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ABSTRACT: In this study, a sputtered Mg film was fabricated as an anode, a natural magnesium
silicate mineral was used as electrolyte, and an all-solid-state Mg battery with a carbon black electrode
was assembled; subsequently, the battery’s electrochemical characteristics and charge−discharge
mechanism were evaluated. Because the abundant interlayer water in the magnesium silicate mineral
structure allowed for cations channel to form, the battery exhibited considerable ionic conductivity at
room temperature. The magnesium silicate mineral was fabricated as a flexible cloth membrane solid-
state electrolyte to improve its adhesion to the electrode surface and, consequently, enhance battery
performance. During high-voltage charging, a visible blocking layer structure was formed on the surface
of the Mg electrode. The formation of the blocking layer considerably increased the interfacial
resistance of the battery, which was detrimental to the insertion and extraction of the Mg ions on the
electrode surface and reduced the capacity of the solid-state battery. Thus, the solid-state Mg battery
exhibited acceptable capacity and stability and the potential for application in energy storage systems.

1. INTRODUCTION
Because of the trend pertaining to net zero CO2 emissions,
renewable energy and electric vehicles are becoming key
components of the green energy policies of various
countries.1,2 Therefore, secondary ion batteries with high
levels of performance and safety must be developed. To this
end, research studies are increasingly exploring the use of non-
Li-ion secondary,3−7 among which Mg-ion batteries exhibit
considerable potential for application in energy storage
systems.8 Mg has a considerable theoretical capacity (3833
mAh/cm3), and Mg mineral reserves are larger than those of
Li; thus, the sue of Mg in place of Li can reduce the cost of
anode materials.9 In addition, dendritic structures do not form
and accumulate on a Mg electrode surface, and this property of
Mg electrode eliminates the risk of explosions caused by
battery short circuits. At the time of writing, two primary types
of electrodes are prepared, namely, powder-based electrodes
and thin-film electrodes.10,11 Powder-based electrodes are
fabricated by mixing active materials with an adhesive and then
applying the mixture as a coating on the collector-layer
material (Cu or Al foil). However, the active material density
of an electrode obtained through the coating method is low,
and the bonding characteristics between a Cu foil and active
material must be considered. Furthermore, Mg exhibits
considerable activity, such that Mg powder is easily oxidized
by physical grinding. Thus, in this study, a Mg-film anode is
fabricated by depositing pure Mg on a Cu foil through radio
frequency sputtering. A high-quality Mg-film electrode can be
obtained through sputtering, and the formation of an

intermetallic compound (IMC) can enhance the bonding
between a Cu matrix and active materials.12,13

The electrolytes of commercial Li batteries are mostly toxic
organic solvents (e.g., LiPF6, LiAsF6 LiBF6, LiClO4),

14,15 which
have low burning points and low thermal stability; con-
sequently, these solvents increase the risk of batteries
exploding due to inappropriate operation or impact. To solve
the aforementioned problem of organic liquid electrolytes,
researchers have developed Li-ion solid polymer electrolytes16

and Li-ion inorganic solid electrolytes.17 A solid polymer
electrolyte exhibits a colloid-like state, which benefits ion
transportation, inhibits the formation of dendrites, and
increases impact resistance such that battery safety is
improved.18 Inorganic solid electrolytes (also known as ionic
superconductors) exhibit high ionic conductivity at room
temperature. Numerous studies have proposed the use of
lithium oxides as solid electrolytes (e.g., perovskite, NASI-
CON, LISICON, and LiPON systems),19−21 which exhibit
acceptable ionic conductivity and low activation energy at
room temperature. However, the use of Li-based solid
electrolytes is limited by the scarcity of Li mineral reserves.
On the basis of the aforementioned findings, the present

study used an inorganic solid electrolyte with stable chemical
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properties, a wide operating temperature range, and an
applicable electrochemical window. In addition, it can perform
the function of a conventional battery’s separators. The
conduction mechanism of solid-state ions operates through
the lattice defects of electrolyte materials, which serve as ion
transfer channels. Therefore, the concentration of internal
defects affects the ionic conductivity of solid electrolytes. In
the present study, natural magnesium silicate mineral was used
as the solid electrolyte material of a battery. The abundance of
water molecules in the layered crystals of magnesium silicate
minerals can promote ion conduction, which improves the
performance of the solid electrolyte at room temperature.5

