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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini High-entropy oxides (HEOs) have attracted extensive research interest due to their unique structural features,
customizable elemental compositions, and tunable functional properties. Nevertheless, the complexity, low ef-
ficiency, and high cost of the existing HEO synthesis methods place limitations on them. In this study, Laser
directed energy deposition (LDED) was employed to synthesize (Mg, Co, Ni, Cu, Zn)O oxides. Additionally, the
novelty of applying the LDED process to multicationic systems was emphasized. The comparison between
specimens fabricated from mixed powder via LDED(MP) and those fabricated from pre-sintered powder via LDED
(SP) encompasses macroscopic morphology, microstructure, and performance. The results showed that SP
significantly enhanced the density from 86.44 % to 96.70 % compared to MP. The macro-segregation of Cu and
Cuy0 in the phase composition was observed in MP and SP. High-temperature pre-sintering promoted the solid
solution formation of Co and Ni during LDED, leading to more severe micro-segregation of Co and Ni. When
employed as anodes in lithium-ion batteries, MP and SP have outstanding long-term cycle stability, according to
electrochemical performance studies. At a current density of 100 mAg™~_, these specimens maintained a capacity
retention rate of 100 % even after 200 cycles. The initial discharge capacities of MP and SP were respectively
477.73 mAh g~! and 373.86 mAh g~ . This study is expected to present a novel approach for the rapid synthesis
of (Mg, Co, Ni, Cu, Zn)O oxide ceramics.

Keywords:

Additive manufacturing

Laser directed energy deposition
High entropy ceramic

Oxide ceramics

1. Introduction

High-entropy oxides (HEOs) are a unique class of inorganic non-
metallic oxides composed of a solid solution of multiple elements,
typically five or more, in equimolar or near-equimolar proportions. The
lattice structure of HEOs represents a random mixture of these elements,
distinct from the original lattice structures of the individual compo-
nents. In 2015, Rost [1]was the first to successfully synthesize a
single-phase Mg( 2Co¢.2Nig 2Zng 2Cug 20 high-entropy oxide by applying
the design methodology of high-entropy alloys. This pioneering work
introduced the concept and theoretical framework of "high entropy’ to
oxide ceramics, laying the foundation for subsequent research on the
synthesis, structural characteristics [2,3], and superior properties [4]of
high-entropy oxides. HEOs have garnered significant attention for their
exceptional electrochemical performance [5-10], particularly their
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impressive lithium-ion transport properties [11], with lithium-ion con-
ductivity in Li-doped HEOs reaching approximately 10~> S/cm. The
micron-sized particles of HEO can exhibit long-term cycle stability and
good rate performance as anodes for lithium-ion batteries [12]. The
specific capacity of HEO nanoparticles can even be increased to more
than 900 mAh g™}, and the charge-discharge cycle can be more than 300
times. The future holds promise for the realization of solid-state batteries
entirely based on HEOs.

The currently prevalent synthesis techniques for high-entropy oxides
include solid phase sintering [1,5,13-15], spray pyrolysis [16], and
co-precipitation [7,8,17]. High-entropy oxides prepared through
solid-phase sintering exhibit excellent internal quality and performance
characteristics. However, this fabrication method is complex and re-
quires high sintering temperatures (over 1000 °C) and extended sin-
tering times (exceeding 8 h). To enhance the material’s quality and
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density, it is often necessary to apply high pressure or other auxiliary
techniques. Alternatively, spray pyrolysis and co-precipitation methods
are commonly employed for the preparation of high-entropy oxide
powders. Among these, spray pyrolysis is particularly advantageous due
to its high energy efficiency and ability to operate at lower temperatures.
However, it requires stringent reaction conditions and temperatures,
and the cost is high. Compared with the other two methods, the
co-precipitation method has low experimental cost and simple equip-
ment. It suffers from low deposition efficiency, and the precipitation and
calcination conditions need to be strictly controlled. In summary, cur-
rent methods for synthesizing high-entropy oxides typically involve
complex processes, high costs, low production efficiencies, etc., and it is
difficult to directly fabricate complex specimens.

Laser directed energy deposition (LDED) [18] is an additive
manufacturing technique that employs a high-energy laser to completely
melt high-melting-point materials for deposition and shaping. The
technology melts material powders, enabling the in-situ deposition of
melted materials to directly form three-dimensional structures. The
‘near net forming” of complex specimens can be realized by LDED. It is
distinguished by its straightforward process, high deposition efficiency,
and short processing times, significantly enhancing fabrication effi-
ciency [19]. LDED has not only been applied to high-entropy alloys such
as AlCoCrFeNi [20-22] and CoCrFeMnNi [23-25] but has also been
extended to the oxide ceramics. It has been applied to the fabrication of
oxides such as Aly03, Al;03-YAG, and Al;O3-ZrO, [26-32]. The micro-
hardness of melt-growth ceramics prepared using LDED can reach up to
2000 HV or more, and the flexural strength can reach up to 500 MPa.
Part of the melt-growth ceramic properties comparable to those of
ceramic materials prepared by traditional methods. The application of
LDED in the field of high-entropy oxide ceramics holds significant
importance. LDED is expected to introduce a novel alternative for the
fabrication of high-entropy oxides.

