared
to those of HEMP-0 (Fig. 3a—e). After phosphating, the
peaks of Fe 2p, Mn 2p, and Ru 2p shift toward lower
binding energies, indicating that electrons are mostly
transferred from P to Fe, Mn and Ru atoms, resulting in
negative charges on the surface of Fe, Mn and Ru atoms,
confirming the change in the electronic structure of the
HEA system [59]. In the P 2p high-resolution XPS spec-
trum of HEMP-0.75 shown in Fig. 3f, the binding energy
peaks at 134.2 and 130.1 eV correspond to the P-O and P—

Q

metal bonds induced by surface phosphide oxidation,
respectively, indicating the formation of P—-metal bonds in
the HEMP samples [60]. The XPS spectra of Fe, Co, Ni,
Mn, Ru and P show that the five metal elements and P
coexist in the HEMP CNFs, consistent with the mapping
results of STEM, which again confirms the formation of
HEMP NPs.

3.2 HER electrocatalytic activities

To evaluate the electrochemical properties of the self-
supporting HEMP CNFs, the as-prepared electrocatalysts,
Hg/HgO, and graphite rods were used as the working
electrodes, reference electrodes and counter electrodes,
respectively, of a typical three-electrode system. The HER
activities of porous HEMP CNFs with different P contents

Rare Met.
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were preliminarily detected in a 1 M KOH electrolyte to
confirm that the introduction of P atoms can regulate the
electronic structure and thus increase catalyst activity.
HER LSV curves (Fig. 4a) show that the HEMP CNFs
exhibit excellent HER performance. In particular, the HER
activity of HEMP-x was significantly increased following
the introduction of P atoms. HEMP-0.75 was observed to
exhibit the best catalytic activity, achieving a minimum
overpotential of 26 mV to produce a current density of
10 mA-cm™ and a Tafel slope of 50.9 mV-dec™'
(Fig. 4b). XRD, XPS and DFT calculations indicate that
the introduction of P modifies the electronic structure of
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Ru, thereby promoting the adsorption and desorption of
Ru-H, which is crucial for enhancing the HER perfor-
mance of the HEMP. This catalyst represents a significant
improvement over 20 wt% Pt/C (at a current density of
58 mA-cm~ 2 and Tafel slope of 79.5 mV-decfl); indeed,
its performance is better than most previously reported
HER electrocatalysts (Table S4). The overpotentials and
Tafel slopes of HEMP-x catalysts at 10 mA-cm 2 are
shown in Fig. 4c. When the molar ratio of PA/metal
increases from 0 to 0.75, the overpotential gradually
decreases from 106 to 26 mV and the Tafel slope decreases
from 157.1 to 50.9 mV-dec™' at a current density of
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10 mA-cm™ 2. In contrast, when excessive P doping is
applied, the activity decreases, and the overpotential and
Tafel slope increase to 102 mV and 151.1 mV-dec™!,
respectively, at 10 mA-cm ™2 were observed in HEMP-1.0.
In general, the overpotential and the Tafel slope of the
above catalysts showed the same changing trend. Accord-
ing to the principles of the HER in electrolytic water, HER
in the presence of an alkaline electrolyte can be divided
into two steps [61, 62]: (1) during the electrochemical
reduction of H,O, an electron is obtained to produce H,q;
and OH™ (Volmer reaction; Eq. (2)) with a Tafel slope of
118 mV-dec™!; and (2) either H,q with a slope of
39 mV-dec™! reacts with nearby H,O to produce H, and
OH™ (Heyrovsky reaction; Eq. (3)) or a neighboring H,q
with a slope of 30 mV-dec ™" produces H, (Tafel reaction;
Eq. (4)) [63]. Because HEMP-0 provides a Tafel slope of
157.1 mV-dec™", the Volmer reaction is the resolution step
of the HER, and the kinetics of the H,45 adsorption process
are slow. As the phosphating degree increases, the Tafel
slope value decreases significantly, indicating that the
desorption of H,yqs was promoted due to the weakening of
metal-H. HEMP-0.75 exhibits the lowest Tafel slope of
50.9 mV-dec™ ! at the appropriate phosphating degree. In
this case, the Heyrovsky or Tafel reaction process is the
controlling step of the HER reaction rate, and the H,q

aQ

desorption process occurs more rapidly. According to the
LSV curve, the introduction of excess P atoms into HEMP-
1.0 results in slow kinetics, thereby increasing the Tafel
slope. This occurs because the increase of P atoms, due to
the negative effect of electronegative P atoms on electron
delocalization, causes the conductivity of the catalyst to be
reduced, thereby reducing its catalytic performance [64].

Volmer : H,O +e~ — Hygs + OH™ (2)
Heyrovsky : Hags + Hb O +e~ — OH™ + H, (3)
Tafel : Hugs + Hags — Ho (4)

Figure 4d shows the Nyquist plots of HER for HEMP-
x catalysts, where the diameter of the semicircle represents
the charge transfer resistance (R.). The R, (3.4 Q) of
HEMP-0.75 is much smaller than that of HEMP-0 (15.4
Q), HEMP-0.5 (9.9 Q), and HEMP-1.0 (5.2 Q), indicating
that HEMP charge transfer occurs more rapidly when the
appropriate phosphating degree, i.e., that most conducive
to accelerating the reaction kinetics, is used during the
HER process. To further explore the reasons for the high
HER activity of HEMP-0.75, CV curves were used to
measure the double layer capacitances (Cy)) at different
scanning rates, and the ECSA of the catalyst was calculated
(Fig. S7). As shown in Fig. 4e, the Cy, value of HEMP-0.75
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is 224.1 mF-cm ™2 (ECSA = 5602.5 cm?®). A large ECSA
value indicates that more catalytically active sites are
exposed on porous CNFs. A small charge transfer
resistance and large active surface area can be considered
to account for the outstanding catalytic activity observed
[54].

