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ABSTRACT: Solid-state lithium metal battery (SSLMB) is regarded as a safer energy
storage system compared to the liquid one. The performance of the SSLMB depends on
the cathode performance and the side reactions derived from the interface of the cathode
and the electrolyte, which becomes much severe at high temperatures. Herein, we carried
out a facile spray-drying route to prepare a CNTs/LiV3O8/Y2O3 (M-LVO-Y) composite.
The synthesized cathode material exhibits an outstanding Li+ storage performance with a
high reversible capacity of 279.9 mA h g−1 at 0.05 A g−1, excellent power capability
(182.5 mA h g−1 at 2 A g−1), and a long cycle lifespan of 500 cycles with a capacity
retention of 66.5% at a current density of 1 A g−1. The fabricated rechargeable solid-state
Li/M-LVO-Y-2 lithium metal battery (LMB) with a poly(ethylene oxide) (PEO)-based
solid polymer electrolyte (SPE) achieves a high discharge capacity of 302.1 mA h g−1 at
0.05 A g−1 and a stable cycling performance with the highest capacity of 72.1% after 100
cycles at 0.2 A g−1 and 80 °C. The above battery performance demonstrates that
SSLMBs with the CNTs/LiV3O8/Y2O3 cathode and the PEO-based SPE film can provide high energy density and are suitable for
applying in a high-temperature environment.

KEYWORDS: CNTs/LiV3O8/Y2O3 composite, outstanding Li
+ storage performance, solid-state lithium metal battery,

operating temperature, high energy density

1. INTRODUCTION

Intensive efforts have been put into enhancing the energy
density of commercial Li-ion batteries (LIBs) with graphite
anodes. Even so, they still cannot satisfy the ever-increasing
demands for high energy storage devices.1−3 Among various
anode candidates, the Li metal anode is widely regarded as a
potential option, considering its 3860 mA h g−1 theoretical
capacity and −3.040 V redox potential (vs the standard
hydrogen electrode).4,5 However, there is a noteworthy fact
that lithium metal batteries (LMBs) have been considered
unsafe systems for a long time, derived from the generation of
highly flammable hydrogen gas, the uncontrollable growth of
dendritic Li, and the unexpected thermal runaway activity,
which hindered the scale applications of LMBs.6−11 Facing
these existing safety challenges, using solid polymer electrolytes
(SPEs) instead of the liquid ones has become one of the most
effective approaches. SPEs can eliminate the electrolyte
flammability and possess sufficient mechanical strength to
block the Li dendrites.12−14 Note that poly(ethylene oxide)
(PEO)-based electrolytes are considered the most prospective
potential electrolytes among various solid polymer electrolytes
(SPEs) because of their prominent Li salt solubility and a low
glass transition temperature (Tg).

15,16 Additionally, it is known

that temperature is a critical factor for PEO-based SPEs
applied in solid-state lithium metal batteries (SSLMBs). Under
room temperature, the ionic conductivity of PEO-based SPEs
is extremely low, which cannot support sufficient Li-ion
migration. When the working temperature is increased, the
crystallinity of PEO decreases with the increased ionic
conductivity.17−20 Therefore, it is worth focusing on
assembling the PEO-based solid-state batteries for energy
storage at high temperatures.
The difference between LMBs and LIBs is mainly derived

from the lithium source. Generally, the cathodes of the lithium-
ion batteries provide the detachable Li ions. However, upon
using the lithium metal as the anode, various non-lithiated
cathode materials can be expanded and explored. The layered
lithium trivanadate (LiV3O8), as one of the non-lithiated
cathode materials, has received remarkable attention, owing to
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its highlighted specific energy and impressive cycling
stability.21−24 However, the existing issues for LiV3O8
commercialization are poor electron transport and structural
damage during the processes of Li+ extraction/insertion, which
severely degrade the performance. For solving these issues, a
wide variety of strategies have been performed for maintaining
the structural integrity and improving the electrical con-
ductivity of LiV3O8. For example, the coatings of conductive
polymers, graphene oxide, or metal oxides have been proved to
be an efficient strategy for improving the Li-ion storage
performance of LiV3O8.