In this work, (Mg, Co, Ni, Zn, Cu)O oxide ceramics were synthesized
by LDED process using both mixed powder and pre-sintered powder. The
microstructure, phase composition, and defects of specimens by LDED
were analyzed. Electrochemical performance as anode for lithium-ion
batteries was evaluated through cyclic voltammetry (CV) and charge-
discharge curves. Additionally, the novelty of applying the LDED pro-
cess to multicationic systems was emphasized. Our results demonstrate
the feasibility of synthesizing these oxides using LDED, which is ex-
pected to advance the preparation of high-performance structural-
functional  high-entropy oxide ceramics through additive
manufacturing.

2. Experimental process
2.1. Raw materials and treatment

2.1.1. Fabrication and characterization of mixed spherical powder

The raw materials of (Mg, Co, Ni, Zn, Cu)O prepared in this study are
MgO (Aladdin, wt. % > 99.9 %, particle size <1 pm), CoO (Aladdin, wt.
% > 99 %, particle size <1 pm), NiO (Aladdin, wt. % > 99 %, particle
size <1 pm), CuO (Aladdin, wt. % > 99.5 %, particle size <50 nm), ZnO
(Aladdin, wt. % > 99.5 %, particle size 30 + 10 nm). Five kinds of
powders were mixed and granulated to meet the requirements of LDED
powder shape and particle size.

The original powder was dried at 120 °C for 4 h before the fabrica-
tion of spherical powder to remove the moisture in the powder and
prevent agglomeration or bonding. The process of fabricating spherical
powder is as follows: The equimolar MgO, CoO, NiO, CuO, and ZnO
powders were weighed and mixed on an electronic balance with an
accuracy of 0.0001. A polyvinyl alcohol solution with a volume fraction
of 5.12 % and a certain amount of anhydrous ethanol was added to the
mixture. The mixture was milled in a planetary ball mill at a speed of
550 r/min for 5 h; so that all raw materials were fully mixed to obtain an
oxide mixed slurry. Mixed spherical particles with particle size of 20
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pm-70 pm were fabricated by centrifugal spray drying in Fig. 2(a). The
inlet air temperature is 300 °C, the outlet air temperature is 120 °C, the
frequency of the sprayer motor is 20-25 Hz, and the speed of the feed
pump is 10-20 r/min. The mixed spherical particles were placed in a
box-type sintering furnace and held at 500 °C for 30 min to remove the
polyvinyl alcohol from the powder particles, resulting in pure mixed
oxide spherical particles. The experimental process is illustrated in
Fig. 1.

The morphology of the five kinds of original metal oxide powders is
irregular, and the mixed spherical powders after granulation are
spherical or ellipsoidal, as shown in Fig. 2. It shows that the equimolar
mixed powder with good sphericity is obtained by centrifugal spray
drying. The individual spherical powder particles consist of submicron
and nanoparticle powders of the five aforementioned oxides. Due to the
numerous gaps between the particles, the powder particles obtained
through centrifugal spray drying are relatively loose. These gaps may
lead to porosity during the LDED process, potentially increasing the
occurrence of pore defects in the bulk specimens. The powder particles,
ranging in size from 10 to 90 ym and shaped as spheres or ellipsoids,
ensure good flowability, facilitating the smooth progress of LDED.

The SEM-EDS elemental surface distribution map of the equimolar
mixed spherical powder is depicted in Fig. 3(a). The mapping shows that
all spherical particles within the region contain the five metallic ele-
ments: Co, Cu, Ni, Zn, Mg, as well as the element O.The X-ray diffraction
pattern of the spherical powder is shown in Fig. 3(b). It reveals the
presence of the five metal oxides: CoO, MgO, ZnO, CuO, and NiO in the
spherical powder, indicating that the centrifugal spray drying method
can meet the requirements for a uniformly mixed composition of these
five powders.

