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ABSTRACT

Exploring high-performance and cost-effective electrocatalysts that are applicable in oxygen evolution reaction (OER) is crucial
for water splitting and energy storage. In this work, a facile and scalable chemical reduction strategy is developed to synthesize
FeCoNiPB non-noble metal-based amorphous high-entropy oxides for the OER in alkaline media. The FeCoNiPB oxides exhibit
overpotentials of 235 and 306 mV at current densities of 10 and 100 mA/cm?, respectively, as well as a small Tafel slope of 53
mV/dec in 1.0 M KOH solution, outperforming the performance of FeCoPB, FeNiPB, and CoNiPB oxides and the commercial
RuO,, while maintaining excellent stability with negligible overpotential amplification over 40 h. The superior OER electrocatalytic
efficiency and stability of the FeCoNiPB catalyst is primarily attributed to its unique amorphous high-entropy nanostructure,
synergistic effect of the multiple components, and in situ-formed amorphous sheets with a thin (FeCoNi)OOH crystalline layer on
the edge during long-term OER. This work provides new insights to design and prepare low-cost, highly efficient, and durable

OER electrocatalysts.
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1 Introduction

Due to the increasing demands of traditional fossil fuels and the
ecological ~environment destruction induced by their
overconsumption, exploring eco-friendly, reproducible, and highly
efficient energy sources such as hydrogen has attracted substantial
attention over the past decades [1,2]. Among various feasible
methods to produce hydrogen, electrochemical water splitting has
been identified as a particularly promising and appealing
technology, which opens up the possibility of replacing traditional
fossil fuels with a carbon neutral alternative [3,4]. The whole
water splitting system comprises two significant half-reactions,
which are termed the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) occurring in the cathode and
anode of an electrolyzer, respectively. Due to the sluggish kinetics
caused by the multiple proton coupled electron transfer (PCET)
process, the OER has severely impeded the efficiency of water
splitting and the rate of hydrogen generation [5]. In addition, the
OER also plays a significant role in energy storage and conversion
technologies, especially in rechargeable metal-air batteries and
renewable fuel cells [6,7]. While the commercial OER catalysts,
such as IrO, and RuQ,, exhibit high OER catalytic activity, their
high cost, poor scalability, and scarcity are the major impediments
[8]. Accordingly, there is a great demand for the scalable synthesis
of cost-effective, high-performance, and stable electrocatalysts to
substitute for currently used high-cost materials.

Designing complex alloys with dissimilar metals has shown
advantages in enhancing their catalytic activity [9-11]. The

alloying of multiple metals can increase disordered configurational
entropy to generate more active sites and supply optimum surface
absorption energy for catalysis [12-14]. Specifically, high-entropy
alloys (HEAs) with five or more elements alloying into a single
phase solid solution, which originally attracted great attention
because of their high performance in mechanical properties [15],
have been reported to be advantageous in catalytic performance
recently [16-18]. Basically, HEAs not only have high catalytic
activity due to the severe lattice distortion effect and tunable d-
band center, but also show superb stability owing to their high
entropy effect [19,20]. In addition, compared with crystalline
materials, amorphous materials with a large number of
insufficiently coordinated atoms and structural defects provide
more reaction sites, which is beneficial to improve the catalytic
performance [21-28]. Thus, amorphous high-entropy materials
may have promising catalytic performance for chemical
reactions [29].

Transition metals, including iron (Fe), cobalt (Co), and nickel
(N1i), with low material cost and tunable electronic structure are
well studied in OER catalysis [30-32]. Especially, the NiFe
(oxy)hydroxides are considered as the benchmark electrocatalysts
for OER in alkaline solution [33, 34]. However, the amorphous-
forming ability (AFA) of these transition metals is poor. To obtain
amorphous structures, metalloids such as P, B, Si, and C are
usually introduced in the transition metal-based alloys to stabilize
the long-range disordered structure [35]. Besides, designing
transition metal-metalloid compounds is generally believed to be a
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valid strategy to improve the intrinsic activity of electrocatalysts via
the synergistic effect [36-38]. The charge transfer between
different elements can modulate the electronic configuration to
reduce the kinetic energy barriers during the electrochemical
reaction [39, 40]. It was reported that electrons can move from Ni,
Fe, or Co to P in transition metal phosphides, thus P atoms
become negatively charged and serve as active catalytic centers [41,
42]. Conversely, transition metal borides possess superior OER
catalytic properties via opposite electron transfer paths, ie.,
electrons transfer from B to Ni, Fe, or Co [42,43]. As a result,
alloying of P and B may introduce synergistic effect for not only
AFA but also catalytic processes.

