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The exploitation of facile preparation methods and novel applications of entropy alloys has gained ever-
increasing attention in recent years. In this paper, homogeneous FeCoNiCu medium entropy alloys (MEAs)
with a face-centered cubic (FCC) structure are prepared by the electrochemical reduction of oxides in
molten Na,C03-K,CO; using a low-cost Ni1l0CullFe oxygen-evolution inert anode. The current efficiency
reaches 85.3% with a low energy consumption of 2.9 kWh/kg-MEA. At the cathode, Ni acts as a solvent
to dissolve other elements and facilitate the formation of the FCC phase, and the co-reduction process
enhances the element diffusion rate thereby ensuring the homogeneity of the electrolytic MEAs. In ad-
dition, the electrolytic MEAs are pressed into pellet electrodes with an in situ formed oxides layer to
catalyze oxygen evolution reactions (OER) in 1.0 M KOH solution. The electrocatalytic activity of the elec-
trolytic MEAs outperforms the commercial IrO,/Ta,0s5-Ti electrode, i.e., the overpotential of the electrode
is 439 mV at 50 mA/cm? and the electrode lasts for 10 h without any degradation. Therefore, this pa-
per provides a facile approach to preparing homogeneous MEAs at below 1173 K using oxides feedstock,
to accurately controlling compositions and structures of MEAs, and thereby to tailoring functionalities of

MEAs.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Medium entropy alloys (MEAs) that consist of three or four
principal elements in equiatomic or near-equiatomic composition
emerge as a promising functional material [1,2]. As an analogue of
high-entropy alloys (HEAs), MEAs gradually attract significant at-
tentions [3] due to their high yield strength [4,5], high thermal
stability [6], excellent corrosion resistance [7-9], significant mag-
netic properties [10,11], etc. As we know, the functionalities of both
MEAs and HEAs depend on the preparation methods, compositions,
structures, and homogenization of the alloys. Thus, the exploitation
of novel preparation methods and new functionalities of MEAs is of
great importance to underpin the development of MEAs.

Common methods employ pure metals as feedstocks to pre-
pare multi-component alloys such as MEAs and HEAs. The alloy-
ing of different metals is usually realized by several methods: (1)
the arc melting method that involves a melting-solidification pro-
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cess [12], (2) the atomization method that melts and sprays the
liquid metals [13,14], (3) the solid-state method either by sintering
the solid metals at elevated temperatures or by milling the solid
metal by mechanically forces [15,16], (4) the electrochemical depo-
sition process [17], (5) the solvothermal synthesis process [18-20],
(6) the carbon-thermal shock process [21] and (7) the fast mov-
ing bed pyrolysis process [22]. The melting-solidification process
is easy to deploy and scale up, but it involves high-temperature
and repeated remelting processes to ensure the homogenization
of the alloys. The solid-state process is energy efficient and uses
cheap equipment, but it is time-consuming and difficult to avoid
the oxidation during the sintering or mechanical mixing process.
The electrochemical deposition process is simple and energy effi-
cient, but it is difficult to prepare a thick deposition layer and con-
trol the composition accurately. Thus, an energy-efficient method
to prepare MEAs with controllable compositions and homogenous
element distribution is urgently needed.

Electrochemical metallization of solid oxides in molten salts is a
straightforward method for preparing metals or alloys using elec-
trons as a green reducing agent [23]. One of the most notable
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Fig. 1. Schematic illustration of the molten-salt electrolytic preparation of FeCoNiCu MEA electrodes enabling oxygen evolution in alkaline solutions.

advantages of the molten salt electrolysis of solid oxides for
preparing alloys is the relatively low operating temperature, the
ease of controlling compositions, and the homogenization of the
alloys endowed by the mixed oxides and the electrochemical pro-
cess. Thus, molten-salt electrolysis offers a straightforward way
to prepare multi-component alloys such as MEAs and HEAs from
the oxide mixtures through a solid-to-solid conversion, and the
composition of products can be accurately controlled by control-
ling the ingredient of oxide precursors. In addition, several HEAs
and MEAs (FeCoNiCrMn, TiNbTaZr, TiNbTaZrHf) have been synthe-
sized in molten CaCl, at 1123 K [24,25], further confirming the
potential of this method to prepare both MEA and HEA materi-
als. However, developing a low-cost inert anode remains a chal-
lenge in molten chlorides [26,27]. A less corrosive molten Na,CO;-
K,CO5 has been proven as a good electrolyte to allow the use
of a low-cost Ni-base oxygen-evolution inert anode [28,29]. Al-
beit its low corrosivity, the molten Na,CO3-K,CO3 has a lower
electrochemical window that can only be used to prepare metals
whose oxide's Gibbs free energy formation is higher than that of
Na,0. In other words, only non-reactive metals can be prepared
in molten Na;CO3-K,CO3 [30-34]|. Thus, Fe- and Ni-based MEAs
emerge as a promising functional material that can be prepared
by electrolyzing oxides in molten Na;CO3-K;CO3 using a low-cost
inert anode. In addition, the Fe- and Ni-derived oxides/hydroxides
are a promising catalyst to enable oxygen evolution reactions
(OERs) [35-38]. Therefore, it is of great interest to investigate
the electrolytic Fe- and Ni-based MEAs for OERs in alkaline
solutions.