2.1.2. Fabrication and characterization of mixed pre-sintered powder

A portion of the mixed powder was sintered in a box-type furnace at
1000 °C for 10 h. Following the sintering process, the powder was
rapidly removed from the furnace and subjected to air quenching. Due to
the close contact between some powder particles during high-
temperature sintering, sintering necks formed, resulting in slight
agglomeration of the powder. To address this, the agglomerated powder
was crushed. The morphology of the powder after pre-sintering and
crushing is shown in Fig. 4. Even after being crushed into finer particles,
the powder retained relatively good sphericity. Compared to the
unsintered powder, the sintered powder became denser, with the sub-
micron particles of the five oxides nearly indistinguishable. The five
types of oxide powders have been bonded together after sintering. The
particle size range of the powder is now 20-50 pm, and it retains good
sphericity, meeting the requirements for LDED (see Fig. 5).

The SEM-EDS elemental surface distribution map of the sintered
spherical powder is shown in Fig. 4. There is no significant difference in
the types of elements between the pre-sintered powder and the unsin-
tered powder, and no other elements are introduced during the sintering
process. The atomic percentage of several atoms in the scanning area is
shown in Table 1. The atomic percentage of O accounts for about 50 %,
and the content of the other four metal atoms except Mg accounts for
about 10 %, which is basically in line with the high entropy ceramic
ratio. The density of MgO is relatively small, and a small amount of MgO
may adhere to the inner wall of the container during ball milling and
centrifugal spray drying, resulting in a small amount of defects.

2.2. Experimental equipment and process conditions

The laser directional energy deposition equipment mainly includes
five parts: Nd: YAG laser (GSI Lumonics Company, UK), DPSF-2D two
barrel powder feeder (Beijing Institute of Aeronautical Manufacturing
Engineering, AVIC), CNC machine, industrial computers, and cooling
water system.

In this experiment, constant process parameters were used: laser
power 300 W, scanning speed 200 mm/min, interlayer lifting amount Az
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Table 1
Atomic percentage of powder after pre-sintering.

Element o Mg Co Ni Cu Zn

powder after pre- 45.70 7.68 12.75 12.16 10.83 10.88
sintering % % % % % %

the nominal 50 % 10 % 10 % 10 % 10 % 10 %
values

0.4 mm, and laser spot diameter 2 mm. The mixed spherical powder and
the pre-sintered powder were deposited on the Al;O3 substrate by LDED
to fabricate a cylindrical specimen with a diameter of 5 mm and a
deposition height of 12 mm. High-purity argon gas (99.99 %) was used
to deliver the uniformly mixed powder to the substrate. The laser beam,
directed through deflecting mirrors and a focusing lens, reached the
substrate. The coaxial powder was rapidly melted under the action of the
Nd: YAG laser beam. For each deposition layer, the workbench dropped
an interlayer lift Az, and 30 layers were deposited to complete the
fabricating of the cylindrical specimen. To ensure that the focus of the

powder flow is located on the deposition surface during the fabricating
process, the distance between the processing nozzle and the molten pool
needs to be maintained at 9 mm.

2.3. Detection and analysis

Cylindrical specimens were cut from both the transverse and longi-
tudinal sections. The surfaces for examination were prepared using
standard metallographic techniques. Diamond sand discs (400#, 800#,
1500#, 2000+#, 3000#) and 2.5 pm diamond abrasive paste were used to
grind and polish the longitudinal and transverse sections of the speci-
mens. The specimens and powders were analyzed for their physical
phase composition by X-ray diffractometer (SHIMADZU, XRD-6000).
The test conditions were incident beam Cu target Ka rays at a wave-
length of 0.154178 nm, operating voltage and current of 40 kV and 30
mA, respectively, scanning speed of 4°/min, and scanning angle 26 of
10°-80°. The microstructure and morphology of the powder were
observed using an ultra-high resolution field emission scanning electron
microscope (SEM, JEOL, JSM-7900F), and the elemental types and
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contents of both the mixed and pre-sintered powders were analyzed
using the EDS attached to the scanning electron microscope. The elec-
tron probe microanalyzer (EPMA, JEOL, JXA-8530F Plus) was utilized to
analyze the elemental types and contents in specific areas of the speci-
mens. Cross-sectional slices for TEM were prepared using a dual-beam
focused ion beam workstation (FIB, Thermo Scientific, Helios G4 UX).
These slices were further analyzed under a transmission electron mi-
croscope (TEM, JEM-2100F) at an acceleration voltage of 200 kV. High-
resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) were employed to characterize the different
phases of the microstructure at the nanoscale. Temperature measure-
ments were made using an infrared camera (FILR X6530sc) to measure
the temperature of the LDED process. Porosity was quantified using
Image Pro Plus software, which calculated the ratio of the pore area to
the total cross-sectional area at the same deposition height across
specimens, with an average taken from three specimens per group.
Density was tested by Archimedes method, taking 9 specimens for 3
times and taking the average of 3 measurements. The theoretical den-
SitY, Peoreticars Of the specimens was calculated based on the idealized
uniform dispersion of metal elements in sublattice positions using for-
mula (1) [33]:

M
Ptheoretical = m (1 )

Where Z is the number of molecules per unit cell, M is the molar mass of
the material, N, is Avogadro’s constant, and V is the volume of the unit
cell.