Recently, several methods have been developed to synthesize
HEA and amorphous high-entropy nanoparticles. For example,
the laser synthesis and processing of colloids (LSPC) is a straight-
forward, scalable, and surfactant-free solution, and HEA and
amorphous high-entropy nanoparticles with diameter between
5-22 nm have been synthesized and exhibited excellent
electrochemical catalytic performance [29,44,45]. And the
chemical reduction method is a facile method and can introduce
O element in the alloy to facilitate the catalytic performance [46].
In this work, we employ a chemical reduction approach to prepare
FeCoNiPB non-noble metal-based amorphous high-entropy
oxides, enabling fine tuning of the electronic structure to improve
the OER catalytic performance. To highlight the superiority of the
high-entropy effect, the OER catalytic performance is compared
with that of binary metal-based counterparts, including FeCoPB,
FeNiPB, and CoNiPB oxides. The overpotential and Tafel slope of
FeCoNiPB catalyst are much smaller than those of binary metal-
based nanomaterials, as the amorphous high-entropy
nanostructure provides abundant highly efficient active sites that
contribute to OER activity. Furthermore, a self-reconstructed
amorphous sheet with a thin (FeCoNi)OOH crystalline layer on
the edge formed during long-term chronopotentiometry tests
gives rise to an increased number of active sites that maintain
excellent stability. The design strategy of non-noble metal-based
amorphous high-entropy oxides may stimulate the discovery of
high-performance electrocatalytic materials that can be produced
at the industrial scale.

2 Experimental section

2.1 Materials synthesis

FeCoNiPB samples were synthesized by a facile and scalable
chemical reduction method. Primarily, 0.003 mol of metal salts
(FeCl,4H,0, CoCl,-6H,0, and NiCL-6H,0) and 0.012 mol of
sodium hypophosphite (NaH,PO,-H,O) were dissolved in 50 mL
of deionized water. Meanwhile, 15 mL of sodium borohydride
(NaBH,, 0.006 mol) fresh aqueous solution was added dropwise
into the abovementioned solution at a rate of 5 mL/min using a
constant-flow pump. The reaction process was executed for 50
min under high-purity nitrogen protection and mechanical
stirring at room temperature. Then the resultant precipitates were
collected by extraction filtration after washing with deionized
water and ethanol in sequence for three times. The samples were
then dried in vacuum at room temperature overnight. The
FeCoPB, FeNiPB, and CoNiPB samples were prepared using the
same procedure as that of FeCoNiPB, without adding nickel salt
(NiClL,-6H,0), cobalt salt (CoCl,-6H,0), or iron salt (FeCL,-4H,0).

2.2 Materials characterizations

The morphology and microstructure of the samples were
characterized by scanning electron microscopy (SEM, Zeiss
Supra55) and transmission electron microscopy (TEM, Tecnai G2
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F3). The composition of the samples was analyzed using energy
dispersive spectroscopy (EDS) equipped in the TEM. The phase of
the catalysts was analyzed by X-ray diffraction (XRD, D8-
Discover) using Cu Ka radiation (A = 154 A). X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Nexsa) with an
Al Ka (1,486.6 €V) X-ray source was used to investigate the
binding energies of the elements on the surface. The calibration
was carried out using C 1s (284.80 eV) as charge compensation.
The samples for XPS analyses were preserved in vacuum before
tests. The specific surface area and pore size distribution were
analyzed by N, absorption and desorption isotherms with a
Brunauer-Emmett-Teller (BET) method (QuadraSorb Station 1).
Prior to the N, adsorption experiment, the catalyst powders were
degassed at 423 K for 2 h.