In this paper, the FeCoNiCu MEA with a face-centered (FCC) cu-
bic structure was first prepared by the electrochemical metalliza-
tion of a mixture of oxides in molten Na,CO3-K,CO3 at 1123 K us-
ing an inert anode of Nil1Fe10Cu. Later, the obtained electrolytic
powdery alloys were converted to pellet electrodes by a Spark
Plasma Sintering (SPS) method. The effects of cell voltage, elec-
trolysis time, temperature, and the composition of MEAs on the
structure evolution and homogenization of alloys were studied.
In addition, the obtained MEAs were tested as a catalytic elec-
trode for OERs in alkaline aqueous solutions. The schematic il-
lustration of the preparation process of MEA and its applications
is shown in Fig. 1. This work provides a facile way to not only
prepare MEAs with an energy-efficient and environment-friendly

method, but also employ the electrochemical approach to tailoring
the structure, composition, and properties of MEAs.

2. Experiment section
2.1. Preparation of powdery MEAs

Oxide pellets were prepared by a combined die-pressing and
sintering approach. First, powders of Fe;03, Co304, NiO and CuO
(analytical purity, Sinopharm Chemical Regent Co. Ltd., China, and
Fe:Co:Ni:Cu = 1:1:1:1 in molar ratio) were milled with agate balls
and anhydrous alcohol for 10 h. After that, the mixed powder was
die-pressed at 12 MPa into cylindrical pellets (1 g in weight and
10 mm in diameter). Second, the pellets were sintered at 1123 K
in a muffle furnace for 2 h to enhance their mechanical strength.
The compositions of oxide pellets were altered by controlling the
molar ratio of the oxide feedstocks.

The electrochemical metallization of the oxide pellet was con-
ducted in a stainless steel (SS) reactor flowed with Ar gas. First,
an alumina crucible filled with 500 g of anhydrous Na;C0O3-K,CO3
(Na:K = 58:42 in molar ratio) was placed in a graphite crucible
which was then put at the bottom of the SS reactor heated by a
vertical tube furnace. To remove moisture in the salt, the SS reac-
tor was heated and maintained at 573 K for 48 h. Subsequently,
the temperature was increased to and kept at the operating tem-
perature of 1123 K in an argon atmosphere. Second, pre-electrolysis
was conducted under a constant cell voltage of 2.0 V between a
Ni10Cul1Fe alloy anode and a nickel foam cathode for 2 h to fur-
ther remove the residual moisture and impurities of the molten
Na;C03-K,CO3. Third, the nickel foam cathode was replaced by an
oxide pellet that was contained in a nickel box current collector
(10 mm x 10 mm x 10 mm). The electrolysis was controlled and
monitored by a computer-controlled DC power (Shenzhen Neware
Electronic Ltd., China). When the electrolysis was terminated, the
obtained products were washed with distilled water to remove the
attached salts and dried in vacuum at 323 K for 10 h.

2.2. Cyclic voltammetry in molten Na,CO3-K>CO3

Cyclic voltammetry (CV) measurements were conducted on
a CHI1140a electrochemical workstation (Shanghai Chenhua In-
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strument Co. Ltd.) to investigate the reduction behaviors of
Fe,03, Co304, NiO, CuO and their mixtures. A Ni wire elec-
trode (1 mm in diameter, 10 mm immersed into the melt) with
or without an oxide coating was employed as working elec-
trodes, a Ni10CullFe alloy rod (20 mm in diameter) served as a
counter electrode, and the reference electrode was a silver wire
dipped into a mixture of Ag;SO4 (0.1 mol/kg) and eutectic melt
(Li,C0O3:NayC03:K,C03=43.5:25:31.5, mol%) contained in a mullite
cylinder. The oxide coating on the Ni wire electrode was prepared
by repeatedly dipping the Ni wire into a solution containing oxide
powders and ethanol. The ethanol solution was prepared by adding
3 g of oxides in 5 mL of ethanol under sonication for 10 min. After
the dip-coating process, the Ni electrode was then dried under an
infrared lamp to volatilize the ethanol.