25−27 The elemental substitution for V
is another effective approach accomplished by introducing Mo,
Ni, or Si, which can form a mix-valence state of V4+/V5+ and
provide abundant oxygen vacancies in LiV3O8.

28−30 In
addition, it has been demonstrated that controlling the
morphology of the LiV3O8 cathode material has an aggressive
impact on its electrochemical performance.26,31,32

Y2O3, one of the rare earth oxides, has been proved to
modify the surface of the electrode material and enhance the
electrochemical performance, which is attributed to its
splendid thermal stability and good electrical contact with
the host material in facilitating electron transfer.33,34

Furthermore, it is investigated that the crystallinity of PEO is
decreased when Y2O3 is introduced into PEO-based SPEs,
accompanied by the increased electrochemical stability of
SPEs.35 Based on the analyses above, it is of great benefit to
dope LiV3O8 with Y2O3 in PEO-based solid-state lithium metal
batteries. Herein, for the first time, we adopted a spray-drying
route to synthesize CNTs/LiV3O8/Y2O3, exhibiting excellent
Li-ion storage capability with high discharge capacity, excellent
rate performance, and long cycling lifespan. The enhanced
electrochemical performance of CNTs/LiV3O8/Y2O3 is caused
by the improvement in electron conductivity and charge
transfer kinetics. Furthermore, we designed an all-solid-state
LiV3O8∥PEO-SPE∥Li rechargeable lithium metal battery, in
which the CNTs/LiV3O8/Y2O3 composite could achieve a
specific capacity of 302.1 mA h g−1 at 0.05 A g−1 and maintain
72.1% capacity after 100 cycles at 0.2 A g−1 and 80 °C. The
remarkable electrochemical performance of the SSLMB may be
explained by the reduced crystallinity of PEO and the
increasing electrochemical stability of the SPE. The successful
material and solid-state battery design will facilitate the
commercialization of LiV3O8 applied as the high-temperature
battery cathode.

2. EXPERIMENTAL SECTION
2.1. Preparation of the CNTs/ LiV3O8 Composite. A spray-

drying and subsequent calcination route was used to prepare the
CNTs/LiV3O8 composite. In a typical procedure, first, 1.092 kg V2O5,
156 g of Li2CO3, and 25 mL of (CH2OH)2 (ethylene glycol) were put
into a ball-milling tank with 15 L of CH3OH (methanol) as the
solvent and then continually mixed for 1.5 h. In the subsequent
process, the obtained slurry and 700 g of a carbon nanotube
conductive paste (5 wt %) were poured into a blender and stirred for
1 h to form a uniform slurry, which then was spray-dried at 205 °C to
obtain a solid precursor. Lastly, the mixtures were transferred into a
muffle furnace and calcined at 300 °C for 10 h in ambient air, and the
obtained products were denoted as M-LVO. The M-LVO sample
weighed about 800 g, and more than 200 g of the products were lost,
which was mainly ascribed to the fact that the partial intermediate
products were stuck to the wall of the spray dryer.
2.2. Preparation of the CNTs/LiV3O8/Y2O3 Composite. A

certain amount of Y2O3 and 3 g of M-LVO powders were first poured
into isopropyl alcohol and stirred for 1 h. Later, the obtained
precursor slurry was dried at 80 °C with stirring continuously. After

the solvent was evaporated entirely, the powders obtained were
transferred to a vacuum drying oven and kept at 90 °C for 24 h. The
samples with ratios of Y2O3/M-LVO = 1, 2, 5, and 8% were
synthesized and named M-LVO-Y-1, M-LVO-Y-2, M-LVO-Y-5, and
M-LVO-Y-8, respectively. The synthetic steps of the CNTs/LiV3O8/
Y2O3 composite are presented in Scheme 1.