The stability of the HEMP-0.75 catalyst was evaluated
via repeated LSV and /¢ tests in a 1 M KOH solution.
Figure 4f shows that the HEMP-0.75 catalyst can achieve a
current density of 12.5 mA-cm™ > with only — 0.058 V
versus RHE voltage and can maintain stability for > 50 h.
Figure 4f (inset) shows the LSV curve of the catalyst
before and after 1000 CV cycles with no obvious deviation.
In addition, the HEMP-0.75 catalyst was characterized
after the /-t test. SEM and STEM-EDX images confirm
that the HEMP NPs retain their integrity with no significant
morphological degradation after the I test (Fig. S8). In
addition, high-resolution XPS analysis indicates minimal
changes in the chemical states of Fe, Co, Ni, Mn and Ru on
the surface of the HEMP-0.75 catalyst (Fig. S9). However,
a notable reduction in the peak intensity of metal-P bonds
is observed, indicating the possible oxidation of the metal—
P bonds on the catalyst surface during the stability test.
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This oxidation is presumed to be the primary factor
responsible for the slight decrease in the current density
observed for HEMP-0.75 after the stability test.

3.3 First-principles calculations

DFT calculations were performed to investigate H" adsorp-
tion and the electronic properties of HEMP-0 (FeoCoys.
Ni15Mn5RU45) and HEMP-0.75 (F615C015Ni15Mn12RugP35).
Figure 5a shows the optimized structure of HEMP-0, indi-
cating that there are 18 types of surface Ru active sites for H"
adsorption. HEMP-0.75, featuring five types of surface Ru
active sites, is shown in Fig. 5b. In each case, the top site of
surface Ru atoms was used as the H" adsorption site in Gibbs
free energy calculations. The optimized structures of HEMP-
0 and HEMP-0.75 during H™ adsorption are shown in
Figs. S10, S11, respectively, and the corresponding Gibbs
free energies of H adsorption (AGyx) are summarized in
Table S5, S6. The optimal AGy- values of HEMP-0 and
HEMP-0.75 were — 0.432 and 0.111 eV, respectively
(Fig. 5c¢). The catalytic mechanism of HEMP-x for the HER
involved the occupancy of electrons in the P atom after
doping, which takes up a part of the bonding orbital on the
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surface of the HEA catalyst. This interaction forms a strong 7
bond with the metal d orbital, weakening H-metal bonds and
facilitating hydrogen desorption [65, 66]. Consequently,
HEMP-0.75 shows improved HER performance compared to
that of HEMP-0 due to the decreased adsorption ability of H"
on surface Ru active sites. The density of states (DOS) of the
optimal active site of Ru 4d in HEMP-0 and HEMP-0.75 is
shown in Fig. 5d. The zero energy was set at the Fermi level.
The d-band centers of Ru 4d in HEMP-0 and HEMP-0.75
were at — 2.072 and — 2.201 eV, respectively. The fact that
the d-band center of the Ru 4d orbital is far from the Fermi
level after P doping also proved that Ru doping can weaken the
H" adsorption ability, thereby improving the HER perfor-
mance. Bader charge analysis indicated that the charges of the
optimal active sites of the Ru atom were 8.109 and 8.074 for
HEMP-0 and HEMP-0.75, respectively. Consequently, P
doping in HEMP-0 led to a charge loss of the optimal Ru
active site, causing the d-band center of the Ru 4d orbital to be
far from the Fermi level. Furthermore, due to the relatively
high H" adsorption by Ru, the introduction of P atoms shifted
the center of the d-band downward, weakening the hydrogen
adsorption strength and enhancing the HER performance [67].

4 Conclusion

A HEMP CNF with an adjustable phosphating degree has
been prepared by electrospinning technology and in situ
phosphating. Its 3D self-supporting fiber network structure
can fully expose the active sites required for HER catalysis,
thereby increasing the number of active sites available. In
addition, the introduction of P atoms can regulate the
electronic structure of HEMP CNFs and induce lattice
expansion, improving the intrinsic activity of the HER
catalyst. Various experiments and DFT calculations have
been performed, verifying that P atoms can adjust the lat-
tice structure of HEAs, reduce the free energy of hydrogen
adsorption, and exhibit excellent electrochemical proper-
ties in catalysts loaded with ultralow Ru contents. Elec-
trochemical tests show that the HEMP-0.75 catalyst in the
HEMP-x system has the best HER catalytic activity in 1 M
KOH and exhibits a low overpotential of 26 mV at a cur-
rent density of 10 mA-cm 2. Moreover, the introduction of
metal-P bonds formed by highly electronegative P atoms
can increase the stability of the catalysts. This research has
demonstrated the feasibility of adjusting the electronic
structure of HEAs through the simple design of a porous
self-supporting nanofiber structure and in situ phosphating.
The platform developed can be extended to other group-V
metal elements or anions with different valence states,
thereby eliciting new possibilities for the preparation of
efficient, low-cost and high-activity self-supporting elec-
trocatalysts for industrial hydrogen production.
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