Furthermore, magnesium silicate minerals combine with
polymer to form a flexible electrolyte membrane, which
promotes adhesion to an electrode surface and enhances
charge−discharge performance.
The present study used a sputtered Mg-film anode, a flexible

Mg silicate electrolyte, and a carbon black (CB) cathode to
assemble all-solid-state Mg batteries. The produced batteries
were subjected to various charge−discharge rates (0.1, 0.2, and
0.5 mA) and operating temperatures (25 and 55 °C) to
evaluate their cycle performance. In addition, the surface
characteristics of the Mg anode and electrolytes after an
electrochemical cycle reaction were examined to clarify the
failure mechanism of the batteries.

2. EXPERIMENTAL PROCEDURE
The present study used a sputtered Mg film (thickness of
approximately 400 nm) as anode material, and it evaluated the
effects of electrolyte materials on the charge−discharge
characteristics of the assembled batteries. Sputtered Mg films
(anode), CB electrode (cathode), and lithium hexafluorophos-
phate (LiPF6) electrolytes were incorporated into wet half-
cells, which were then tested for charge−discharge perform-
ance.
Subsequently, the sputtered Mg anode was used to fabricate

of all-solid-state batteries. The CB (90 wt %) and
polyvinylidene fluoride (10 wt %) were mixed with an N-
methylpyrrolidone solvent and then coated on Al foils
(thickness of approximately 15 μm) to serve as counter
electrodes (cathode). The CB electrodes were baked in an
oven at 55 °C for 12 h and then cut into disks (diameter of 13
mm in diameter and thickness of approximately 200 μm).
Magnesium silicate mineral powder was used to fabricate ingot
and flexible cloth membrane (FCM) solid-state electrolytes
(Figure 1a). The ingot electrolyte (diameter of 13.5 mm and
thickness of approximately 600 μm) was obtained by
performing cold isostatic pressing at a pressure of 60 kg/cm2

for 1 min. In addition, the magnesium silicate mineral powder
and polymer were mixed with a weight ratio of 1:19 at 170 °C
and then hot-pressed at a pressure of 50 kg/cm2 to form the
FCM solid-state electrolyte (thickness of approximately 250
μm). Subsequently, the sputtered Mg anode, the solid-state
electrolyte membrane, and the CB cathode were used to
assemble an all-solid-state battery (Mg/solid-state electrolytes/
CB) (Figure 1b).
The surface characteristics and phase composition of the

electrodes were analyzed using a high-resolution scanning
electron microscope (HITACHI/SU8000) and a multipurpose
X-ray thin-film micro-area diffractometer (XRD, Bruker D8
Discover) with Cu Kα radiation, respectively. Impedance
analysis of the solid-state electrolytes was conducted using an
electrochemical impedance spectroscope (EIS, PARSTAT

2273); the analysis was performed by applying an AC voltage
at an amplitude of 10 mV amplitude and a frequency range of
0.1 Hz to 100 kHz. After charge−discharge cycle testing was
performed, the phase composition of the solid-state electro-
lytes was analyzed through Fourier-transform infrared
spectrometry (FTIR) performed in transmission mode at a
frequency range of 500−4000 cm−1 and resolution of 1 cm−1/
s. Electrochemical cycle testing was performed using a battery
testing cell and a battery automatic tester (BAT-750B). The
assembled wet-cell and solid-state batteries were tested at
various charge−discharge rates. In addition, the effects of a
high operating temperature (55 °C) on the charge−discharge
performance of the assembled batteries were investigated.

3. RESULTS AND DISCUSSION
3.1. Performance of Wet-Cell Mg Battery. The surface

morphology of a pure Mg-film electrode as obtained after
sputtering deposition is displayed in Figure 2a, which reveals
that numerous hexagonal grains had formed on the Cu foil
after sputtering. The sputtered Mg-film electrodes exhibited a
comparable flatness, which promotes contact reactions
between the electrode and electrolyte. Figure 2b displays the
XRD pattern of the sputtered Mg electrode, which mainly
comprised Cu and Mg phases. The presence of Cu phases was
attributed to the Cu foil matrix. The signal of the sputtered Mg
film preferred an orientation of (002), which indicated that the
Mg had a hexagonal close-packed crystal structure.
Charge−discharge cycle testing was conducted to estimate

