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Synthesis of FeCoNiCuPt high-entropy alloy
nanoparticle electrocatalysts with various Pt
contents by a solid-state reaction method
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FeCoNiCuPt high-entropy alloy nanoparticles with small sizes (3—7 nm) and different Pt contents have been
successfully synthesized by a facile solid-state reaction method. The exposed surface absorption or oxidation
of Fe, Co, Ni, and Cu elements; the centered diffraction angles of a single solid solution phase; and the
uniform element distributions in nanoparticles illustrate the high-entropy characteristic of nanoparticles. The
lattice parameters and grain sizes of nanoparticles are increased by increasing the Pt content from 10% to
30%. The Cq and ESCA of FeCoNiCuPt nanoparticles are higher than that of commercial Pt/C when the Pt
contents are 20% and 30%. The maximum HER/MOR activities and long-term stability of FeCoNiCuPt
nanoparticles are achieved when the Pt content is 20%. DFT calculations reveal that the biggest d-orbital
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overlap bandwidth and the strongest coordinate effects of each element in FeCoNiCuPt nanoparticles are
obtained when the Pt content is 20%, which leads to the enhancement of electrocatalytic properties. Thus,
this work provides a feasible strategy for synthesizing Pt-based high-entropy alloy nanoparticle electrocatalysts.
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1. Introduction

Alloying Pt with relatively higher abundance elements
(such as Fe, Co, Ni, and Cu) is one of the most effective strategy
to reduce the cost of commercial Pt/C catalysts, which also
improves the electrocatalytic performance of Pt-based alloys.'
The preparation and application of Pt-based binary or ternary
alloys have already been widely studied.'”” With the increase in
element types in Pt-based alloy catalysts, the high-entropy alloy
(HEA) with at least five kinds of elements and an entropy higher
than 1.5R has received extensive attention in recent years.®™**
Typically, the small-sized FeCoNiCuPt HEA nanoparticle (NP)
synthesized by a low-temperature oil phase method presents a
very small overpotential of 11 mV, which is only about 13% of
commercial Pt/C catalysts, the mass activity for an HER and
MOR can be enhanced to achieve 13.20 and 10.37 times higher
activity."> The NiCuPdAgPt HEA obtained by a surfactant-free
synthesis strategy showed a positive cocktail effect, which
greatly enhanced the MOR performance to 1.2 times higher
than that of Pt/C. The ultrafine FeCoNiCuPt HEA NPs prepared
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by the impregnation reduction method displayed a significant
specific activity (2.5 times of Pt/C) and CO tolerance to
MOR."'* The ultra-small FeCoNiRhPt and FeCoNiTaPt HEA
NPs used for acidic water splitting also showed an excellent
activity and stability at a high current density.">'® The irre-
placeable advantages of Pt-based HEA NPs for electrocatalysis
can be summarized as follows. Firstly, the Pt dosage in HEA
NPs will be greatly reduced with increasing element types.
Secondly, the thermal stability of HEA NPs can be enhanced
by increasing the entropy value, which ensures durability in the
electrocatalytic process because the alloy elements in HEA NPs are
hard to etch."™"® Thirdly, as the atomic size differences induce
stress and interaction between elements, the d-band center of Pt
can be lowered by alloying with suitable elements, which further
improves the electrocatalytic activity."”” In addition, the multi-
component can act as an active multi-site in electrocatalysis and
will correspondingly tune the multielectron transfer processes;
the so-called cocktail effect will create a fast site-to-site electron
transfer route, which improves both the electrocatalytic selectivity
and activity.* " Therefore, researchers commonly aim to discover
highly efficient Pt-based HEA catalysts.

The electrocatalytic properties of Pt-based HEA NPs are
highly related to the composition and microstructure, smaller
size, and tunable components are two important characteristics
of highly efficient Pt-based HEA NPs catalysts.””'® Grain refine-
ment of catalysts will increase the specific surface area, and the
activity of active sites on the surface increases accordingly, which
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maximizes Pt utilization and boosts mass transfer in the electro-
catalytic process. However, if the NPs are too small, the exposed
crystal faces will change, and the NPs will be easily dissolved. The
activity and selectivity of catalysts always show volcano trends with
respect to the sizes; some studies suggest that the optimal size of
Pt-based catalysts should at least be less than 6 nm.'**° The
selection of components in Pt-based HEA NPs is not only related
to the abundance but also depends on the function of elements.
The magnetic elements (Fe, Co, Ni, etc.) can be employed to
enhance the magnetic property of NPs, which facilitates the
adsorption of magnetic intermediates and improves electrocata-
Iytic kinetics.*** The antioxidant elements (Cu, Zn, etc.) will
prevent the oxidation and dissolution of NPs, which enhances
the long-term stability of the catalyst."”** Selection of competitive
elements in Pt-based HEA is essential for improving its electro-
catalytic performance; meanwhile, the content of component
elements should not be ignored, especially for the most expensive
element Pt, which contributes the most to the electrocatalysis
process. Optimizing the content of Pt in HEA NPs will not only
reduce the cost of the catalyst but also stimulate the cocktail effect
of each element to improve the electrocatalytic kinetics.