2.3. Electrochemical performances of MEA in the alkaline solution

The obtained FeCoNiCu MEA powder was made into a cylin-
der pellet by Spark Plasma Sintering (SPS-3.20MK-2, Sumitomo
Coal Mining Co. Ltd) at 60 MPa and 1123 K for 5 min under ar-
gon atmosphere. The pellet was then connected to a copper wire
and embedded within paraffin to leave one face uncovered serv-
ing as an electrode. The apparent area of the electrode was 1.77
cm?. Prior to each test, the electrode was mechanically polished
to mirror-like smoothness with SiC papers up to #7000 and then
washed with anhydrous alcohol. A standard three-electrode system
consisted of an MEA working electrode, a Hg/HgO reference elec-
trode, and a graphite rod counter electrode. Electrochemical mea-
surements were conducted on a CHI660D electrochemical work-
station (Shanghai Chenhua Instrument, China). All presented po-
tentials in this paper referred to the reversible hydrogen potential
(RHE). The OER electrocatalytic activities of FeCoNiCu MEA elec-
trodes were examined by linear sweep voltammetry (LSV) with a
scan rate of 5 mV/s in 1.0 M KOH solution. As a comparison, elec-
trodes of Fe, Co, Ni, Cu wires and commercial IrO,/Ta;05-Ti were
also tested in parallel. And the electrochemical impedance spec-
troscopy (EIS) measurements were performed by applying an AC
voltage of 5 mV amplitude at 0.73 V within the frequency range of
0.01 to 1,00,000 Hz. Moreover, the stability of the FeCoNiCu MEA
electrode was investigated by chronopotentiometry at 10 mA/cm?
for 24 h and 50 mA/cm? for 10 h, respectively. All the electrochem-
ical measurements were kept at 298 K in a thermostatic bath and
the potential of measurements were compensated by 85% iR-drop.

2.4. Characterization

All obtained samples were characterized by X-ray diffraction
spectroscopy (XRD, Shimadzu X-ray 6000 with Cu Ka1 radiation at
A=1.5405 A), scanning electron microscopy (SEM, Evactron ES XEI),
inductively coupled plasma-atomic emission spectrometer (ICP-
AES, ICP-8000), energy dispersive X-ray spectroscopy (EDS, Aztec
Energy X-Max 20), and oxygen/nitrogen analyzer (HORIBA EMGA-
600 W/ST). Besides, the surface of the MEA electrode was analyzed
by X-ray Photoelectron Spectroscopy (XPS) with a Krato Axis Ul-
tra spectrometer (ESCALAB250Xi, Thermo Fisher Scientific, Amer-
ica) using a monochromatic Al Ka radiation.

3. Results and discussion

3.1. Thermodynamic analysis and electrochemistry of oxides in
molten Na,C03-K,CO3

Thermodynamic calculations are a powerful tool to screen suit-
able molten-salt electrolytes for the electrochemical reduction of
oxides [30-33]. In principle, an oxide that can be reduced to its
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metallic form in molten Na,;C03-K;CO3 should have a more pos-
itive Gibbs free energy of formation than that of Na;O. In other
words, the target oxides to be reduced should be thermodynami-
cally less stable than Na,O. Thus, the metals that can be reduced in
molten NayCO3-K5,CO3 can be predicted by the Ellingham diagram
of oxides. Moreover, the Gibbs free energies of the formation of
a compound are correlated to the theoretical decomposition volt-
ages. As shown in Table S1, the theoretical decomposition voltages
of Fe;03, NiO, CuO and Co304 are smaller than those of Na;CO3
and K,CO3. Hence, Fe;03, NiO, CuO, and Co304 can be thermody-
namically reduced to their metallic forms in molten Na;CO3-K,CO3
without decomposing the molten salt electrolyte.