2.3. Preparation of PEO-Based Solid-State Polymer Electro-
lytes. The PEO-based SPEs were accomplished in a glovebox full of
pure argon gas. In a typical preparation, 1.2 g of LiClO4 and 4 g of
PEO (EO/Li = 8:1) were first dissolved in 100 g of anhydrous
acetonitrile under stirring until a clear solution was afforded. Then,
the solution was cast into a homemade Teflon mold and dried at
room temperature to form a solid-state polymer electrolyte film,
which was cut into round pieces with a diameter of 18 mm for
applying in the rechargeable solid-state lithium metal battery

2.4. Material Characterization. The crystallographic informa-
tion of the final products was collected by performing X-ray
diffraction (XRD) measurement on a Bruker D8-Advance X-ray
diffractometer with a Cu Kα X-ray source. X-ray photoelectron
spectroscopy (XPS) analyses were conducted using an Ultra DLD
with a monochromic Al X-ray source. The morphologies of the
obtained samples were characterized by a JEOL-7100F microscope. A
JEM-2100F microscope was used for recording the images of
transmission electron microscopy (TEM).

2.5. Electrochemical Measurement. The electrochemical
measurements were conducted with 2016 coin cells assembled in a
glovebox full of pure argon gas. In the lithium metal battery (Li metal
as the anode), the electrolyte consisted of a 1 M solution of LiPF6 in
ethylene carbon (EC)-dimethyl carbonate (DMC) (1:1 w/w), and a
polypropylene (PP) film from Celgard served as the separator. The
cathode slurry made up of 80 wt % active materials, 10 wt % carbon
nanotube conductive paste, and 10 wt % poly(vinylidene difluoride)
(PVDF) with a proper amount of an N-methyl-2-pyrrolidone (NMP)
solvent was coated on an Al foil and dried in a vacuum oven for 24 h
at 100 °C. Then, the electrode was cut into 14 mm in diameter
circulars with an active material mass loading of 2−2.5 mg cm−2. For
the rechargeable solid-state lithium metal battery, the PP films were
replaced by PEO-based SPEs, and there was no liquid electrolyte
introduced into the battery structure. LAND CT2001A battery test
systems were used for carrying out the galvanostatic charge−discharge
tests. CHI 760e electrochemical workstations were used for
conducting the cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) measurements.

3. RESULTS AND DISCUSSION
The XRD measurements were employed for obtaining the
crystallographic information of the final products. It is found
from Figure S1 that the diffraction peaks are well indexed to

Scheme 1. Schematic Diagram of the Synthetic Steps of the
CNTs/LiV3O8/Y2O3 Composite
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layered monoclinic LiV3O8 (JCPDS 72-1193, space group:
P21/m), identifying with previous reports.21,22 As described in
Figure 1e, the crystal structure of LiV3O8 consisted of V3O8
layers interconnecting VO6 octahedra and VO5 tetrahedra.
Moreover, an impurity phase detected is associated with
Li0.3V2O5, which can be ascribed to the low reaction
temperature.24,36,37 By comparing the XRD patterns of M-
LVO-Y (shown in Figure 1a) with those of M-LVO, it is
observed that there exist two additional peaks of 20.5 and
33.7°, which are assigned to the phase of Y2O3.

38 Furthermore,
it could be observed that the intensity of the characteristic
peaks of Y2O3 is increasing with the increase of Y2O3/M-LVO
ratios.

XPS measurements were employed for determining the
surface composition and element valence. As displayed in
Figure 1b, the peaks of O 1s, V 2p, and Li 1s could be clearly
observed from the XPS spectra of M-LVO and M-LVO-Y-2.
However, on account of the lower Y2O3 content in the M-
LVO-Y-2 sample, the characteristic peak of Y 3d belonging to
Y2O3 is not apparent to distinguish it. The peaks ranging from
152 to 162 eV are magnified and recorded in Figure 1d. Two
peaks appear at 156.6 and 158.3 eV, which are derived from Y
3d5/2 and Y 3d3/2, respectively.