The volume-weighted average was calculated by using the regular
mixing method through Eq. (2), and the coefficients of thermal expan-
sion(CTE), Pcomposite> after equimolar mixing were calculated based on
the CTE of the five materials, CoO, MgO, ZnO, CuO, and NiO [34].

Pcomposite = Z (Vl o Pi) (2)

Where V; is the volume fraction of the i-th component, and P; is the CTE
of the i-th component.

Cylindrical specimens prepared via LDED from both mixed and pre-
sintered powders were ground into fine powder using a mortar and
pestle. The battery performance of these powders as anode materials for
lithium-ion batteries was evaluated using CR2032 button cells. The
powder was mixed with conductive carbon black and polyvinylidene
fluoride (PVDF) in a mass ratio of 8:1:1 and milled for 5 min. N-meth-
ylpyrrolidone (NMP) was then added to create a slurry, which was
coated onto copper foil. The coated foil was dried on a heating table at
80 °C and subsequently placed in a vacuum oven at 100 °C for 8 h. The
copper foil was cut into round pole pieces with a diameter of 12 mm.
Celgard 2400 membrane was used as the separator, and the electrolyte
consisted of LiPF6 solution. Electrochemical properties were tested by
cyclic voltammetry (0.01-3 V, 0.1 mVs~!) and charge/discharge cycling
(0.01-3V, 100 mAg’l) on an electrochemical workstation (Neware CT-
3008).

3. Results and discussion
3.1. Macro-morphology

The macro-morphology of cylindrical specimens formed by LDED
from different powders is shown in Fig. 6. The color of the specimens is
black, and the surfaces of each specimen formed from the various
powders are rough, with unfused powder attached. To better combine
the specimen with the substrate during the LDED, the first two layers
were deposited at a slower scanning speed, resulting in a rough portion
of about 1.5 mm at the lower end of the specimen. The diameter of the
cylindrical specimen fabricated from mixed powder(MP) in Fig. 6(a) is
6.68 mm, which is slightly smaller than the diameter of the specimen
fabricated from pre-sintered powder(SP) in Fig. 6(b), which is 7.72 mm.
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Fig. 6. Macro-morphology: (a) Mp; (b) SP.

The heights of the MP and SP are within the range of 13-14 mm because
some residual powder from the powder delivery system enters the top of
the melt pool after the laser ceases operation, resulting in the final
specimen heights being greater than the preset height of 12 mm. After
the laser stops, the top area undergoes rapid cooling from the high
temperature area, and significant thermal stress appears at the top part,
resulting in fine cracks at the top of the SP in Fig. 6 (b).

Table 2 shows the density of MP and SP. The density of SP is the
highest, which can reach 96.70 + 5.19 %, which is comparable to that of
sintered specimens [33]; The minimum density of the MP is only 86.44
+ 5.35 %. To further determine the cause of the density gap, the pore
defects of the cross-section of the specimen were counted. Pore defect is
one of the main defects in the process of LDED forming ceramics, which
has a great influence on the density of the specimen, and then affects the
performance of the material. The cross-section porosity of the MP and SP
was counted. As shown in Fig. 7 (a), there are many pores in the
cross-section of the MP and most of them are distributed on the edge of
the specimen. The porosity is 13.72 %, which is consistent with the
measured density; Fig. 7 (b) shows the cross-section of the SP with a
porosity of 4.7 %. The number of pores is much smaller than that of MP,
but multiple cracks appear and are staggered. Fig. 7 (b) shows the
cross-section of the SP, with a porosity of 4.7 %. The number of pores is
much less than that of the sMP, but multiple cracks appear inside the
specimen, which are staggered.

In the LDED deposition of cylindrical specimens, there are two main
sources of pores: one is the gas inside the powder itself, spherical par-
ticles prepared by centrifugal spray granulation, the morphology is
loose, and the gas inside the powder in the melt pool escapes into the
melt pool. Two is the powder through the protective gas argon gas sent
into the laser effect area to form a molten pool, in the molten pool under
the action of the surface tension of the powder will carry part of the gas
into the molten pool. Gas within the melt forms bubbles, which typically
escape the melt pool through convection or buoyancy. However, during
the rapid cooling process of the melt pool, these bubbles may become
trapped, leading to the formation of pore defects. In the LDED process,
the strong airflow from the protective gas during coaxial powder feeding
exerts a downward force on the melt pool, inducing a clockwise circular
motion that promotes convection. During this upward convection,
bubbles are driven toward the edges of the melt pool. Consequently,
larger and more numerous bubbles tend to accumulate at the specimen’s
edges before they can escape from the solid/liquid interface, resulting in

Table 2
Density of cylindrical specimens prepared by different powders.