To optimize the Pt content in HEA NPs, the FeCoNiCuPt HEA
contains both higher abundance and functional elements
selected as the model catalyst, and the DFT calculation method
is employed to illustrate the multi-component cocktail effect.
The Pt content in HEA NPs is carefully controlled to 10%, 20%,
and 30%, and the proportions of other elements are kept equal
to insurance the entropy of HEA NPs (larger than 1.5R). To
prepare the HEA NPs with smaller size (less than 6 nm) and
uniform solid solution phase, an insulating medium-assisted
solid-state reaction method has been employed, which presents
the advantages of surfactants-free, higher precursors utilization
rate, and can be used to synthesize ultra-small size Pt-based alloy
NPs with thermal stable phase.**® In addition, the effects of Pt
content on the microstructure and electrocatalytic properties of
FeCoNiCuPt HEA NPs have been studied in this research.

2. Research methods
2.1 Synthesis of FeCoNiCuPt HEA NPs

FeCoNiCuPt HEA NPs were synthesized by a medium-assisted
solid-state reaction method, as shown in Fig. 1. Firstly, mixing
of the precursor solution and solid-state isolating medium was
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done. Iron acetylacetonate (Fe(acac)s), nickel acetylacetonate
(Ni(acac),), platinum acetylacetonate (Pt(acac),), copper acetate
(Cu(ac),), and cobalt acetylacetonate (Co(acac)s;) precursors
with different proportions were dissolved in hexane and etha-
nol at 50 °C by continued stirring until creating a uniform
precursor solution. The NaCl powder was employed as the solid
isolating medium, which was ground to a size of less than 9 +
1 pm. NaCl powders with a mass about 300 times that of the
precursors were added to the precursor solution, and the mixed
solution was dried slowly at 80 °C. Then, the solid-state reaction
of the mixture was carried out. The obtained NaCl-precursors
mixture powders were moved to a tube furnace filled with a
reducing atmosphere (90% Ar + 10% H,). The mixed powders
were heated to 600 °C at a rate of 10 °C min~" and held for 180
minutes. Finally, the purification and enrichment of NPs was
done. After cooling down to room temperature, the black mixed
powders were dissolved into a large amount of deionized water.
The HEA NP was collected by centrifugation several times with
ethanol and stored in ethanol at —20 °C. To synthesize FeCo-
NiCuPt HEA NPs with different Pt contents, the total amounts
of precursors were kept constant at 1 mmol, the amounts of Fe,
Co, Ni, and Cu precursors were in equimolar ratio, the Pt
precursors amount was selected as 0.1, 0.2, and 0.3 mmol,
and the aimed Pt content in HEA NPs were controlled at 10%,
20%, and 30%.

2.2 Microstructure and properties detection of FeCoNiCuPt
HEA NPs

An energy dispersive spectrometer (EDS, XFlash 5030T, Bruker,
Germany), inductively coupled plasma-mass spectrometer (ICP-
MS, Agilent 7800), and X-ray photoelectron spectrometer (XPS,
Thermo VG, ESCALAB250, America) were employed to detect
the composition of HEA NPs. Photons were generated by a
monochromatized Al Ko X-ray source (1486.6 eV) with 500 mm
spot size and 50 eV pass energy at 12 kV. The surface contam-
ination C 1s was calibrated to 284.8 eV with the FWHM range of
0.8-1.2 eV. The Cu Ko X-ray diffraction (XRD) detection was
used for detecting the crystal structure of HEA NPs, which was
performed on a Rigaku D/Max 2400 diffractometer in the 20
range of 30°-80°. The JEM-2100F field emission transmission
electron microscope (TEM) produced by JEOL in Japan was
applied to observe the morphology and size of the NPs; a high-
resolution transmission electron microscope (HRTEM) was

Solid-state reaction

! &HEA(‘ ) 0
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Fig. 1 Preparation procedures of FeCoNiCuPt HEA NPs by the solid-state reaction method.
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used to analyze the interplanar spacing, and the diffraction
rings were collected by selected area electron diffraction
(SAED). Diameters more than 100 NPs in the TEM images were
counted as the characteristic grain size.