39,40 Based on the XRD and XPS
results, it is confirmed that Y2O3 is composited with M-LVO.
Remarkably, as described in Figure 1c, the V 2p3/2 XPS spectra
presents two peaks at 517.4 and 516.2 eV in the M-LVO-Y-2

Figure 1. (a) XRD patterns of M-LVO-Y-1, M-LVO-Y-2, M-LVO-Y-5, and M-LVO-Y-8; (b) full XPS spectrum analysis of M-LVO and M-LVO-Y-
2; (c) V 2p fine spectrum of M-LVO-Y-2; (d) Y 3d fine spectrum of M-LVO-Y-2; and (e) structure model of the monoclinic LiV3O8 and the crystal
structure of LiV3O8.
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sample. The peak at 517.4 eV is identified as pentavalent
vanadium (V5+), and tetravalent vanadium is found at the peak
of 516.2 eV, suggesting the mixed V4+/V5+ state. It is well
known that V4+/V5+ coexisting in LiV3O8 means the existence
of oxygen vacancies and the changes in the structure, which
facilitate the formation of percolated pathways for electron
hopping between V5+ and V4+, accompanied by the improve-
ment in electrical conductivity.41 By calculating the ratio of the
peak areas, it can be concluded that the V5+-to-V4+ ratio is
calculated about 6.64:1. In fact, the presence of tetravalent V
can be expected, derived from the reduction of CNTs and the
inert annealing atmosphere.31

The electronic image of the final products is displayed in
Figure 2a. It is observed that the color of the M-LVO-Y-2
sample is dark green. The morphologies of M-LVO and M-
LVO-Y-2 are studied by using the measurement of SEM. As
observed in Figures 2b,c, and S2, bulk morphologies
accompanied by the partial microspheres are successfully
gained via the spray-drying method. Moreover, the elements of
V, O, and Y are distributed uniformly in the M-LVO-Y-2
composite. Due to the lack of introduced Y2O3, there is no Y
element observed in the M-LVO sample. TEM measurement is
performed to verify the existence of CNTs, which is expected
to improve the electronic conductivity. As shown in Figures 2d
and S2b, it is evident that the host material of LiV3O8 is
covered and embedded by the CNTs. The lattice fringes with
the d-spacings of 0.34 and 0.575 nm can be clearly observed in
Figures 2e and S2b, corresponding to the (011) and (002)
planes of LiV3O8, respectively. Moreover, Figure 2f presents
the lattice fringe with a d-spacing of 0.198 nm, recognized as
the (521) plane of Y2O3, which verifies further synthesis of the
CNTs/LiV3O8/Y2O3 composite.
Figure 3 presents the comparison of Li-ion storage capability

in the liquid Li metal battery between M-LVO and M-LVO-Y
in a potential range of 2.0−3.65 V. CV measurements were

conducted at a scan rate of 0.1 mV s −1. The second-cycle CV
curves of M-LVO and M-LVO-Y-2 are presented in Figure 3a.
Apparently, the M-LVO-Y-2 electrode possesses a larger curve
area and higher redox peak current than those of M-LVO,
which indicates the higher capacity and the faster kinetics of
the M-LVO-Y-2 electrode for Li-ion insertion/extrac-
tion.24,42,43 For the M-LVO and M-LVO-Y-2 electrodes,
there exist three pairs of redox peaks at 2.85/2.79, 2.71/2.51,
and 2.47/2.31V, respectively, which correspond to the
electrochemical behavior of LiV3O8 with a reversible process
of Li+ extraction/insertion (LiV3O8 + 3 Li+ + 3e− ↔
Li4V3O8).