The electrochemical reduction behaviors of Fe,03, NiO, CuO
and Co304 in molten Na;C0O3-K,CO3 were investigated by cyclic
voltammetry. As shown in Fig. 2a-d, a pair of redox peaks (c3, a3)
was correlated to the electrodeposition and stripping of Na when
the potential was more negative than —1.9 V (vs. Ag/Ag,S0y4). All
potentials are referred to the Ag/Ag,SO4 couple if otherwise spec-
ified. In molten Na,CO3-K,CO3, Fe;03, NiO, CuO and Co304 can be
reduced prior to the deposition of Na, suggesting that these oxides
can be reduced to metals without co-deposition of Na. And the se-
quence of the reduction potential of the oxides is consistent with
the thermodynamic calculation (Table S1). In addition, the reduc-
tion of Fe,03, CuO and Co304 involves two steps while NiO is re-
duced to Ni in one step. The peak c1 (—=1.1 V) in Fig. 2a should be
related to the formation of possible intermediate products such as
NaFe,04 or FeO [31,33], while the peak c2 (—1.5 V) is correlated to
the formation of iron metal. The peak c1 (—1.3 V) in Fig. 2b is due
to the formation of intermediate cobalt oxide compounds such as
CoO or NaxCoO,, while the more negative peak c2 (—1.6 V) is as-
sumed to the formation of cobalt metal [30]. The reduction peak c1
(=1.5 V) in Fig. 2¢ indicates the formation of nickel metal [33]. And
the reduction peak c1 (—0.9 V) in Fig. 2d should be related to the
formation of Cu,0, and a more negative peak c2 (—1.4 V) attributes
to the formation of Cu metal. As shown in Fig. 2e, f, the electrode
coated with the oxide mixture has a weak reduction peak at —1.0 V
and a major reduction peak at —1.5 V, indicating that the oxide
mixture is co-reduced in a similar potential range. It is interesting
that multiple redox peaks were not observed even there were four
kinds of oxides. This means that there is a synergistic effect among
the oxides that could affect the reduction behavior of oxide mix-
ture. Note that the interaction of the oxides induces the reduction
of different oxides at a similar potential, which could benefit the
alloying and homogenization of electrolytic alloys.

3.2. Preparation of FeCoNiCu MEAs

3.2.1. Electrochemical reduction of oxide mixtures

FeCoNiCu MEAs of different compositions were prepared by a
two-electrode electrolysis cell containing an oxide mixture cathode
and a NilOCullFe inert anode. It was found that the oxide mix-
ture contained CuFe;04, NiCo,04 and NiFe,04 that were formed
due to the sintering process of single oxides at 1123 K for 2 h
(Fig. 3a). Except for CuO, the diffraction peaks of other oxides
were not observed. So that the sintering process not only improved
the mechanical strength of the pellet but also resulted in form-
ing new chemical bonds that further mixed different elements at
an atomic level. After electrolysis, the oxide mixture turned to the
FCC-structured MEA alloy (Fig. 3a). As can be seen in Fig. 3b, the
sintered oxides were mainly particles in size of 1-3 pm, while
the particle size of reduced products increased to 2-10 pm with
a nodular shape (Fig. 3c). Thus, the electrochemical metallization
took place together with the growth and evolution of metal crys-
tals [39]. The composition of the electrolytic products was close to
the equal molar ratio as designed (Table S2). Furthermore, Fe, Co,
Ni, and Cu in the alloy distributed uniformly in the alloy, further
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Fig. 2. Cyclic voltammograms of various oxides in molten Na;C03-K,CO; at 1123 K with a scan rate of 100 mV/s.

confirming that the pre-mixed oxide precursor and electrochemi-
cal reduction process are beneficial to ensure the homogenization
of the electrolytic alloys (Fig. 3d-3h).

The electrolytic products obtained at different time were stud-
ied to reveal the reduction process of the oxide mixture. After
15 min, the electrolytic product contained Cogs;Cug4g, CuggqNig1g,
Fepg4Nig3, and some unreduced oxides such as Co304, CuyO and
NiFe;04 (Fig. 4a). After 30 min, the FCC-phase alloy formed with
some unreduced CoO and FeO (Fig. 4b). After 45 min, the product
only contained FeO and the FCC phase alloy (Fig. 4c). After 60 min,
the product was finally converted to a simple FCC phase alloy
(Fig. 4d). This means that the formation of FCC-phase MEA involves
multiple steps, and the reduction sequence obeys the thermody-
namic calculation. First, binary alloys forms and then other metal
oxides are reduced and the reduced metals simultaneously alloy
with the binary alloy to form ternary and quaternary MEAs. Since
the electrochemical reduction takes place step by step and all el-
ements are well mixed in the oxide precursor, the electrochemical
reduction process can prepare pure FCC-phase MEAs without obvi-
ous segregation.

In addition to the well-mixed precursors, the homogenization
of the MEAs could also be correlated to the alloying and elec-
trochemical processes. Thermodynamically, preferentially reduced
Cu and Ni would act as solvents to dissolve Fe and Co to form
binary alloys such as Cogs;Cugg4g, CuggNigjg9 and FegggNig3g, as
shown in Fig. 4a. Then, the binary alloys could act as a seed to
promote the growth of the FCC-phase solid solution in which Ni
acts as the solvent due to the effect of electro-assisted sintering
[40,41]. As shown in Fig. S1, the particle size increases gradually
with increasing the electrolysis time, confirming that metallization
involves both reduction and alloying processes. For comparison,
the metallic pellets consisting of the mixture of metal powders
(original size was in a range of 10-100 nm) were sintered with
or without applied potential in the molten salt at 1123 K for 6 h
(Fig. 5). It is found that metal powder-derived alloys were not pure
FCC-phase products, suggesting that the electrochemical reduction
of oxides promotes the homogenization of the FCC-phase product.
The metal-powder-derived products contained FCC;+FCC, phase
alloys because of the sluggish diffusion process among different
metals. The formation of a single-phase solid solution could be
due to the high entropy effect [42,43]| and the electrochemical re-

duction process overcomes the energy barrier caused by the com-
monly solid-state reactions at 1123 K. Therefore, the oxide-derived
homogeneous FCC alloys stems from the co-electrometallization
and alloying processes.