The electrochemical properties were tested on a CS2350H
electrochemical workstation through a three-electrode system in
1 M KOH and 1 M KOH + 1 M CH;O0H electrolyte. The counter
electrode was a carbon rod, the reference electrode was a
mercury oxide electrode, and the working electrode was a
3 mm diameter glassy carbon electrode loaded with HEA NPs.
About 2 mg HEA NPs were dispersed in 196 pL isopropanol and
4 pL Nafion solution and ultrasonicated for 45 minutes until the
NPs were uniformly dispersed in the solution. Then, 7 pL
solution was dropped on the glassy carbon electrode, and the
catalyst loading mass on glassy carbon was about 1 mg cm™ 2.
The polarization curve (LSV) was tested in 1 M KOH alkaline
medium at a scanning speed of 5 mV s~ . As the high electrolyte
concentration in test, the iR correction was not performed. The
double layer capacitance (Cq) of NPs was tested by cyclic
voltammetry from 0.38 to 0.48 V at a scanning rate of 25-
125 mV s~ '. The electrochemical surface area (ECSA) was
evaluated by ECSA = Cq/C,, where C; = 0.04 mF cm ™ is the
general specific capacitance. Electrochemical impedance spectra
(EIS) were measured at a current density of 10 mA em™>, the
frequency ranged from 0.1 to 100 kHz. Cyclic voltammetry (CV)
was used to study the MOR performance in 1 M KOH + 1 M
CH;0H solution. The MOR activity was measured at a scan rate
of 50 mV s~ ' in the same potential range, and the initial
potential and peak current were compared. The long-term
stability of the HEA NPs was evaluated by monitoring the over-
potential at a current density of 10 mA cm ™2 for about 10 hours.

2.3 Theoretical calculation of FeCoNiCuPt HEA NPs

All static calculations in this paper were performed using
density functional theory (DFT) and VASP 5.4.4 (Vienna ab
initio simulation package). The generalized gradient approxi-
mation (GGA) PBE (Perdew Burke Ernzerhof exchange-correla-
tion) was used to calculate the exchange-correlation energy.
The cutoff energy of the plane wave basis was set as 500 eV, and
the Brillouin zone integral was optimized by a 5 x 5 x 1 k grid.
The atomic position and horizontal lattice parameters were
optimized by the conjugate gradient algorithm. The conver-
gence criteria of energy and force were set to 1.0 x 10~ ° eV and
—0.01 eV A%, respectively. The calculation model was the (111)
face of HEA NPs with a face-centered cubic (fcc) structure. In
order to balance the difficulty of calculations with the compar-
ability of the models to the experimental results, the atom
ratios of (Fe + Co + Ni + Cu): Pt were setas 9:1, 8:2,and 7: 3, in
which the Fe, Co, Ni, and Cu atoms were in equal proportion.

3. Results and discussion
3.1 Microstructure of FeCoNiCuPt HEA NPs

The contents of each element in FeCoNiCuPt HEA NPs are
summarized in Fig. 2. The composition of HEA NPs was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The composition of FeCoNiCuPt HEA NPs.

detected as Fe,; 70025 gNizz.1CU16.9Pt14.6, F€21.5C0191NIp1 5CU14 1Ptz 7,
and Fe;; gC05,Ni;7.,CuU13 5Ptz3 1 when the Pt precursors amount was
10%, 20%, and 30%, in which the differences between EDS and ICP-
MS results are less than 2.7%. The actual content of Fe, Co, and Ni
elements are similar to the nominal content. However, the Cu
content is slightly lower and the Pt content is higher (less than
4.5%). It is still unclear why the Cu contents in NPs are lower than
expected: one possible reason is that some Cu precursors (Cu(ac),)
may react with NaCl powders to create the water-soluble salts (such
as CuCl,) in the high-temperature solid-state reaction process, which
are dissolved by water when collecting the NPs by washing and
centrifugation. Although the solid-state reaction method can be
employed to enhance the utilization rates of precursors,> >’ suitable
metal precursors are still necessary for synthesizing the HEA NPs.
The XPS patterns of NaCl-precursors mixture powders
before solid-state reaction and the as-synthesized HEA NPs
when using 20% Pt precursors amounts are shown in
Fig. 3(a)—(f). The Fe 2p, Co 2p, Ni 2p, and Cu 2p spectra consist
of 2p12, 2Pass, and their satellite peaks, while the Pt 4f spectrum
contains 4fs;, and 4f,,, peaks. The NaCl powders and precursor
solution were mixed by slowly stirring and drying. In this
process, the charges of Cu®**, Ni**, and Pt*" are the same as
the raw metal precursors, but some low-charged Fe** and Co**
ions are generated. The ratios of Fe, Co, Ni, Cu, and Pt ions in
the mixture powders are nearly equal, which agrees well with
the proportion of precursors. The mixing of NaCl powders and
precursor solution will not lose the precursors but will lower
the charge of Fe** and Co®'. The XPS patterns of the as-
synthesized NPs shows the presence of metal atoms and ions.
The spectra of Fe, Co, Ni, and Cu elements contain pure atoms
with a charge of 0 and ions with a charge of 2*. However, the
spectra of the Pt element contain only the atoms with a charge
of 0 because the Pt element is hard to be oxidized when
compared with the Fe, Co, Ni, and Cu elements. The peak
position of Pt 4fs, is located at about 73.0 eV and lower than
some standard Pt (about 74.8 V), which indicates the alloying
of Pt with other elements. The absorption of H,0, O,, and the
surface oxidation of NPs in the purification and collection
process will generate some 2" metal ions in the surface layers
of HEA NPs. Otherwise, the binding energies of Fe, Co, Ni, and
Cu ions with a charge of 2" in HEA NPs are higher than that
in NaCl-precursors mixture powders because the binding
energy of oxide is higher than that of precursors (acetylacetone
or acetate compounds), which also illustrates the thermal