2.3 Electrochemical measurements

All electrochemical tests were conducted in a standard three-
electrode cell configuration using an electrochemical workstation
(Gamary Interface 1000) at room temperature. A Pt sheet and a
standard Hg/HgO electrode were used as the counter electrode
and the reference electrode, respectively. The Hg/HgO electrode
was calibrated using potassium ferricyanide solution before initial
use, with details shown in Fig. S1 in the Electronic Supplementary
Material (ESM) [47]. For the working electrode, catalyst inks were
prepared by dispersing catalyst powder (5 mg) in a mixture of
deionized water (500 pL), ethanol (480 uL), and 5% nafion (20 pL)
and ultrasonicated for 1 h. Subsequently, 3 pL of ink was
uniformly drop-cast onto a polished glassy carbon electrode
(GCE) (0.0707 cn’) to obtain a loading density of 0.2 mg/cm?, and
then dried in air.

1.0 M KOH was used as the electrolyte for OER measurements.
The potential data were converted to the potential vs. reversible
hydrogen electrode (RHE) according to equation (E(RHE) =
E(Hg/HgO) + 0.0591 x pH + 0.098 V). The overpotential (1) was
calculated as follows # = E vs. RHE 123 V. In addition, all
polarization current densities were normalized to the geometric
surface area. Linear sweep voltammetry (LSV) measurements for
the OER were performed at a scan rate of 5 mV/s. The Tafel slope
was determined by the linear region of the LSV polarization
curves which can be fitted using the Tafel equation (y = b x logj +
a, where b represents the Tafel slope and j denotes the current
density). Electrochemical impedance spectroscopy (EIS) was
recorded at an overpotential of 300 mV in a frequency range from
10 kHz to 0.1 Hz. The chronopotentiometry test (constant current
density = 10 mA/cm?) was employed to investigate the long-term
stability of the electrocatalyst on carbon fiber paper (CFP) at a
loading density of 0.7 mg/cm®. The double-layer capacitance (Cy)
of the electrocatalysts was estimated through cyclic voltammetry at
different scan rates of 10, 20, 30, 40, and 50 mV/s in the non-
Faradic potential region. The Cy value was obtained by plotting Aj
= (j, — jo) at 1.09 V (vs. RHE) corresponding to the scan rates, and
the fitting slope of the linear line was twice the value of Cy. The
electrochemically active surface area (ECSA) was measured from
the double-layer capacitance according to the following equation
ECSA = Cy/C, where C, is the specific capacitance value of
0.040 mF/cm?in a 1.0 M KOH solution [48].

3 Results and discussion

Figure 1(a) presents a schematic illustration of the synthetic
process of FeCoNiPB non-noble metal-based amorphous high-
entropy oxides via the facile chemical reduction method. The
unique self-reconstructed amorphous sheets with a thin
(FeCoNi)OOH crystalline layer on the edge are in-situ evolved
during the long-term OER test, which will be revealed in a later

E‘N%IEEISQYILEQ @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res.

Reducﬁog

Meta“u:_tglass -

nanopa

icles

Figure1 (a) Schematic illustration of the facile fabrication of the FeCoNiPB oxides and the structural changes after long-term OER. (b) SEM, (c) TEM, and (d)
HRTEM images of the as-prepared FeCoNiPB sample. The inset of (c) shows the corresponding SAED pattern. (¢) HAADF image and elemental mappings of the as-

prepared FeCoNiPB sample.