MP SP

5.3023 £ 0.2835
86.44 £ 5.35%

5.9333 £ 0.3082
96.70 + 5.19 %

Volume density(g/cm®)
Density
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Fig. 7. Cross-sectional defects: (a) MP; (b) SP.

the formation of pores at the periphery.

The laser beam’s high energy density, combined with the intrinsic
brittleness of oxide ceramics due to their crystal structure and strong
chemical bonds, makes the formation of crack defects likely during the
LDED. The CTE of the material has a significant effect on the propaga-
tion of cracks. The CTE of the powder after pre-sintering is modified to
14.1 x 107 K™! [35]. Based on the CTEs of CoO, MgO, ZnO, CuO, and
NiO [34], the calculated CTE of the mixed spherical powder using the
rule of mixtures [36] is approximately 7.99 x 107Kk Thus, the CTE of
the pre-sintered powder is substantially higher than that of the mixed
powder before modification. A high CTE indicates that the material will
experience significant volume changes during heating or cooling pro-
cesses. Such substantial thermal expansion and contraction can induce
thermal stresses, which may result in cracking. During the LDED pro-
cess, materials are subjected to multiple heating and cooling cycles,
known as thermal cycling. For materials with a high CTE, these thermal
cycles can cause severe thermal fatigue, further promoting crack prop-
agation. Specimens fabricated from pre-sintered powder (SP) exhibit
more cracks on their cross-sections compared to those fabricated from

(2)

Deposition
direction

mixed powder using LDED.

3.2. Microstructure and phase composition

3.2.1. Microstructure

Fig. 8 shows the typical microstructures of MP and SP. As shown in
Fig. 8(a) and (b), the microstructures of the transverse and longitudinal
sections of MP exhibit irregularly shaped dark phases. These phases are
continuously and uniformly distributed without any apparent pattern.
The bright phases are evenly distributed within the dark phases,
appearing as island-like or long strips. The shape of the bright phase
depends to some extent on the shrinkage cavity formed by the solidifi-
cation of the dark phase. As shown in Fig. 8(b), the bright hue is not a
single phase, and one of the bright hues is completely embedded by the
other. Fig. 8(c) and (d) display the microstructures of the transverse and
longitudinal sections of SP. Different from MP, the dark phase has
obvious micro-segregation, and the shape and distribution of the dark
phase and the bright phase are almost the same.

Fig. 9 shows the results of map scanning element detection of MP and

Fig. 8. Microstructure: (a) Longitudinal section of MP; (b) Cross-section of MP; (c) Longitudinal section of SP; (d) Cross-section of SP.
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Phase 2

Phase 4

Y

Phase 1

Fig. 10. EPMA spot scanning: (a) MP; (b) SP.

SP by EPMA. It can be seen from Fig. 9 that MP and SP are composed of
six elements: Mg, Co, Ni, Cu, O, and a small amount of Zn. The bright —SP
phases are precipitated phase, both composed of Cu and O. However, the — MP
content of Cu and O varies between the two types of precipitated phase. —Cu

In terms of macro-component segregation, there is no significant dif- — Cu20
ference between MP and SP. The dark phase can be seen in the crystal
group Co, and Ni gathered to the edge of the micro-segregation, the
crystal group is mainly composed of Mg and O, but also contains a small
amount of Co and Ni. The segregation of SP is more serious than that of
MP (see Fig. 10).

Intensity

3.2.2. Macro-segregation

Fig. 11 shows that the precipitated phases of MP and SP are
composed of Cu and CuxO. During the melting and solidification pro-
cess, CuO undergoes an in-situ reaction, being reduced to form Cu and
Cuz0. It can be mutually confirmed with the EPMA test results in Fig. 9,
and two contrasts are shown in the precipitated phase. The brighter
precipitated phase mainly contains Cu and almost no other elements; the ]
darker precipitates mainly contain Cu and O. From the analysis of the 20 40 60 80
atomic ratios of the elements given in Tables 3 and 4 combined with the
results of the XRD patterns, it is concluded that the brighter precipitated 20
phase corresponds to Cu and the darker precipitated phase is Cuz0O.

To more accurately determine the chemical composition and lattice

Fig. 11. X-ray diffraction patterns: (a) MP; (b) SP.
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Table 3
Relative atomic percentage of each phase in MP.