Mater. Adv,, 2024, 5, 719-729 | 721
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Fig. 3 XPS spectra of NaCl-precursor mixture powders and HEA NPs. (a) Full spectra, (b) Fe 2p, (c) Co 2p, (d) Ni 2p, (e) Cu 2p, and (f) Pt 4f.

decomposition of precursors in the solid-state reaction process.
It must be noted that the oxides of Fe, Co, Ni, and Cu elements
exist simultaneously on the surface of HEA NPs, which suggests
that the elements in HEA NPs are evenly distributed without
segregation.

Fig. 4(a) is the XRD patterns of FeCoNiCuPt HEA NPs with
different Pt contents. Three diffraction peaks of NPs can be
observed; they are located at about 43°, 50°, and 72° and can be
indexed to the (111), (200), and (220) faces of the solid solution
phase with the fec structure, respectively. It must be noted that

@
S +(200) *(220)
)
2 Pt=30%|g
= B
£ =
=
- Pt=20%
Co
Cu '\ o
Pt Ni Pt=10%
| |LIFe, ;
30 40 50 60 70 80
26 (degree)

the diffraction angles of HEA-(111) peaks are located between
Pt-(111) and Fe/Co/Ni/Cu-(111), which is caused by the alloying
of Fe, Co, Ni, Cu, and Pt atoms in NPs. With the increase in the
Pt content, the diffraction peaks of HEA NPs shift to the left
side. The lattice parameter a of HEA NPs was calculated using
the diffraction angles corresponding to the (111) and (200)
peaks. As shown in the inset in Fig. 4(b), the lattice parameter
a of HEA gradually increases with increasing Pt content;
because the atomic radius of Pt is larger than that of Fe/Co/
Ni/Cu, more Pt content in NPs means larger lattice parameters

0.376 [(b)

0372} /E

0.368 |

0.364 |

0.360 L— L -
10 20 30
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Fig. 4 XRD patterns (a) and lattice parameter a (b) of FeCoNiCuPt HEA NPs with different Pt contents.
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and lower diffraction angles. The formation of a single solid
solution phase, diffraction angles of HEA-(111) peaks, and the
evolution of lattice parameters illustrate that the HEA NPs are
obtained by the solid-state reaction method.>**

Fig. 5(a)-(c) show the TEM images of FeCoNiCuPt HEA NPs.
The morphology of HEA NPs is uniform spherical, and no
obviously abnormal sintering can be found. The HRTEM
images of 20% and 30% Pt content HEA NPs are shown in
Fig. 5(b1) and (c1). The lattice fringes in the images are parallel
to each other; the uniform lattice fringes indicate they are
monocrystalline NPs. The lattice spacing of 0.210 and
0.213 nm corresponded to the (111) faces of fcc structure.
The SAED rings of the 20% and 30% Pt content HEA NPs are
shown in Fig. 5(d1) and (d2); the rings can be indexed as the
(111), (200), and (220) faces of the fcc structure. The element
distributions of an HEA NP with Pt contents of 20% are shown
in Fig. 5(e). The Fe, Co, Ni, Cu, and Pt elements are nearly
uniformly distributed in the NP, which indicates the alloying of
Fe, Co, Ni, Cu, and Pt elements in HEA NPs. The higher solid-
state reaction temperature (600 °C) facilitates the formation
of a solid solution phase, which is consistent with the XPS
and XRD results.
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The minimum diameter is treated as the characteristic size
of a FeCoNiCuPt HEA NP, and the size distributions are shown
in Fig. 5(f). The size distributions are fitted well with the single-
peak Gauss function, which reveals the typical ripening growth
behavior of HEA NPs; the NPs are hard to attach as the
resistance of the solid isolating medium.>*>” The sizes of most
HEA NPs are located in the range from 3 to 7 nm, and the
contents of NPs with size higher than 7 nm are less than 20%.
The Pt-based catalysts in this smaller region always present
excellent electrocatalytic performance.'®***>3* The size distri-
butions of HEA NPs move to the right side with increasing Pt
content, which means that the average size of HEA NPs is
positively correlated with the Pt content. In view of the growth
process, the growth rates of HEA NPs on the solid isolating
medium are the same because the diffusion-growth tempera-
ture, time, interface areas, and the total amount of precursors
are consistent in the solid-reaction process.>* >’ Thus, it can be
deduced that increasing the Pt precursor amount may decrease
the nucleation ratio of HEA NPs. The thermal decomposition
temperature of Pt precursors is higher than that of Fe, Co,
Ni, and Cu.””?* The total amount of precursors remains
unchanged in the solid-reaction process, and the concentration