3.2.2. Effects of the electrolytic parameters

The effects of temperatures, cell voltages and electrolysis time
on the products and energy efficiency were investigated. As shown
in Fig. 6a, the products obtained at 1023 K (black line) and 1073 K
(red line) both had dual-phase structures (Cu-rich FCC; phase and
Fe-rich FCC, phase), confirming that Cu and Fe are difficult to form
a single-phase solid solution below 1073 K because of the large
positive mixing enthalpy between Cu and Fe [44]. The proportion
of the Cu-rich FCC; phase decreases (blue line) when increasing
the temperature to 1123 K, suggesting that increasing the temper-
ature facilitates the formation of sing-phase solid solution. There-
fore, 1123 K was selected as the lowest electrolytic temperature for
the preparation of oxide-derived FCC-phase MEAs. In addition to
temperature, cell voltage also affects the formation of electrolytic
products. As shown in Fig. 6b, the products obtained at 1.9 V for
4 h (black line) have a small amount of the Cu-rich FCC; phase,
but prolonging the electrolytic time to 6 h at the same cell voltage
(red line) can turn the FCCy-rich phase to a simple FCC phase. This
means that prolonging electrolytic time is beneficial to the forma-
tion of a single-phase solid solution. A higher cell voltage signifi-
cantly accelerates the reaction rate and thereby promotes the for-
mation of the single-phase alloy. Thus, the optimum cell voltage is
2.0 V. When the cell voltage is fixed at 2.0 V and the operating
temperature is set at 1123 K, the effect of electrolysis time on the
products is investigated. As shown in Fig. 6¢, the diffraction peak
of the product obtained at 2 h (red line) had a little left shoulder
that could come from another phase other than the FCC phase. The
diffraction peaks become more symmetrical and cleaner with in-
creasing the electrolysis time, indicating that prolonging the elec-
trolysis time can make a purer phase structure. Hence, the forma-
tion of single-phase MEAs is also related to the oxygen content and
interdiffusion of metals because increasing electrolysis time also
reduces the oxygen content of electrolytic products. As shown in
Fig. 6d, the current declines close to the background current af-
ter 1 h, which suggests that the oxide is mostly metalized. In this
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Fig. 3. (a) XRD patterns of the sintered oxide mixture (Fe;03.Co30,_NiO-CuO) before and after electrolysis at 1123 K and 2.0 V for 6 h in molten Na,C03-K,CO3. (b) SEM
image of the sintered oxides mixture, (c) SEM image of the reduced products. (d)-(h) EDS-Mapping of the electrolytic products.

condition, the current efficiency and energy consumption are cal-
culated as 85.3% and 2.9 kWh/kg, respectively.

3.2.3. Regulating the composition of MEAs

The compositions and structures of electrolytic MEAs can be
easily tailored by adjusting the composition of the oxide precur-
sor. To simplify the expressions, products are denoted as MEA(MX),
where M represents the component element (M=Fe, Co, Ni and
Cu), and x represents the molar ratio of M with the other com-
ponent. As shown in Fig. 7a, all products have a single FCC struc-
ture when the content of Fe ranges from 0 to 1. However, the full

width at half maximum (FWHM) gradually becomes widened with
increasing Fe contents (Table S3), which suggests that increasing
the Fe content decreases the grain size of MEAs [2]. As the mixing
entropy of MEAs can reach its maximum when its component con-
tents approach their equal proportion, the decrease of grain size
is due to the enhancement of the sluggish diffusion effect [45].
Likewise, the MEAs with different Co contents are in the form of
the single FCC structure (Fig. 7b). And the FWHM of its diffrac-
tion peaks become widened with increasing the Co content (Ta-
ble S3). Thus, the grain size of MEAs could be effectively tailored
by adjusting the content of Fe and Co. For Cu, the MEAs with a
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Cu content ranging from 0 to 1 are in the form of the single-FCC
phase (Fig. 7¢). Unlike the effect of Fe and Co, the diffraction peaks
shift to lower angles with increasing the Cu content, indicating
that the interplanar spacing of the products gradually increases.
This is mainly due to the large atomic radius of Cu increases its
interplanar spacing.