(0] Cu Zn Mg Co Ni
Phase 1 38.42 % 1.09 % 2.22% 10.78 % 23.90 % 23.58 %
Phase 2 1.49 % 91.48 % 0.23 % 0 4.59 % 221 %
Phase 3 21.77 % 70.50 % 0.71 % 0 4.46 % 2.56 %
Table 4
Relative atomic percentage of each phase in SP.
o Cu Zn Mg Co Ni
Phase 1 2.44 % 92.22 % 0.07 % 0.04 % 3.57 % 1.66 %
Phase 2 26.79 % 67.55 % 0.10 % 0 3.82% 1.75 %
Phase 3 45.96 % 0.56 % 0.89 % 26.99 % 12.84 % 12.76 %
Phase 4 45.48 % 0.79 % 1.01 % 15.20 % 18.70 % 18.83 %

structure of the precipitated phase, TEM was used to analyze the atomic
structure of MP and SP. The characteristic spacing of each crystalline
surface obtained by combining selected area electron diffraction (SAED)
and HRTEM image analysis is shown in Fig. 12. The cubic crystal system
and its corresponding atomic layer spacing exhibited in Fig. 12(a) and
(c), respectively, can correspond to the lattice parameters determined in
the X-ray diffraction of Cup0. The face-centered cubic structure and the
corresponding atomic layer spacing shown in Fig. 12 (b) and (d) are
consistent with the lattice parameters determined by the X-ray diffrac-
tion pattern of the Cu. The diffraction images of MP and SP are different
due to the different crystal belt axes selected during SAED.

The results of the infrared temperature measurement of LDED are
shown in Fig. 13 (a). The maximum temperature of the molten pool is
stable near 2100 °C. Due to the continuous heat input and the heat
accumulation left after each layer of deposition, the temperature of the
non-laser action zone can also reach more than 800 °C during LDED. In
such a high temperature range, Cu>" can be easily reduced to Cu * [35]
or Cu, and equation (3) and equation (4) reactions occur. The Gibbs free
energy AG that may react in the forming temperature range is calculated
to determine the tendency of the reaction. When AG < 0, the reaction

(@)
©022) '
T(11]D)
3nm | F¥

Zone=[011]

4 1)

Zone=[100] Z
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proceeds spontaneously at this temperature and pressure, and the
smaller AG indicates that the reaction tends to proceed spontaneously
under this condition. As shown in Fig. 13(b), the reduction reaction from
cu* to Cu* (Equation (3)) has the smallest AG, indicating a strong
tendency for this reaction to occur in the initial stages. However, the
reduction of Cu®* to Cu (Equation (4)) also shows a negative AG, indi-
cating that a minor amount of Cu?* is involved in this reaction as well.
Since every chemical reaction has an equilibrium constant, as the re-
action progresses and the concentration of Cu* increases, the tendency
for this reaction to occur decreases. As the concentration of the products
becomes higher, the reaction’s driving force diminishes, leading to an
increased tendency for the reduction of Cu®* to elemental Cu, and more
elemental Cu precipitates out of the molten pool. In thermodynamic
calculations, the AG for the reaction converting Cu* to Cu is greater than
0, indicating that this reaction is non-spontaneous at the given tem-
perature. Therefore, it is unlikely to occur naturally, effectively ruling
out the possibility of Cu* being reduced to elemental Cu during the
process. According to the results of EPMA, the content of Zn is signifi-
cantly lower than the other four metallic elements. Under conditions of
limited oxygen and high temperatures (above 1975 °C), ZnO first melts
and then decomposes into metallic Zn and O-. It is important to note that
at these elevated temperatures, the metallic zinc produced by this
decomposition rapidly evaporates due to zinc’s high vapor pressure.
This evaporation leads to the loss of zinc from the molten pool, as
described by the reaction in Equation (5). The thermodynamic calcu-
lations shown in Fig. 13(b) further support this assertion. At a temper-
ature of 2000 °C, the AG (change in Gibbs free energy) for the reaction is
less than 0, indicating that the reaction, including the evaporation of Zn,
can occur spontaneously.

4Cu0 = 2Cu,0 + 04(g) 3)
2Cu0 = 2Cu + 0,(g) )]
27Zn0 = 2Zn(g) + 0,(g) 5)

The schematic in Fig. 14 illustrates the process of macroscopic
compositional segregation occurring during LDED. In the process of

L (020)

one < [0 0-1]

20214
o~

002)

one = [110]

Fig. 12. HRTEM and SAED images of the precipitated phase: (a) MP; (b) SP.
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—27Zn0 = 2Zn(g) + O,(g)
— 4Cu0 =2Cu,0 + 0,(g)
—2Cu0 =2Cu + 0,(g)
—2Cu,0 =4Cu+0,(g)
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1200 1500

T/°C

1800 2100

Fig. 13. Chemical reaction calculation of LDED forming process: (a) Infrared temperature measurement; (b) Thermodynamic calculation of chemical reaction.
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Fig. 14. Macro-segregation diagram of LDED.