section. The morphologies of the as-prepared FeCoPB, FeNiPB,
and CoNiPB samples were analyzed using SEM, and the images
are shown in Figs. S2(a), S2(c), and S2(e) in the ESM. It was found
that the FeCoPB sample exhibits flower-like nanosheets structure;
the FeNiPB presents a structure of nanoparticles wrapped by
fibers, and the CoNiPB is composed of nanoparticles. The SEM
image of the as-prepared FeCoNiPB sample is shown in Fig. 1(b).
With the simultaneous existence of Fe, Co, and Ni elements, the
FeCoNiPB sample shows nanoparticles together with some
random appearance of nanosheets. It seems that the
nanosheet/nanofiber-like structure only exists in the samples that
contain Fe. The varied morphologies of the samples affect their
exposed surface areas, which is an important parameter for
electrochemical catalysis. The specific surface areas of the samples
were obtained via the BET method, and the N,
adsorption—desorption isotherm curves and pore size distribution
curves of the samples are shown in Fig. S3 in the ESM. The
specific surface areas of the FeCoPB, FeNiPB, CoNiPB, and
FeCoNiPB samples are 238.1, 138.3, 19.2, and 456 mYg,
respectively. The FeCoPB sample has the largest BET surface area,
while the CoNiPB sample shows the smallest surface area. The
difference in the specific surface areas of the samples is related to
their morphologies, as the nanosheets have a higher exposed
surface area than the nanoparticles.

The nanostructure of the as-prepared samples was analyzed by
TEM, with the image of the FeCoNiPB sample shown in Fig. 1(c),
and the images of the FeCoPB, FeNiPB, and CoNiPB samples are
shown in Figs. S2(b), S2(d), and S2(f) in the ESM. The TEM
morphologies of the four samples are consistent with those
obtained from SEM. Nevertheless, it is noteworthy that the
CoNiPB nanoparticles show a wider size distribution, while the
size of the FeCoNiPB nanoparticles is more identical. The selected
area electron diffraction (SAED) patterns of the four samples are
shown in the insets of corresponding images. The SAED patterns
of both the FeCoPB and FeNiPB samples show multiple

diffraction rings, indicating the existence of multiple phases and
the samples are partially crystallized. The SAED patterns of
CoNiPB and FeCoNiPB samples only exhibit one large halo,
confirming the amorphous nature of these two samples. With a
closer observation of the FeCoNiPB nanoparticles using high-
resolution TEM (HRTEM), as shown in Fig.1(d), spherical
nanoparticles with an average size of 5-10 nm are observed. The
nanoparticles are agglomerated owing to the high surface energy.
No lattice plane from crystalline phases is observed, further
corroborating the amorphous structure of the FeCoNiPB
nanoparticles. Figure 1(e) shows the high-angle annular dark field
(HAADF) image of the FeCoNiPB nanoparticles and the EDS
elemental mappings of the Fe, Co, Ni, P, and B, revealing the
homogeneous distribution of the constituents. The elemental
mapping result of O is also homogeneously distributed, as shown
in Fig. S$4 in the ESM. The elemental mappings of the FeCoPB,
FeNiPB, and CoNiPB samples were also analyzed, showing an
even distribution of the composed elements and O, as shown in
Figs. S$5-S7 in the ESM. Hence, these results indicate that the
strong reducing agent NaBH, and weak reducing agent NaH,PO,
release a large amount of B and P atoms during the reduction
process, which are simultaneously doped into the metal matrix,
realizing the stabilization of the amorphous structure. The
compositions of the as-prepared FeCoPB, FeNiPB, CoNiPB, and
FeCoNiPB catalysts measured by EDS are listed in Table S1 in the
ESM. All of the samples contain a high concentration of O, and
the FeCoNiPB has the highest amount of O. Other than O,
relatively significant differences of the metals and metalloids are
found in FeCoPB, FeNiPB, and CoNiPB samples, but not in
FeCoNiPB sample. The quasi-equimolar composition of
FeCoNiPB may due to the competition among the three transition
metals during the chemical reduction of preparation process.

Phase characterization of the as-prepared FeCoNiPB, FeCoPB,
FeNiPB, and CoNiPB samples was carried out using XRD, as
shown in Fig. 2(a). All patterns have a broad diffraction peak
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Figure2 (a) XRD patterns of the as-prepared samples. XPS analyses of the as-prepared FeCoNiPB oxides: (b) full spectrum, (c) Ni 2p, (d) Co 2p, (e) Fe 2p, (f) O Is,

(g) B1s,and (h) P 2p.

around 26 = 45°, confirming their amorphous structures. In
addition, FeCoPB and FeNiPB exhibit two shoulder peaks at 26 =
35° and 61°, deriving from the formation of metal oxides during
preparation and measurements under atmospheric exposure [49].
This is consistent with their SAED results.