the effects of various charge−discharge rates on the cycling
performance of the wet-cell batteries (Mg/LiPF6/CB). At the
charge−discharge rate of 0.1 mA (Figure 3a), the battery
capacity of the wet-cell batteries peaked during the first cycle.
Subsequently, their capacity gradually decreased with an
increase in cycle number and finally stabilized after 50 cycles.
This result indicates that electrolyte ions reacted with the
electrode surface of the batteries to form a solid-electrolyte
interface layer during the initial charge−discharge reaction.22
This irreversible reaction provided a long insertion time for
ions, thereby enhancing the performance of the initial charge−
discharge. The subsequent charge−discharge cycles belonged
to the reversible reaction of insertion and extraction for ions,
which increased the stability of the cycling performance of the
batteries. With an increase in the C rate (Figure 3b,c), a
considerable capacity was also attained in the first cycle, but it
rapidly decreased and then gradually decreased and stabilized
when the cycle number was increased. In addition, excluding

Figure 1.Macrograph images of (a) FCM and (b) flexible full battery.
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the initial charge−discharge capacity, the average capacity of
the batteries was 1052 mAh/g at the 1C charge−discharge
rate; however, their degradation rate, i.e.,

for the battery performance was approximately 57%.
Furthermore, the average capacity of the batteries decreased
to 325 and 190 mAh/g when the charge−discharge rate
increased to 0.2 and 0.5 mA, respectively, and their battery
performance also exhibited a considerable decline rate.
The aforementioned results indicate that the difference

between the charge transfer rate and the lithiation/delithiation
reaction rate of the batteries was small when their charge−
discharge rate was low. Li ions had sufficient time to react with
the lithiation and delithiation sites between electrodes; thus,
the lithiation reaction on the electrode surface was enhanced.
However, a long duration charge−discharge cycling duration
resulted in a considerable deterioration rate. At a high charge−
discharge rate, a rapid charge transfer affected the lithiation of
the ions on the electrode surface and caused electrochemical
reactions to concentrate on the electrode surface. Although a
high charge−discharge rate reduced the deterioration rate in
the electrode, the batteries’ capacity was low because of the
occurrence of localized electrochemical reactions. After
numerous charge−discharge cycles, the reduction of the
localized electrochemical reaction area was greater in the
battery with a high C rate than in the battery with a low C rate;
thus, the decay rate for battery cycle life was still considerable.
The wet-cell battery materials that were assembled in a

cylindrical 18,650 battery cell for charge−discharge cycle
testing is displayed in Figure 4. Before electrochemical cycle
testing was conducted, the assembled 18,650 battery was
activated by applying a 10 mA current. Next, the battery was
conducted at a charge−discharge rate of 1 mA, and the cut-off
voltage was set to 10−2500 mV. The wet-cell 18,650 battery
exhibited stable charge−discharge characteristics and did not
degrade notably during the 50 cycle test. This result indicates

Figure 2. (a) Surface morphology and (b) X-ray thin-film micro-area diffractometry pattern of the sputtered Mg-film electrode.

Figure 3. Cycle performance of the wet-cell Mg-ion battery at various
charge−discharge rates: (a) 0.1, (b) 0.2, and (c) 0.5 mA.

Figure 4. Charge−discharge cycle performance of the wet-cell 18,650
battery.
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that the large volume of the 18,650 battery can increase the
contact area between its electrodes and electrolyte, which
increases its effective electrochemical reaction area.
3.2. Performance of Solid-State Mg Battery. The

sputtered Mg film, which was used as anode materials,
exhibited favorable performance for ion batteries. Therefore,
the sputtered Mg-film electrodes were combined with various
types of solid-state electrolytes in all-solid-state batteries to
evaluate the ionic conductivity of various electrolytes. The
ionic conductivity of an electrolyte material must be >10−4 S/
cm to ensure that it has sufficient ion transport capacity.
Through EIS measurements, the impedance spectra of the
solid-state battery, as visualized on the Nyquist plane, are
presented in Figure 5. The intersection between the high-
frequency region and the X-axis is the electrolyte impedance
(RΩ), which indicates the impedance of ion conduction in the
electrolyte. In addition to an electrolyte’s resistance, an
electrode’s SEI layer, a separator, and an electrode material
also affect electrolyte impedance (RΩ). Electrostatic double-
layer capacitor (Cdl) exists between the electrode and the
electrolyte in the electrochemical reaction. When ions were
inserted into an electrode, the ions and the electrode
underwent a redox reaction, which involved the transfer of
oxidative charges. The resistance that the charge transfer needs
to overcome is the charge transfer resistance (Rt). In addition,
Warburg diffusion (Zd) is expressed as the impedance formed
by the diffusion of ions in the electrolyte, also known as the
Warburg impedance. Based on the above results, the resulting
electrolyte impedance can be converted to ionic conductivity,
and its formula is as follows:

where σ is the ionic conductivity, l is the length (electrolyte
thickness), RΩ is the electrolyte impedance, and A is the
contact area between the electrolyte and electrode.
The ionic conductivity levels of 1.78 × 10−4 and 4.86 × 10−3

S/cm correspond to the ingot electrolyte and FCM electro-
lytes, respectively. This result indicates that the ionic
conductivity of both electrolytes meets the application
requirement for solid-state batteries. Notably, relative to the
ingot electrolyte, the FCM electrolyte exhibited greater
adhesion to the electrode surface and, consequently, a higher
ionic conductivity.
The solid-state batteries were conducted at a charge−

discharge rate of 0.01 mA for 1080 min, and the cut-off voltage
was set to 10−1900 mV. Figure 6a presents the charge−
discharge cycle test results for the Mg-ion solid-state battery

that was assembled with an ingot electrolyte. The capacity of
this battery peaked (1080 mAhg−1) during the initial cycle and
then decreased to failure within 2 cycles. The charge−
discharge cycle test results reveal the presence of an erosion
layer with the same color as that of the electrolyte on the Mg
electrode surface. This result indicates that this erosion layer
retarded the contact between the electrode and electrolyte
surface, thereby reducing the capacity of the battery. In
addition, relative to the FCM electrolyte, the ingot electrolyte

Figure 5. Electrochemical impedance analysis of (a) ingot and (b) FCM solid electrolytes.

Figure 6. Cycle performances of solid-state Mg batteries: (a) Mg/
Ingot/C at 25 °C, (b) Mg/FCM/C at 25 °C, and (c) Mg/FCM/C at
55 °C (abbreviation: FCM, flexible cloth membrane).
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exhibited less uniform adhesion to the electrode surface and,
consequently, a smaller electrochemical reaction area.
The electrolyte material in the solid-state Mg battery was

replaced with the FCM electrolyte, and the battery was
conducted to perform charge−discharge cycle testing (Figure 6
b). The battery’s capacity peaked at 1830 mAhg−1, and it
maintained a stable charge−discharge cycle performance for six
cycles; subsequently, its capacity decreased substantially until
the seventh cycle. The Mg/FCM/C battery exhibited accept-
able charge−discharge cycle stability relative to the Mg/Ingot/
C battery. The FCM electrolyte was flexible, which promoted
its adhesion to the electrode surface and increased the size of
the electrochemical reaction area. At a high operating
temperature (55 °C), the battery’s maximum discharge
capacity decreased to 1120 mAhg−1, and only one cycle life
remained (Figure 6c). This result indicates that the operating
temperature substantially influenced the battery performance.
Table 1 shows the EDS results of the ingot electrolyte

surface before and after charge−discharge testing. Magnesium

silicate mineral is mainly composed of aluminum oxide and
silicon oxide, and its surface composition is mainly composed
of Si, Al, and O elements. The atomic concentration of Ma and
Na in the as-fabricated ingot electrolyte was similar. After
charge−discharge testing, the atomic ratio of Mg increased, but
that of Na decreased from 1.76 to 0.89 at. %. These results
indicate that Mg and Na ions served as cation carriers during
the charge−discharge process.
To clarify the effects of electrochemical reactions on battery

cycle performance, the state of the electrolytes before and after
charge−discharge testing was subjected to an XRD analysis
(Figure 7). The ingot electrolyte (magnesium silicate mineral)

mainly comprised montmorillonite and quartz phases. The
ingot electrolyte retained its diffraction peak after it underwent
charge−discharge cycle testing at room temperature, indicating
that it maintained a stable crystal structure. The intensity of its
diffraction peaks decreased considerably after charge−
discharge cycling, indicating the disintegration of its mont-
morillonite structure. Furthermore, the (001) diffraction peak