LDED, materials within the laser-affected zone exist in a molten state
within the melt pool. Driven by the temperature gradient of the surface
tension within the melt pool, Marangoni convection occurs. It enhances
the flow of the molten liquid inside the melt pool, facilitating the mixing
and contact of different elements, which promotes chemical reactions.
These reactions lead to the formation of Cuy0, Cu, and Zn vapor. At the
peak temperature within the melt pool, Zn vaporizes and escapes from
the melt pool. During the solidification process, (Mg, Co, Ni)O has a
higher melting entropy and tends to nucleate and grow first as the pri-
mary phase. Given that the melting point of CupO (1235 °C) is higher
than that of Cu (1085 °C), when the degree of undercooling is sufficient
for the solidification of Cuy0, it can nucleate heterogeneously on the
already solidified (Mg, Co, Ni)O phases. This results in the nucleation
and growth of Cuy0O along the surfaces of the (Mg, Co, Ni)O phases,
effectively filling in the shrinkage cavity that formed during the solidi-
fication of primary phases. As cooling continues, Cu, having the lowest
melting entropy among these materials, nucleates and grows last, ulti-
mately precipitating out of the molten state.

3.2.3. Micro-segregation

According to the EPMA results shown in Fig. 9, significant micro-
segregation is evident in the dark phases of MP and SP. There is a
notable enrichment of Co and Ni at the boundaries of the dark phase

crystallites. This micro-segregation is more pronounced in SP. As shown
in Fig. 15, the atomic structure of phases 3 and 4 with micro-segregation
was analyzed. Based on the Selected Area Electron Diffraction (SAED)
patterns, it can be concluded that both phases 3 and 4 have the same
crystal structure, which is face-centered cubic (FCC). There are slight
differences in the distribution of elements within these phases. This
confirms that phases 3 and 4 are the same phase, but segregation
occurred during the solidification process. Apart from the precipitation
of Cu and Cu0, no other new phases formed or precipitated.
According to Hume-Rothery rules [37], when two elements have
similar atomic radii (with a difference of less than 15 %), the atoms of
one element can more easily substitute the atoms of another without
causing significant lattice distortion, thereby facilitating the formation
of solid solutions. Co and Ni have very similar atomic radii, approxi-
mately 125 p.m. and 124 p.m., and both belong to the transition metals
category. Due to their both typically exhibit a coordination number of 6
in octahedral complexes, they demonstrate excellent mutual solubility
when forming solid solutions [38]. The atomic radius of Mg is approx-
imately 160 p.m., which is significantly larger than those of Co and Ni.
Due to this considerable difference in atomic size, magnesium has a
lower tendency to form solid solutions with Co and Ni. This substantiate
supports the findings from Table 4, where the Co to Ni content is nearly
1:1, indicating good intermiscibility. In regions with a higher
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Fig. 15. HRTEM and SAED images of dark phase in SP: (a) Phase 3; (b) Phase 4.

concentration of Mg, the solubility of Co and Ni is reduced. The rapid
cooling rates of LDED prevent Co and Ni from dissolving quickly during
the cooling process. This leads to the enrichment of Co and Ni at the
edges of the Mg-rich areas.

The increase in the CTE from 7.99 x 1075 K~ ! for the mixed powder
to 14.1 x 107® K! for the pre-sintered powder reflects a significant
modification in the material properties due to the pre-sintering process.
This higher CTE means that the material undergoes greater expansion
and contraction with temperature changes, which can generate larger
thermal stresses during LDED. These increased thermal stresses exac-
erbate the thermal gradients within the melt pool. As a result, there are
more pronounced temperature differences within the molten pool. Ac-
cording to the Boussinesq approximation, an increase in the CTE leads to
greater density variations within the fluid, such as the molten pool in
LDED, as shown in equation (6). These variations enhance thermal
convection currents within the melt pool, promoting more thorough
mixing and homogenization of the material. The larger CTE not only
intensifies the thermal convection but also facilitates a more complete
solid solution of Co and Ni during the rapid solidification process in SP.
This results in more pronounced segregation of Co and Ni within the
microstructure compared to MP.

p=po[l —aeAT] (6)

Where p, is reference density, a is the CTE, and AT is the temperature
gradient.