The surface chemistry and electronic structure of the as-
prepared samples were investigated by XPS. The full spectrum and
high-resolution XPS spectra of Ni 2p, Co 2p, Fe 2p, O 1s, B 1s, and
P 2p for FeCoNiPB catalyst are shown in Figs. 2(b)-2(h), while the
XPS spectra for FeCoPB, FeNiPB, and CoNiPB samples are shown
in Figs. S8-S10 in the ESM. The corresponding binding energies
are summarized in Table S2 in the ESM. The full XPS spectrum in
Fig. 2(b) confirms the existence of Fe, Co, Ni, P, B, and O in the
FeCoNiPB catalyst. For the Ni 2p spectrum in Fig. 2(c), the
binding energy of 852.6 eV (2ps;,) corresponds to the interaction
of metallic Ni® with metalloids in FeCoNiPB [40]. The peaks of
oxidized species (Ni***) are ascribed to exposure to the
atmosphere and water during preparation. The content of Ni’ in
FeCoNiPB is higher than that in FeNiPB but lower than that in
CoNiPB. The Co 2p spectrum in Fig. 2(d) shows two major peaks
at 777.8 eV (2ps;,) and 781.1 eV (2ps,), which are attributed to Co’
and Co* [50]. Due to the oxidation in FeCoPB, the Co 2p
spectrum shows only the oxidized species Co™, without the
appearance of Co’. In contrast, the Co element in CoNiPB only
shows the peaks of Co’ and Co™. As shown in Fig.2(e), the Fe
2ps), in FeCoNiPB shows two main peaks at 706.3 eV (2ps;,) and
711.9 €V (2ps),), which are attributed to Fe® and Fe™, respectively
[19]. Nevertheless, the peak of Fe’ in FeNiPB is weaker than that
in FeCoNiPB, and FeCoPB is entirely oxidized to Fe*”", resulting
in the absence of the Fe’ peak. Based on the binding energy
analysis of transition metals, FeCoNiPB maintains both the zero
valence and oxidation states of transition metals, displaying a
moderate degree of oxidation compared to those of binary
transition metal-based counterparts. According to the O 1s spectra

for the FeCoNiPB, FeNiPB, CoNiPB, and FeCoPB samples, three
main peaks attributed to the oxygen in metal oxides, hydroxyl
groups and surface-absorbed water molecules, can be detected in
all four samples [40]. The peak area calculation from EDS further
confirms the high degree of oxidation in the catalysts, i.e., FeCoPB
(784%), FeNiPB (75.3%), FeCoNiPB (71.8%), and CoNiPB
(70.9%). The high oxidation degree of the four samples provides a
large amount of active sites on the surface to facilitate OER
reaction [49].

In addition to the chemical states of metallic elements, the
binding energies of metalloids B and P in the nanoparticles also
have significant impacts on the catalytic properties. The B 1s
spectrum in Fig. 2(g) displays two peaks at 187.3 and 190.3 eV,
corresponding to the zero-valent B in metal boride and the
oxidized B, respectively [43]. Similarly, the P 2p spectrum in Fig.
2(h) reveals two peaks at 129.7 and 133.0 eV, derived from zero-
valent phosphorus in metal phosphide and phosphate [51].
Compared with pure B (187.0 eV) and P (130.2 eV) [52], the
peaks of zero-valent B and P in FeCoNiPB exhibit positive and
negative shifts, respectively, demonstrating that both B and P
interact with the d orbital of metals through electron transfer. B
donates electrons to the neighboring metallic atoms, while P
receives electrons from the neighboring metallic atoms. This
electron transportation between metallic elements and metalloids
was also observed in previous reports [40, 52].