of the electrolyte shifted to a high angle after charge−discharge
cycling. The montmorillonite structure in a magnesium silicate
mineral is arranged in layered (001) crystal planes that
contains considerable amounts of interlayer water and cations,
which can as a conduction channel and a source of ions. On
the basis of Bragg’s law (λ = 2dsinθ),23 the interlayer distance
between the (001) planes was determined to have decreased
from 11.75 to 9.59 Å. This result indicates that the water
molecules or cations in the interlayer were consumed, resulting
in a decrease in the interlayer distance between the (001)
planes.
In addition, to understand the transport mechanism of

electrolyte materials, the electrolytes were examined through
an FTIR analysis after they were subjected to charge−
discharge cycling at various temperatures (Figure 8).

Magnesium silicate mineral is composed of silicates and
aluminum oxide salts, and it contains the signals of water
molecule and hydroxide bonding (Figure 8a). The overall
bonding signal of the solid electrolyte decreased after charge−
discharge cycling. In particular, the signals of Si−O and Al−
Si−O bonds decrease substantially, indicating the disintegra-
tion of montmorillonite structures during the charge−
discharge cycle. Furthermore, the signal of water molecules
decreased, indicating the termination of the electrochemical
reaction that is associated with a decrease in the amount of
interlayer water. A comparison of the solid electrolytes’ FTIR
analysis results as obtained after charge−discharge cycling at
various temperatures was performed, and the results are

Table 1. Energy Dispersive X-Ray Spectroscopy Analysis of
Ingot Electrolyte Surface before and after Charging and
Discharging

at. %

element Na Mg Al Si O

before charge−discharge 1.76 2.09 13.43 48.33 34.40
after charge−discharge 0.89 6.81 12.39 47.58 32.33

Figure 7. X-ray thin-film micro-area diffractometry patterns of
magnesium silicate mineral electrodes obtained before and after
charge−discharge cycle testing.

Figure 8. Fourier-transform infrared spectrometry analysis of solid-
state electrodes obtained before and after charge−discharge cycle
testing at various operating temperatures: (a) room temperature (RT)
and (b) RT and 55 °C.
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presented in Figure 8b. Notably, both batteries could not
proceed with the electrochemical reaction. The signal of their
silicate structure at 55 °C was stronger than that at room
temperature; however, the signal of their water molecules was
weaker at high temperatures than at low temperatures. In brief,
the termination of electrochemical reactions was related to the
disintegration of layered structures. The decrease in the
amount of interlayer water molecules was the main factor that
affected the battery charge−discharge performance.
To clarify the effects of charge−discharge rates on battery

performance, the solid-state battery was tested at various
current rates with a cut-off time of 1080 min (Figure 9). At a

high charge−discharge rate (0.02 mA), the battery’s capacity
peaked at 2490 mAh/g during the initial cycle and decreased
considerably in the subsequent cycles (Figure 9a). The high
current rate of 0.02 mA promoted the battery’s capacity during
the first cycle but caused it to rapidly decrease to failure within
four cycles. The decrease in the battery’s cycle life was due to
the rapid insertion and extraction of ions, which resulted in the
accumulation of ions on the electrode surface and reduced the
battery’s capacity.24 At a low charge−discharge rate (0.008
mA), the battery’s maximum capacity decreased to 1260 mAh/
g; however, its cycle life was similar to that of the battery that
was subjected to a charge−discharge rate of 0.01 mA (Figure
9b). Notably, the battery maintained a stable charge−discharge
capacity for six cycles and then failed immediately in the
subsequent cycle. To clarify the battery’s performance after the
sixth cycle, the charge−discharge cycle test was repeated for
the failed battery at a high charge−discharge rate (0.01 mA).
The failed battery produced an electrochemical reaction;
however, its capacity decreased by 50% in this cycle and
subsequently decreased to failure within four cycles. This result
indicates that increasing the charge−discharge current enabled
it to penetrate the thinner area of the erosion layer (blocking
layer), providing the ions with sufficient kinetic energy to move
to the electrode surface to cause an electrochemical reaction.