|IPt-10% d=4.08nm
0=1.03nm
20
e
é’ o Pt-20° =
= 40f © d=4.59nm
< =
s L c=1.40nm
=
£ 2 Pt-30%
= 40_t- © d=4.94nm
6=1.09nm|
20

0 3 6 9 12
Particle size (nm)

Fig. 5 TEM images of FeCoNiCuPt HEA NPs with Pt contents of (a) 10%, (b) 20%, and (c) 30%. HRTEM images of NPs with Pt contents of (b1) 20% and (cy)
30%. SAED images of NPs with Pt contents of (d;) 20% and (d,) 30%. (e) Elemental mapping of HEA NPs with Pt contents of 20%. (f) Grain size distributions

of HEA NPs.
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of precursors decomposed preferentially (Fe, Co, Ni, and Cu) in
the nucleation stage decreases with increasing Pt content,
which leads to the decrease in the nucleation ratios and the
increase in grain size. Nevertheless, the FeCoNiCuPt HEA NPs
with uniform size distributions, smaller size, and high-entropy
solid solution phase are successfully prepared by the NaCl-
assisted solid-state reaction method.

3.2 Electrochemical properties of FeCoNiCuPt HEA NPs

Fig. 6(a) shows the electrochemical double layer current (i vs.
scan rate) of FeCoNiCuPt HEA NPs, which was obtained from the
CV data collected at a scan rate of 25-125 mV s~ '. Compared
with the commercial Pt/C (31.8 mF) catalyst, the Cq4; of HEA NPs
becomes larger when the Pt content is higher than 20%. How-
ever, further increasing the Pt content to 30% decreases the Cq).
The Cq4, reaches the maximum of 85.8 mF when the Pt content is
20%, which means that 20% Pt content HEA NPs expose more
active sites for adsorption and desorption.**® The ECSA of
FeCoNiCuPt HEA NPs with different Pt contents are obtained
from the Cy; and shown in Fig. 6(b). The ECSA of 20% and 30%
Pt content HEA NPs are 2.70 and 1.09 times that of the
commercial Pt/C catalyst, respectively; the maximum ECSA is
achieved when the Pt content is 20%.