The OER electrocatalytic properties of the as-prepared samples
were investigated in 1.0 M KOH aqueous electrolyte. The LSV
curves measured between 1.2-1.7 V vs. RHE are shown in Fig.
3(a). As there is always an oxidation peak on the increasing-
potential LSV curves of Ni-contained samples [53], the LSV curves
of the Ni-contained samples in this work were measured reversely,
ie. from 1.7 to 1.2 V vs. RHE. To achieve an anodic current
density of 10 mA/cm? FeCoNiPB requires a much smaller
overpotential of 235 mV than FeCoPB (285 mV), FeNiPB
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Figure3 (a) LSV polarization curves (IR-corrected), (b) mass activity, and (c) corresponding Tafel plots of FeCoPB, FeNiPB, CoNiPB, FeCoNiPB, and RuO, for the
OER in 1.0 M KOH. (d) Nyquist plots measured in 1.0 M KOH at an overpotential of 300 mV. Insets are the equivalent circuits for FeNiPB (upper left) and other
three samples (bottom right). (e) Plots of capacitive current as a function of scan rates for electrocatalysts. (f) Comparison of the ECSA and BET surface areas of the

FeCoPB, FeNiPB, CoNiPB, and FeCoNiPB samples.

(261 mV), CoNiPB (330 mV), and commercial RuO, (316 mV)
catalysts. Notably, even at a higher current density of 100 mA/cn’,
FeCoNiPB remains a low overpotential of 306 mV, which is
superior to most of the electrocatalysts that have been reported.
The mass activity of the catalysts was obtained from the LSV
curves, as shown in Fig. 3(b). The FeCoNiPB catalyst produces a
much higher activity of 1,983 mA/mg under 1.7 V (vs. RHE) than
FeCoPB (441 mA/mg), FeNiPB (1334 mA/mg), CoNiPB
(786 mA/mg), and RuO, (218 mA/mg). This result further
confirms the highly improved OER catalytic performance of
FeCoNiPB sample.

To compare the OER reaction kinetics of the as-prepared
samples and commercial RuQO,, the Tafel slopes were derived from
LSV curves and are shown in Fig 3(c). The Tafel slope of
FeCoNiPB is 53 mV/dec, which is lower than those of FeCoPB
(68 mV/dec), FeNiPB (60 mV/dec), CoNiPB (120 mV/dec), and
RuO, (80 mV/dec). This result indicates the fastest OER reaction
kinetics of FeCoNiPB catalyst. The charge transfer resistance on
the surface of the samples was analyzed by EIS measurements. As
shown in Fig. 3(d), the Nyquist plots of the four samples are fitted
by equivalent circuits. The additional constant phase angle
element CPE2 and charge transfer resistance R.p, for FeNiPB
sample represent the capacity and charge-transfer resistance
caused by the surface product film layer [54], and both R, and
R, contribute to the overall charge-transfer resistance of FeNiPB
sample. The charge-transfer resistance of FeCoNiPB sample is
only 16.9 Q, which is much smaller than that of FeNiPB (47.6 (),
FeCoPB (53.72 1), and CoNiPB (130.4 ), further evidencing the
best electrocatalytic kinetics of FeCoNiPB [55].

The electrocatalytic activity is usually regarded to correlate with
the ECSA, which is linearly proportional to the electrochemical
Ca- The Cy value of the samples was measured by capacitance
measurement via cyclic voltammograms (CVs) in the double-layer
region with scan rates ranging from 10 to 50 mV/s [56], as shown
in Fig. S11 in the ESM. The Aj values obtained from different scan
rates for the as-prepared samples are shown in Fig. 3(e). Based on
the fitting lines, the Cy value of FeCoNiPB is 2.10 mF/cmy’, which
is much higher than those of FeCoPB (1.47 mF/cm?), FeNiPB
(0.83 mF/cm’), and CoNiPB (0.28 mF/cm’). Correspondingly, the
ECSA of FeCoNiPB, FeCoPB, FeNiPB, and CoNiPB are calculated
to be 52.5, 36.8, 20.8, and 7.0 cm’, respectively. The ECSA and
BET surface areas of the FeCoPB, FeNiPB, CoNiPB, and
FeCoNiPB catalysts are summarized in Fig. 3(f). The FeCoNiPB

catalyst exhibits a low specific surface area but the largest ECSA,
revealing its high intrinsic activity. These results demonstrate the
presence of more electrochemical active sites on the surface of
FeCoNiPB catalyst. The OER Faradaic efficiency of the as-
prepared FeCoNiPB sample was measured using the rotating ring-
disk electrode (RRDE) technique in N,-saturated 1.0 M KOH
solution [57, 58], as shown in Fig. S12 in the ESM. The Faradaic
efficiency of 96.3% further confirms the high catalytic efficiency of
the as-prepared FeCoNiPB sample.