3.3. Comparison of electrochemical performance

Fig. 16(a) and (b) display the cyclic voltammograms of MP and SP
within a voltage range of 0.01-3 V at a scan rate of 0.1 mV/s. In the
initial cycle, the reduction curve in Fig. 16(a) shows three reduction
peaks. The first peak, which does not reappear in subsequent cycles,
occurs around O V, indicating a gradual increase in current due to
electrolyte decomposition and the formation of the Solid Electrolyte
Interface (SEI) layer on the electrode surface. As the SEI layer matures
and thickens, the current subsequently decreases. These two irreversible
reduction peaks contribute to the significant irreversible capacity loss
observed in the charge-discharge cycles shown in Fig. 16(c). In the
second and third cycles, the overlapping reduction and oxidation peaks
suggest the recyclability of MP in the intercalation and deintercalation
of Li*. However, the peak current values increase with the number of
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Fig. 16. Electrochemical detection: (a) cyclic voltammetry of MP; (b) cyclic voltammetry of SP; (c) charge-discharge cycle of MP; (d) charge-discharge cycle of SP.
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cycles, indicating continuous changes in the activity of the anode ma-
terial and an increase in active sites on the electrode surface. This
behavior correlates with the gradual increase in discharge capacity
observed with cycling, as shown in Fig. 16(c). The cyclic voltammogram
of SP, as shown in Fig. 16(b), exhibits a redox trend similar to that of MP.
The reduction peak of the sample prepared by the two powders is at
1.17 V, where Co?*, Ni®*, and Cu * are reduced to Li,Co, Li,Ni, and
Li,Cu, respectively; oxidation peaks occur at 2.05 V, where the lithium
alloys Li,Co, Li,Ni, and Li,Cu are oxidized back to their metal ions C02+,
Ni2+, and Cu™, as demonstrated in equations (7)—(9) [39]. For the inert
element Mg, its high reduction potential leads to the formation of MgO
after the first discharge, resulting in a "bystander effect." The inert MgO
helps mitigate volume changes in the high-entropy oxide anode material
and prevents the agglomeration of active particles, thereby enhancing
the cyclic stability of the battery [40].

Co*" +2e~ + xLi< Li,Co @)
Ni?* 4+ 2e~ +xLieLi,Ni ®
Cu' +2e +xLie Li,Cu )

Fig. 16(c) illustrates that the MP achieved an initial discharge-
specific capacity of 477.73 mAh g~!. The Coulombic efficiency of the
first charge-discharge cycle was recorded at 45.65 %. This lower initial
Coulombic efficiency is attributed to the formation of a SEI layer on the
surface of the electrode material and the loss of active materials, leading
to irreversible capacity loss at the outset. The high initial discharge
capacity can be credited to the high reactivity of various active com-
ponents within the material, such as Co and Ni, with Li. After the first
few cycles, the capacity stabilizes, indicating that the SEI layer has
reached a stable state. The material exhibited excellent long-term cyclic
performance as a lithium-ion battery anode, maintaining a Coulombic
efficiency of 99.21 % even after 200 charge-discharge cycles, with no
observed decay in discharge capacity. As shown in Fig. 16(d), the SP
prepared via LDED achieved an initial discharge-specific capacity of
373.86 mAh g-!, which is lower than that of MP. The initial charge-
discharge Coulombic efficiency was 44.83 %, stabilizing at 97.98 %
after 200 cycles. During the charge-discharge cycling process, the onset
voltage of the discharge curves for both MP and SP gradually increased,
indicating that the SEI layer on the anode became more stable over time.
After 200 cycles, the capacity retention rate remained at 100 %.

4. Conclusions

In this study, (Mg, Co, Ni, Cu, Zn)O oxide ceramic specimens were
successfully fabricated using laser-directed energy deposition (LDED)
for the first time. The key findings are as follows.

(1) Pre-sintering Process Impact: The pre-sintering process signifi-
cantly reduced porosity in the (Mg, Co, Ni, Cu, Zn)O specimens,
increasing the density from 86.44 % to 96.70 %. This improve-
ment is attributed to enhanced thermal convection in the molten
pool and a more efficient gas escape, although it also introduced
some cracks due to an increased CTE.

(2) Microstructure and Phase Composition: The specimens exhibited
notable micro- and macro-segregation, particularly in Co and Ni,
which tend to form solid solutions. The pre-sintering process
further intensified segregation due to a higher thermal gradient in
the melt pool. CuO was reduced in situ, resulting in Cu and Cu20
phases filling shrinkage holes.

Electrochemical Performance: When used as anodes in lithium-

ion batteries, both the MP and SP specimens demonstrated sta-

ble long-term cycling performance, with the MP showing a higher

initial discharge capacity of 477.73 mAh g compared to 373.86

mAh g‘1 for the SP. However, phase segregation and uneven

@3

~
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composition negatively impacted the overall electrochemical
performance.

This work presents a novel approach for the rapid fabrication of (Mg,
Co, Ni, Cu, Zn)O oxide ceramics using LDED. However, challenges such
as phase segregation and suboptimal electrochemical performance
compared to traditional methods remain. Future studies should focus on
optimizing the oxide proportions and LDED parameters to improve the
quality of high-entropy (Mgo.2C00.2Nio.2Cu0.2Zn0.2)O ceramics.
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