Different from Fe, Co and Cu, Ni has a significant effect on the
phase structure of MEAs. As shown in Fig. 7d, the crystal struc-
ture of the products changes from dual-phases structure of FCC
phase + Co-rich phase (MEA(Nip)) to Cu-rich FCCy phase + Fe-rich
FCC, phase (MEA(Nigs)), Cu-rich FCC; phase + Fe-rich FCC, phase
(MEA(Nig 7)), and then a simple FCC phase (MEA(Ni)). The evolu-
tion of the phase structure suggests that increasing the Ni content
facilitates the formation of FCC phase solid solution because Ni is
a good solvent that can form infinite solid solutions with Fe, Co
and Cu at 1123 K based on the phase diagrams of Ni-Fe, Ni-Co and

Ni-Cu. In addition, the crystal structure of the solid solution is con-
sistent with its solvent, while the contents of Fe, Co and Cu cannot
affect the crystal structure of the products. Thus, Ni acts as the sol-
vent in this MEA. Hence, the crystal structure and grain size of the
MEAs can be effectively controlled by controlling the ingredient of
oxide precursors, and thereby to further tailor the functionalities
of MEAs.

3.3. Preparation of FeCoNiCu MEA electrodes

The electrolytic powdery MEAs were converted to MEAs pellet
electrode by SPS, and the effects of the SPS process on the crystal
structure of powdery MEAs to bulk MEAs were studied. As shown
in Fig. 8. The powdery MEA has a single FCC phase (blue line). Af-
ter the SPS treatment, the MEA maintains the FCC phase (black
line), while the diffraction peaks shift to lower angles and also
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Fig. 9. EDS-Mapping of the MEA pellet after SPS at 1123 K and 60 MPa for 5 min.

are broadened, which indicates the increasing of interplanar spac-
ing and the decreasing of grain size of MEAs. The high pressure of
the SPS process results in the resultant lattice distortion of MEAs
and increases interplanar spacing. Meanwhile, the fast heating and
cooling rates of the sintering process enhance the sluggish diffu-
sion effect, thus slowing the grain growth. In addition, the distri-
bution of four elements in the bulk MEA pellet is uniform (Fig. 9),
indicating the good thermal stability of the MEAs [46].

For comparison, the alloys were prepared with SPS using metal
powder mixture as the feedstock. As shown in Fig. 8, only binary
alloys such as NisFe, CosFe; and CuggiNigj9 were obtained. Like
the molten salt soaking process, using metal powders cannot pre-
pare single FCC phase MEAs at 1123 K. As shown in Fig. 10, the
distribution of four elements in the obtained bulk pellet is not uni-
form and has obvious segregation of Fe, Cu and Co. Therefore, the
solid-state reaction at a temperature below 1123 K is difficult to
prepare homogeneous MEAs from elemental powders.

3.4. OER electrocatalytic activity of FeCoNiCu MEAs

3.4.1. The effect of MEA composition on the OER activity

The as-prepared MEAs with various compositions were tested
as catalytic electrodes for OER in 1.0 M KOH. As shown in Fig. S2,
the bulk MEAs with different Fe (Fig. S2a), Co (Fig. S2b) and Cu
(Fig. S2¢) contents still remain the FCC phase after the SPS pro-
cess, while their diffraction peaks shift to lower angles and be-
come wider compared with that of the powdery MEAs (The FWHM
of bulk MEAs are shown in Table S4). On the other hand, the
MEAs with different Ni contents evolve from triple-phases struc-
tures (MEA(Nip)) to dual-FCC phases (MEA(Nig5) and MEA(Nig7))
and a simple FCC phase (MEA(Ni;)) (Fig. S2d). As shown in Fig. 11a,
the OER performance of MEAs increases with increasing Fe con-
tents. As can be seen from Table S4, the grain size of MEAs de-
creases with increasing the Fe content. In this regard, the grain
size of MEAs affects the OER performance. As 3d-transition-metal-
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Fig. 10. EDS-Mapping of the metal-mixture-derived pellet prepared by SPS at 1123 K and 60 MPa for 5 min.
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Fig. 11. LSV polarization curves of bulk MEAs electrodes with different component contents (a: Fe, b: Co, c¢: Cu and d: Ni) in 1.0 M KOH.

based catalysts have been widely reported [47,48], the theory of
“cocktail effect” for HEAs could be correlated to their catalytic ac-
tivity [49]. Note that the catalytic activity toward OER of the tran-
sition metals is due to the in situ formed oxide/hydroxide film, and
the characterization of the catalytic film will be discussed later.