To compare with the representative non-precious OER
electrocatalysts that have been reported recently, plots of the Tafel
slope versus overpotential at a current density of 10 mA/cm’ in 1.0
M KOH electrolyte are shown in Fig.4(a). Details of the
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Figure4 (a) Comparison of the overpotential (at a current density of
10 mA/cm’) and Tafel slope for representative nonprecious metal OER catalysts
in .0 M KOH electrolytes. (b) Chronopotentiometric curve at a potential
required to afford 10 mA/cm’ in 1.0 M KOH at room temperature of
FeCoNiPB catalyst. Inset shows the polarization curves (IR-corrected) of
FeCoNiPB catalyst for initial OER catalysis and after continuous 40 h OER
catalysis.
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electrochemical properties, including constituents, morphology,
phases, and substrates, are listed in Table S3 in the ESM.
Obviously, the FeCoNiPB in this work has higher catalytic activity
for the OER in alkaline media than most of the reported transition
metal-based electrocatalysts. The overpotentials of NiFe layered
double hydroxides (LDHs)-Vy; and FeCoNiPB/(FeCoNi);0,_, are
smaller than that of the FeCoNiPB under the same testing
conditions [59]. However, the preparation of the NiFe LDHs-Vy
synthesis requires high temperature and a strong base electrolyte,
and FeCoNiPB/(FeCoNi);0,_, needs strong acids to dealloy, both
of which make the preparation process more complicated. As a
result, the FeCoNiPB catalyst synthesized by a facile reduction
process in this work has superiority when considering the
preparation cost and the catalytic activity simultaneously.

Another critical criterion to assess an electrocatalyst for
practical  electrochemical applications is durability. The
electrocatalytic stability of FeCoNiPB catalyst was evaluated by the
chronopotentiometry method at a current density of 10 mA/cm’,
as shown in Fig. 4(b). It exhibits an outstanding durability with
only a negligible potential amplification of 11 mV after 40 h OER,
showing a drift rate of 0.275 mV/h. As shown in the inset, the LSV
polarization curves of the FeCoNiPB catalyst for the initial OER
and after 40 h of continuous OER almost overlap. This shows that
the catalyst is both highly efficient and stable, and can be a
competitive candidate for OER catalysts with excellent
comprehensive performance.

Nano Res.

To uncover the origin of the outstanding stability, we analyzed
the morphology and microstructure of the FeCoNiPB catalyst
after 40 h of OER. As shown in the TEM images in Fig. 5(a),
nanosheets structure is formed after long-term OER. The SAED
pattern of the nanosheets structure only shows a large halo,
revealing the overall amorphous state of the sample (inset of Fig.
5(a)). However, as shown in the HRTEM image in Fig. 5(b), the
edge of the sheet-like structure exhibits a periodic lattice structure
with a thickness of several nanometers, while the inner structure
still maintains amorphous. The lattice spacing is approximately
2.30 A, which can be assigned to crystalline COOOH(111) [5]. It is
well accepted that Ni, Fe, and Co-based alloys and oxides tend to
chemically etch into Ni, Fe, and Co-oxyhydroxides, such as
NiOOH, FeOOH, and CoOOH, in alkaline electrolyte during
water electrolysis [5, 40, 42, 60], which are active sites for OER to
attract hydroxyl groups owing to its hydrophilicity. Moreover, the
HAADEF and EDS analysis of the FeCoNiPB catalyst after long-
term OER reveals a homogeneous distribution of the constituents,
as shown in Fig. 5(c). However, the mapping of the P element
evolves indiscernibly, and the signal of B elements cannot be
detected at all, indicating a decrease in B and P elements on the
surface. Based on the TEM and EDS analysis, it is confirmed that
FeCoNiPB nanoparticles have self-reconstructed into amorphous
sheets with a thin (FeCoNi)OOH crystalline layer on the edge
after long-term OER. The ternary metals in the amorphous matrix
lead to the formation of oxyhydroxides, and the sluggish diffusion