Fig. 7(a) and (b) show the ECSA and Pt loading normalized
HER polarization curves of HEA NPs. The overpotentials of
FeCoNiCuPt HEA NPs with different Pt contents at 10 mA cm >
are 174.2, 22.5, and 62.4 mV, respectively. The linear sweep
voltammetry (LSV) curve of 20% Pt content FeCoNiCuPt HEA
NPs shows a low overpotential of 22.5 mV, which is only about
60.5% that of the commercial Pt/C catalyst (37.2 mV). As shown
in Fig. 7(c), the area activity of HEA NPs reaches the maximum
of 0.026 mA cm™ > and the mass activity reaches 273 mA mgy, '
at —0.07 V. The HEA NP with 20% Pt content presents better
HER activities; they are about 1.04 and 2.15 times of the
commercial Pt/C catalyst (0.025 mA cm ™ > and 127 mA mgp,, ),
respectively. The Tafel slope is calculated from the LSV curves
to illustrate the HER kinetics of HEA NPs. As shown in Fig. 7(d),
the Tafel slopes of commercial Pt/C catalysts and FeCoNiCuPt
HEA NPs are 40.4, 120.3, 18.7, and 52.2 mV dec ', respectively.
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The HER kinetics of Pt/C catalyst follows the Volmer-Heyrovsky
process, in which the Heyrovsky reaction is the rate-
determining step. When the Pt content in HEA NPs is lower
(10%), the rate-determining step of HER is the Volmer reaction,
similar to some Pt-free catalysts.>” The HEA NPs with Pt content
of 20% follow the Volmer-Tafel process; the rate-determining
step of HER is the Tafel reaction and exhibits a faster rate of
HER reaction. Increasing the Pt-content to 30%, the Tafel slope
of 52.2 mV dec ' indicates a mixed rate-determining step.
In order to further understand the interface reaction in the
HER process, electrochemical impedance spectroscopy (EIS)
analysis of FeCoNiCuPt HEA NPs was performed. As shown in
Fig. 7(e), the FeCoNiCuPt HEA NPs with Pt content of 10% and
20% present a smaller semicircle radius in the Nyquist dia-
gram, which means the smaller charge transfer resistance and
faster charge transfer in the surface of NPs.>*™*! The charge
transfer resistance of HEA NPs is lower than that of Pt/C, and it
increases with the increase in the Pt content. The Tafel slope of
HEA NPs with 20% Pt content is lower than that of 10%, but the
charge transfer resistance is slightly higher. Although the
specific reason is not clear, a possible reason is that the grain
size of 10% Pt content HEA NPs is smaller, which always
presents the ability to lower the charge transfer resistance.*®
Fig. 7(f) shows the chronocurrent curves of FeCoNiCuPt HEA
NPs in 1 M KOH at a current density of 10 mA ecm™>. After
discharge for 30000 s, the 20% Pt content HEA NPs still
maintain 94.5% of the current density, which is much better
than the commercial Pt/C catalyst (82.3%), but the FeCoNiCuPt
HEA NPs with 10% and 30% Pt content can only maintain
72.3% and 56.7% of the catalytic activity. The corrosion resis-
tance of Fe, Co, Ni, and Cu atoms is weaker than Pt; they are
more easily dissolved and precipitated in the HER electrocata-
Iytic process. The formation of a thermodynamics stable phase
is essential for improving the stability of FeCoNiCuPt HEA NPs.
The FeCoNiCuPt HEA NPs with different Pt content show a
similar solid solution phase with the fcc structure; however, the
entropy value of HEA NPs is quite different. The actual entro-
pies of 10%, 20%, and 30% Pt content HEA NPs are 1.59,
1.60, and 1.55R (according to the composition), respectively.
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Fig. 6 Electrochemical double layer capacitance (a) and ECSA (b) of FeCoNiCuPt HEA NPs with different Pt contents.
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are consistent, as shown in Fig. 7(a).

These entropies are higher than 1.5R and can be treated as
HEA. The maximum entropy is achieved when the FeCoNiCuPt
HEA NPs are in nearly equal atomic ratio (20%), which presents
the best thermodynamic stability and HER durability.’**" The
FeCoNiCuPt HEA NPs prepared by the solid-state reaction
method present promising applications for electro-catalyzing
of the HER in an alkaline environment, the activity and stability

of NPs are higher than that of commercial Pt/C when the Pt
content is about 20%.

Fig. 8(a) and (b) show the ECSA and Pt loading normalized
cyclic voltammetry curves of FeCoNiCuPt HEA NPs in the MOR
test. Two oxidation peaks of MOR can be found in the curves;
the forward scan peak is located at about 0.9 V and the reverse
scan peak is located at about 0.7 V (vs. RHE). The current ratios
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Fig. 8 Cyclic voltammetry curve of FeCoNiCuPt HEA NPs with different Pt content normalized by ECSA (a) and Pt loading (b). (c) The peak current
density ratio of forward scanning to backward scanning. (d) Area and mass activity of HEA NPs at peak potential. () LSV curve of the catalyst and stability
test (f) of HEA NPs. The symbols for different FeCoNiCuPt HEA NPs are consistent, as shown in Fig. 8(a).
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(I¢/1,) of forward scan peak (If) to reverse scan peak (I,) can be
used to investigate the tolerance of the NPs to CO. As shown in
Fig. 8(c), the current ratio of HEA NPs with 20% Pt content
(2.66) is higher than that of Pt/C (2.41); it shows better resis-
tance to CO poisoning. The area and mass activities of HEA NPs
at peak potential are summarized in Fig. 8(d). The area activity
of HEA NPs is higher than that of Pt/C when the Pt content is
20% and 30%, while the mass activity of HEA NPs is higher
than that of Pt/C when the Pt content is 20%. The maximum
area activity of 208 mA cm™ > and the maximum mass activity of
1042 mA mg,,. ' is achieved when the Pt content in HEA NPs is
20%, which are 4.4 and 2.2 times that of commercial Pt/C
catalyst (47 mA cm? and 460 mA mgy, ). Fig. 8(e) is the LSV
curves of FeCoNiCuPt HEA NPs, which can evaluate the MOR
difficulty of NPs by the initial overpotential. The overpotentials
of HEA NPs with different Pt contents at 100 mA mgp, ' are
0.818, 0.518, and 0.628 V, respectively. The HEA NPs with 20%
Pt content show a lower overpotential, which is only about 89%
of commercial Pt/C catalysts (0.582 V). The MOR long-term
stability of HEA NPs was tested by chronoamperometry and
shown in Fig. 8(f). Due to the accumulation of CO and other
intermediates, the current density of the NPs decreased to a
certain extent with increasing test time. After 6000 s, the
FeCoNiCuPt HEA NPs with Pt content of 10%, 20%, and 30%
remain at 69.1%, 94.1%, and 90.3%, respectively. The stability
of HEA NPs is higher than that of Pt/C (38.1%) because the
alloying elements Fe, Co, Ni, and Cu can facilitate the