As shown in Fig. 11b, the OER performance increases with in-
creasing the Co content. Thus, the similar effect of Ni to Fe and
Co suggestes that the “cocktail effect” do affect the catalytic ac-
tivity of MEAs. For Cu-containing MEAs, MEA(Cu;) shows the best
OER activity (Fig. 11c). However, the OER performance of MEAs
electrodes containing Cux (0< x < 1) has the OER activity infe-
rior to Cuy and Cuy, meaning that the correlation of Cu content
with the OER activity is not linear. In addition, the grain size of
MEA(Cug) is smaller than MEA(Cugs) and MEA(Cug7), but is big-

ger than MEA(Cu, ), and this composition trend is consistent with
the trend of OER performance among these MEAs (Table S4). Thus,
further confirming the effect of the grain size of MEAs on its OER
performance is needed. As shown in Fig. 11d, it is found that the
OER performance of MEAs improves with increasing the contents
of Ni, which may attribute to the “cocktail effect” as Ni has a high
catalytic activity for OER. Additionally, only MEA(Ni;) has a single
FCC phase (Fig. 11d), and it shows the highest OER activity that is
due to the homogeneous structure and the synergetic effect of the
MEA. OER performances of MEAs electrodes with different compo-
sitions are summarized in Table S5. Therefore, the OER activity of
MEA electrodes can be tailored by their compositions, grain size,
and phase structures, and the MEAs electrode exhibits the best
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OER activity when its component contents approach in equal pro-
portion.

3.4.2. The stability of the MEA electrodes

As shown in Fig. 12a, the overpotential of MEA (black line)
is 439 mV to drive a current density of 50 mA/cm?Z, lower than
that of the pure Fe (orange line), Co (blue line), Ni (purple line),
Cu (green line) and the commercial IrO,/Ta;05-Ti (red line) elec-
trodes. And the overpotential of MEA electrode is also smaller than
FeCo [50], NiCo [50], Cug7Agy8Znys [51], MnFeCoNi [52], FeCoNi-
CrAl [53] and FeNiMnCuCr [53] at 50 mA/cm?. In addition, the low-
est Tafel slope of MEA electrode (93.7 mV/dec) suggests the highest
OER activity (Fig. 12b). Besides, EIS is used to estimate the inter-
facial properties of electrodes. The semicircle of the Nyquist plot
is a benchmark of the charge transfer resistance (Rct) of the elec-
trode. As shown in Fig. 12c, the Rct of the MEA electrode (1.86 2)
is smaller than that of Fe (7.27 2), Co (3.38 ), Ni (5.63 2), Cu
(13.3 2) and Ir0,/Ta;05-Ti (3.07 2) electrodes, indicating that the
MEA electrode possesses a high charge-transfer rate between the
electrolyte and the active multi-oxides surface layer. These find-
ings agree well with the linear-sweep results in Fig. 12a. Long-term
electrolysis was carried out at different current densities at 10, 50
and 100 mA/cm? for 10 h, respectively (Fig. 12d). The MEA elec-
trode exhibits a stable overpotential that keeps nearly constant at
10 and 50 mA/cm? for 10 h, while the potential gradually increases
at 100 mA/cm?. At a current density of 10 mA/cm?2, the MEA elec-
trode has a stable overpotential for 24 h (Fig. 12e). The stability of
the MEA electrode was also evaluated by measuring the LSV polar-

10

ization curves before and after the chronopotentiometry measure-
ment of 24 h (inset of Fig. 12e). At 50 mA/cm?, the MEA electrode
shows a better electrocatalytic activity with a lower overpotential
than the IrO,/Ta,05-Ti for 10 h (Fig. 12f). In addition, there is al-
most no change among the LSV polarization curves before and af-
ter the chronopotentiometry measurement of 10 h (the inset pro-
files in Fig. 12f). Besides, the crystal structure and morphology of
the MEA (Fig. S3) before and after the stability test of 10 h also
show no significant change, further indicating the high stability of
the MEA electrode.

3.4.3. Surface analysis of the MEA electrodes

The chemistry of the surface of MEA electrodes before and after
OER tests was studied by XPS. Thermodynamically, the transition
metals can be oxidized spontaneously by oxygen, so that the real
catalytic layer is oxides and/or hydroxides. As shown in Fig. 13a,
the peaks of binding energy for Fe 2p;j, locate at 711.9 eV and
709.7 eV, which can be assigned to Fe304 and FeO, respectively
[54]. The area ratio of Fe3*[Fe?* is nearly equal to 2.8. So the sur-
face of the MEA electrode before OER contains FeO and Fe30y4. Af-
ter OER, the ratio of Fe3*[Fe?+ decreases to 2, indicating the for-
mation of Fe304 (Fig. 13b). As shown in Fig. 13c, the two peaks
located at 780.7 eV and 795.7 eV are assigned to Co 2p3j; and Co
2pyj, and correspond to CoO [55], while the peak at 778.2 eV can
be assigned to metallic Co [56]. After the OER, the Co 2p3, peak
can be divided into two peaks centered at 779.7 eV and 7814 eV
(Fig. 13d), corresponding to CoO and Co,03, respectively [57]. The
area ratio of Co3+/Co%* is nearly equal to 2, which corresponds to



J. Huang, K. Du, P. Wang et al. Electrochimica Acta 378 (2021) 138142

(a) Fe2p Before OER (b) Fe2p After OER

.3 o
Fe' 2p,, Sat. Fe' 2p,,
7119

Fe'' 2p,,

Intensity (a.u.)
Intensity (a.u.)