Figure5 (a) TEM and (b) HRTEM images of FeCoNiPB catalyst after 40 h of continuous OER, the inset in (a) shows its SAED pattern. (c) HAADF image and

elemental mappings of FeCoNiPB catalyst after 40 h continuous OER.
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caused by the high-entropy effect may prevent further oxidation of
the amorphous core. The morphological transformation of the
FeCoNiPB from nanoparticles to sheets can be confirmed by the
SEM analyses shown in Fig.S13 in the ESM. With
chronopotentiometric testing for only 1 h, the sample almost
completely changes to sheets morphology, indicating that the self-
reconstruction occurs at the early stage. Thus, the amorphous
sheets with metallic conductivity can provide fast electron
transportation, while the formed (FeCoNi)OOH crystalline layer
maintains the structure of the catalyst during long-term OER.
Therefore, the unique self-reconstruction structure formed during
the OER significantly contributes to both efficient activity and
long-term stability.

To explore the variation in the chemical states of the FeCoNiPB
catalyst after being subjected to potentiostatic durability tests in an
alkaline medium, XPS characterizations were performed and are
shown in Fig.6. The zero-valent metals disappear completely,
indicating that they are oxidized into higher valence states, such as
Ni*, Fe*, and Co*. This is consistent with the formation of
(FeCoNi)OOH on the surface obtained from the TEM analyses.
Moreover, the binding energies of the oxidized states of Fe 2ps,
and Ni 2p;), in the post-OER FeCoNiPB sample are similar to the
as-prepared samples, where 711.5 eV is deconvoluted to Fe™ and
856.9 eV is for Ni**. However, the oxidized Co in the as-prepared
FeCoNiPB sample exhibits only one valence state of Co* and it
completely transforms to Co™ after the OER. The O 1s spectrum
in Fig. 6(d) demonstrates that the degree of oxidation (74.8%)
increases compared with that of the as-prepared sample, which is
consistent with the formation of (FeCoNi)OOH crystallites on the
surface. As shown in Figs. 6(e) and 6(f), the peaks of B 1s and P 2p
are invisible, which is consistent with the EDS results in Fig. 5(c).
The substantial decreases in the atomic percentages of P and B in
the catalyst after the OER indicate that the metalloid elements on

the surface will be severely corroded in the alkaline electrolyte
during the OER [40]. For OER, it was reported that B in the
electrolyte plays not only positive role by accelerating the PCET
step, but also a negative role to adsorb active sites [61, 62]. Thus,
the overall effect of the dissolved B in the electrolyte remains
uncovered as it is difficult to quantify its positive or negative
contribution.

4 Conclusion

In summary, the FeCoNiPB non-noble metal-based amorphous
high-entropy oxides with superior electrocatalytic activity and
stability for the OER have been prepared through an economically
feasible and convenient chemical reduction method. The
FeCoNiPB oxides show low overpotentials of 235 and 306 mV to
drive the current densities of 10 and 100 mA/cm’, respectively,
while maintaining a reliable performance over 40 h. The unique
amorphous high-entropy structure and synergistic effect of ternary
metals (Fe, Co, and Ni) and metalloids (P, B) improve the OER
performance. Moreover, it is found that the formation of a thin
(FeCoNi)OOH crystalline layer during the long-term OER retains
the high-efficiency and stability of the catalyst. This work provides
a prospective design strategy for non-noble metal-based
amorphous high-entropy oxides electrocatalysts for the OER
process.
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calibration of reference electrode, characterization of FeCoPB,
FeNiPB, and CoNiPB samples (SEM images, TEM images, EDS
mappings, and XPS spectra), CV curves, Faradaic efficiency
testing, tables of the TEM-EDS composition and XPS binding
energies for the samples, and tables of OER performance
comparison) is available in the online version of this article at
https://doi.org/10.1007/s12274-022-4179-8.
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