Pt-10%(111)

Pt(111)

View Article Online
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desorption and transfer of MOR intermediates. The HEA NPs
with Pt content of 20% present the best stability toward MOR; it
only decreases by about 5.9%. The FeCoNiCuPt HEA NPs
prepared by the solid-state reaction method present excellent
properties in the electro-catalysis of MOR in an alkaline
environment; the activity and stability of NPs reach much
higher than that of commercial Pt/C when the Pt content is
about 20%. The electrocatalytic HER performance of FeCoNi-
CuPt HEA NPs synthesized by NaCl-assisted solid-state reaction
method are not outstanding as some HEA NPs prepared by low-
temperature oil phase strategy or other methods present much
better electrocatalytic performance toward HER and MOR,">™*°
which may be caused by the simple technology, preparation,
and testing of the electrocatalytic electrode. Nevertheless, the
electrocatalytic performances of FeCoNiCuPt HEA NPs are
much better than that of Pt/C under the same testing condi-
tions. It is well worth looking forward to obtain excellent
performance by the further optimization of the solid-state
reaction processes and electrocatalytic electrodes.

3.3 Electronic structure analysis and discussion

Fig. 9(a) shows the top view from the (111) surface of FeCoNi-
CuPt HEA NPs. The atom ratios of (Fe + Co + Ni + Cu) : Pt in HEA
NPs were set as 9:1, 8:2, and 7:3, and the Fe, Co, Ni, and Cu
atoms were in equal proportion. These components are not
only close to the experimental results but also suitable for
analyzing the electronic structure and properties of Pt-based
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HEA NPs. The low-indexed (111) faces of Pt-based fcc structure
alloys always present lower surface energy, which is the main
part of the exposed surfaces. Covering the (111) face can reduce
the total energy of NPs and plays an irreplaceable role in
electrocatalysis.'>'” The atomic arrangement in the (111) sur-
face of HEA NPs is constructed by the ATAT (mcsqs) method
and geometric optimization, in which the energy of NPs is the
most stable."”®™” As the high solid-state reaction temperature,
these models are the most appropriate. As the HER or MOR
reaction pathways of FeCoNiCuPt HEA NPs have already been
revealed by Li,"” the electronic structure differences of FeCoNi-
CuPt HEA NPs with respect to different Pt content are studied
in this research.

The projected density of states (PDOS) distributions of Pt
and FeCoNiCuPt HEA NPs are shown in Fig. 9(b). The d orbital
of Fe, Co, Ni, Cu, and Pt atoms play a leading role in the HER
electrocatalytic process. The energy distribution of the Pt-5d
orbital becomes more uniform and moves to the left side when
alloying with Fe, Co, Ni, and Cu atoms, which means that the
strong adsorption of Pt is reduced.'®** In HEA NPs, the Pt 5d
orbital is far away from the Fermi level (Ey = 0 eV), which acts as
an electron reservoir for the reduction process, such as the
transfer of electrons in HER and OH™ in MOR. The Ni 3d and
Fe 3d orbitals dominate near the Fermi level, providing an
electron depletion center for HER and MOR. The 3d orbitals of
Co and Cu are located between Pt 5d and Ni/Fe 3d, which acts
as the bridge of electron transfer and can reduce the energy
barrier of intermediates transfer in the HER and MOR
process.” > The overlap of Pt 5d and Fe/Co/Ni/Cu 3d orbitals
suggests the good conductivity and catalytic activity of HEA
NPs. The overlap bandwidth of 10%, 20%, and 30% HEA NPs is
6.07, 6.88, and 5.38 eV, receptivity. The maximum overlap
bandwidth is reached when the Pt content is 20%, which means
that the coordination of the elements in the HER electrocata-
Iytic process is the best.” ' In addition, the narrow Fe/Co/Ni/Cu
3d orbitals become weak when the Pt content in FeCoNiCuPt
HEA NPs is higher than 10%. Both the overlap and shape of
orbitals illustrate that the cocktail effect of each element is the
strongest when the Pt content is 20%,” "> which means that the
active sites on the surface of NPs are the most and the ECSA of
HEA NPs is the maximum. The overlap bandwidth of HEA NPs
is decreased when the Pt content increases to 30%, which leads
to a reduction of ECSA. With lower Pt content and poorer
interaction of d orbitals from each element, the ECSA of 10%
Pt content HEA NPs is the minimum, although the HEA NPs
obtain the smallest size.