To clarify the effect of the blocking layer (formed on the
electrode surface) on the cycle stability of the solid-state Mg
battery, the composition of the blocking layer was examined
through an energy dispersive X-ray spectroscopy (EDS)
analysis. The solid-state battery was conducted under extreme
charging conditions to form a thick blocking layer on the Mg
electrode for analysis. The solid-state battery was charged at a
constant voltage of 6 V for 1080 min and discharged at a
constant current of 0.01 mA for 1080 min, and the cut-off
voltage was set to 10−5000 mV. Under these conditions, the
capacity (1220 mAh/h) of the battery peaked in the first cycle
and subsequently decreased to failure within five cycles (Figure
10a). The battery’s performance in this test was considerably

poorer relative to its performance in the charge−discharge test
that was performed with a constant current of 0.01 mA (Figure
6b). This result indicates that the cations rapidly reacted with
the electrode surface to form a blocking layer during the initial
charge−discharge reaction, which considerably reduced the
battery’s performance. A macrograph image of the Mg
electrode reveals the presence of white point-like accumu-
lations that were distributed across the electrode surface. The
surface morphology of the electrode indicates that these
accumulations comprised numerous particle structures and
needle-like crystals (Figure 10b). The results from the EDS
analysis reveal that the accumulations mainly comprised the
elements Na, Mg, C, and O. In addition, a considerable
amount of C was detected, which came from the C on the long
molecular chain of the polymer film. High-voltage charging
damaged these long carbon chain structures, causing some
carbon ions to react with the Mg electrode through the solid-
state electrolyte.

Figure 9. Cycle performance of the solid-state Mg battery at different
charge−discharge rates: (a) 0.02 and (b) 0.008 and 0.01 mA.

Figure 10. (a) Cycle performances of solid-state Mg batteries
obtained after application of a charging voltage of 5 V and a
discharging current of 0.01 mA. (b) Surface morphology of the Mg
electrode obtained after high-voltage charging.
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Figure 11 presents the impedance spectra of the solid-state
Mg battery as obtained after high-voltage charging at 5 V. The
figure reveals that an extra small semicircle appeared in the
high frequency region after the first round of high-voltage
charging (Figure 11a). This result indicates that an additional
interface layer was formed between the electrode and the FCM
electrolyte and that it affected the transport of ions to the
electrode surface. The semicircle in the medium frequency
region was due to the interfacial resistance between the
interface layer and the electrode surface. The resistance (Rs1)
and the surface resistance (Rs2) of the interface layer and the
electrolyte were still small during the first cycle, and their
effects on the transport of ions in the battery were within the
acceptable range. After five high-voltage charging cycles
(Figure 11b), the resistance between the interface layer and
the electrolyte increased considerably, and the interfacial
resistance of the electrode surface increased considerably. This
result indicates the reduced insertion and extraction of ions,
which reduced the battery’s performance. On the basis of the
aforementioned results, the sputtered Mg film is a suitable
anode material for all-solid-state batteries; however, its
electrochemical characteristics under rapid charging conditions
must be improved.

4. CONCLUSIONS
A sputtered Mg film was fabricated for use as an anode
material, and it was combined with an FCM electrolyte and a
CB cathode to assemble an all-solid-state battery. The
sputtered Mg electrode exhibits considerable compactness,
which can reduce electrode deterioration after charge−
discharge cycling. Furthermore, the considerable flatness of
the electrode’s surface increases its contact area with the solid
electrolyte of a solid-state battery.
The layered (001) crystal planes of montmorillonite

structure in a magnesium silicate mineral are suitable as a
transport channel for cations. The FTIR results reveal that a
considerable amount of metal cations in the interlayer water of
the electrolyte structure can serve as a transmission medium.
The FCM magnesium silicate mineral electrolyte exhibits an
acceptable ionic conductivity (4.86 × 10−3 S/cm) at room
temperature different from the traditional solid electrolyte that
use defect transitions. Furthermore, the solid-state battery with
the FCM electrolyte achieved an acceptable level of charge−
discharge cycle performance because of the favorable adhesion

between the FCM electrolyte and the electrode, which allowed
for a favorable charge−discharge capacity to be achieved.
A prominent blocking layer formed after the high-voltage

charge−discharge cycle test was conducted. This blocking layer
comprised the elements Na, Mg, O, and C, which retarded the
insertion and extraction of ions between the electrode and
electrolyte and reduced cycling stability. Therefore, improving
the interfacial adhesion in the structure of the solid-state
battery can improve its charge−discharge cycle performance.
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