Fe' 2p ,
7185
730 725 720 715 710 705 700 730 75 710 715 710 705
Binding energy (eV) Binding energy (eV)
© [com Before OER (d) oz After OER
Co:'Zp”
780.7

Intensity (a.u.)
Intensity (a.u.)

Co" 2p7;
778.2
Ll Ll Ll Ll L\l Ll Al Al A L) L} Ll L) L) Ll Ll Ll Ll Ll
808 804 800 796 792 788 784 780 776 772 808 804 800 796 792 788 784 780 776 772
Binding energy (eV) Binding energy (eV)
(e) Ni2p Befor OER (D Ni2p After OER
N 2p,,
855.1

Intensity (a.u.)
Intensity (a.u.)

885 880 875 870 865 860 855 850 845 884 880 876 872 868 864 860 856 852
Binding energy (eV) Binding energy (eV)
(8) [cazp sereoer] (W) [ 2 After OER
o "2
Cu 2p,, Ccu’ 2p,,
_ 932.4 - 933.1
= 2
L 8,
- z' . 2
= = Cu” 2p .
z £ 952.9
5 &
— —
965 960 955 950 945 940 935 930 925 956 952 948 944 940 936 932 928
Binding energy (eV) Binding energy (eV)

Fig. 13. XPS spectra of Fe 2p (a and b), Co 2p (c and d), Ni 2p (e and f) and Cu 2p (g and h) before and after OER performance of MEA electrodes, respectively.

Co304. Thus, the surface of MEA electrode contains CoO and Co be- respectively. And the peak at 852.2 eV correlates to metallic Ni°
fore OER, and only Co304 exists after the OER. Two fitting peaks at (Fig. 13e) [58]. Thus, the surface of MEA electrode contains NiO
about 855.1 eV and 872.7 eV are both observed in Fig. 13e and and Ni before OER, and only NiO exists after the OER. In the Cu
Fig. 13f, which correspond to the Ni 2p3;; and Ni 2py;; of NiO, 2p spectra, Cu 2p3;; and Cu 2p;), are observed at 9324 eV and
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952.3 eV, which correspond to metallic Cu® (Fig. 13g) [59]. While
the peak of 933.1 eV (Cu 2p3);) and 952.9 eV (Cu 2p;)5) in Fig. 13h
can be assigned to CuO [60]. Hence, Cu® exists on the surface of
the MEA electrode before OER, and Cu is converted to CuO af-
ter the OER. Therefore, the existence of CoO, NiO, FeO and Fe304
on the surface of the MEA electrode before the OER attributes to
the oxidization of the MEA electrode in air. After OER, the oxide
scale contains Fe304, Co304, NiO, and CuO and their combinations,
which enables the oxygen evolution with catalytic performances as
good as the commercial IrO,/Ta,05-Ti electrode. The good catalytic
activity stems from the synergistic effect of both the alloys and the
in situ formed oxide scale, and the underlying mechanism needs to
be further understood in the future.

4. Conclusions

Molten-salt electrolysis has been proven as a green approach
to preparing homogeneous powdery FeCoNiCu MEAs with a sin-
gle FCC phase. The current efficiency reaches up to 85.3% with a
low energy consumption of 2.9 kwh/kg-MEA. During the electro-
metallurgical process, Ni acts as a solvent to facilitate the for-
mation of the FCC phase, and the co-reduction and alloying pro-
cesses contribute to the homogenization of MEAs. Moreover, oxide-
derived MEAs exhibit a low overpotential of 439 mV at 50 mA/cm?,
and the MEA electrode lasts for 10 h without any degradation in
1.0 M KOH. The good OER catalytic activity comes from the in situ
formed oxide scale comprising of Fe304, Co304, CuO, and NiO, as
well as the synergic effect of the multiple elements in the MEAs.
In short, molten salt electrolysis is an energy-efficient approach to
preparing homogeneous MEAs at below 1173 K, to accurately con-
trolling the composition and structure of various entropy alloys,
and then to further expanding its applications in addition to OER.
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