Both experimental and DFT calculation method illustrates
that the 20% Pt content HEA NPs presents the best HER
electrocatalytic activity. It must be noticed that the size of
FeCoNiCuPt HEA NPs is increased with the increase in the Pt
content. The HEA NPs with 10% Pt content shows the mini-
mum size, but the ECSA and electrocatalytic activity is smaller
than that of 20% Pt content HEA NPs and the commercial Pt/C
catalyst.'®?° Otherwise, in view of lattice mismatch, the stress
in FeCoNiCuPt HEA NPs is increased with larger Pt atoms, but
the electrocatalytic activity is smaller than that of 20% Pt

© 2024 The Author(s). Published by the Royal Society of Chemistry
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content HEA NPs.'>"" These differences may have originated
from the electron structure of HEA NPs with various Pt con-
tents. With the increasing Pt content in FeCoNiCuPt HEA NPs,
the evolutions of the d-band center from each element are
shown in Fig. 9(c). The PDOS of the Fe 3d orbital moves to the
left side of the Fermi level, which means that the strong
adsorption of Fe is weakened when the Pt content is higher
than 10%.°"> The d-band center of Fe 3d moves to close the
Fermi level only when the Pt content is 20%, which reveals that
the electron depletion for the HER and MOR processes is
enhanced. The d-band center of the Co 3d orbital right shifts
with increasing Pt content in HEA NPs; the right shift is the
largest when the Pt content is 20%. The d-band center of the Ni
3d orbital left shifts with the increase in the Pt content in HEA
NPs, which is unfavorable to electron depletion of the HER and
MOR processes. The lower charge transfer resistance (from EIS)
of HEA NPs when the Pt content is 10% and 20%, which may be
originated from the electron depletion of Fe, Co, and Ni atoms.
Although the electron depletion of Ni is weakened when the Pt
content is 20%, the electron depletion of Fe and Co atoms is
enhanced. The d-band center of Cu 3d moves to the left side
with increasing Pt content in HEA NPs, closer to the d-band
center of Pt 5d, which facilitates the electron transfer process.
The d-band center of Pt 5d moves to the left side with increas-
ing Pt content in HEA NPs, which means that the electron
reservoir of Pt is enhanced. However, the d-band center of Pt 5d
is lower than Pt only when the Pt content is 20%. As the lowest
d-band center of Pt 5d enhances most of the electron reservoir,
the Fe, Co, and Ni atoms lower the charge transfer resistance by
improving electron depletion, and the Cu atoms facilitate the
electron transfer, the coordinate effects of each element reach
the best, and the maximum HER and MOR activity is obtained
when the Pt content in FeCoNiCuPt HEA NPs is 20%.

4. Conclusion

The FeCoNiCuPt HEA NPs with smaller sizes (3-7 nm) and
different Pt contents were successfully synthesized by the solid-
state reaction method. The exposed surface absorbing or oxida-
tion of Fe, Co, Ni, and Cu elements, the centered diffraction
angles of a single solid solution phase with fcc structure, and
the uniform elemental distributions in the nanoparticles illus-
trate the HEA characteristic of NPs. Increasing the Pt content in
HEA NPs from 10% to 30%, the lattice parameter was increased
because the radius of Pt atoms is larger, and the grain size was
increased with decreasing nucleation ratio. The overlap of Pt 5d
and Fe/Co/Ni/Cu 3d orbitals became weak when the Pt contents
were 20% and 30%, which increased the Cq; and ESCA of HEA
NPs to higher than that of commercial Pt/C catalysts. When the
Pt content in FeCoNiCuPt HEA NPs was 20%, the lowest d-band
center of Pt 5d enhanced most of the electron reservoir, the Fe,
Co, and Ni atoms lowered the charge transfer resistance by
improving electron depletion, and the Cu atoms facilitated
electron transfer. As the best coordinate effects of each element
and the largest entropy value of 20% Pt content HEA NPs, the
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maximum HER activities, MOR activities, and long-term stabi-
lity were obtained. The electrocatalytic performance of Pt-based
HEA NPs could be improved by adjusting the Pt content, which
would optimize the electron structure and entropy value of NPs.
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