24,44 In addition, the peak at around 2.87 V for the
oxidation process and the pair of anodic/cathodic peaks at 3.45
and 3.42 V have been proved from Li0.3V2O5 detected from the
XRD patterns.24,27 However, it is noteworthy that there is no
increase or decrease in the potential difference between any
pair of redox peaks of the M-LVO and M-LVO-Y-2 electrodes
because of Y2O3 introduced into M-LVO. The phenomenon
can be confirmed further by calculating the capacity retention
of long cycles. To get insights into the difference of Li-ion
storage performance between the M-LVO and M-LVO-Y
electrodes, the rate performance evaluated at step current
densities varying from 0.05 to 2 A g−1 is recorded in Figure 3b.
It is evident that the M-LVO-Y-2 electrode shows superior rate
capability and delivers higher reversible capacities of 279.9,
257.6, 242.8, 223, 204.1, and 182.5 mA h g−1 at current
densities of 0.05, 0.1, 0.2, 0.5, 1, and 2 A g−1, respectively.
When the current density returns back to 0.05 A g−1, a
discharge specific capacity as high as 254.9 mA h g−1 can be
achieved with a 91.1% capacity retention. The expected rate
capability is definitely caused by the enhanced electron
conductivity, arising from the nature of the high electrical
conductivity of CNTs45−48 and the percolated pathways for
electron hopping between V5+ and V4+. Moreover, the M-
LVO-Y-2 electrode shows superior rate capability compared to

Figure 2. (a) Electronic image of the final products; (b, c) SEM images of M-LVO-Y-2; accompanying diagram of (c) is the corresponding EDS
elemental mapping; and (d−f) TEM and HRTEM images of M-LVO-Y-2.
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M-LVO-Y-1, M-LVO-Y-5, and M-LVO-Y-8. This may be
ascribed to 2 wt % Y2O3 coating as the most effective coating
amount. As the coating amount increased, the active site of
LVO decreased, accompanied by the decreased discharge
capacity.
Figure 3c displays the galvanostatic charge and discharge

curves of M-LVO-Y-2 at varied current densities from 0.05 to 2
A g−1. Remarkably, the result of the three main pairs of
charging and discharging platforms appearing in the curves at
lower current density is in keeping with the result of CV
curves. Moreover, the long cycling stabilities of the M-LVO
and M-LVO-Y electrodes are evaluated at a high current
density of 1 A g−1 for 500 cycles. As shown in Figure 3e, the
highest initial discharge specific capacity of 240.2 mA h g−1 can
be achieved for the M-LVO-Y-2 electrode. After 500 cycles, the

M-LVO-Y-2 electrode can maintain 66.5% of the initial
capacity, reaching 159.7 mA h g−1, indicating that M-LVO-Y-
2 can show remarkable long cycling stability at high current
density. Interestingly, for comparison, M-LVO, M-LVO-Y-1,
M-LVO-Y-5, and M-LVO-Y-8 can provide the initial discharge
specific capacities of 204.4, 216.6, 210.3, and 218 mA h g−1

with the capacity retentions of 63.2, 62.7, 67.3, and 64.8% after
500 cycles, respectively. Therefore, a proof by fact is that the
content of Y2O3 combined with M-LVO can affect the initial
discharge specific capacity of the composite but exert a weak
influence on capacity retention.
Then, we carried out the EIS measurement for the lithium

metal battery after testing the long-term cyclability of M-LVO
and M-LVO-Y-2. It is well known that the value of Rct
represents the charge transfer resistance. As described in

Figure 3. Li-ion storage capability of M-LVO and M-LVO-Y in the liquid Li metal battery in a potential range of 2.0−3.65 V; (a) CV curves of the
M-LVO and M-LVO-Y-2 electrodes at a scan rate of 0.1 mV s−1; (b) rate capability of the M-LVO and M-LVO-Y electrodes; (c) galvanostatic
charge and discharge curves of M-LVO-Y-2 at varied current densities from 0.05 to 2 A g−1; (d) the Nyquist plots of the M-LVO and M-LVO-Y-2
electrodes after 500 cycles at 1 A g−1 with the equivalent circuit inset; and (e) cycling performances of the M-LVO and M-LVO-Y electrodes at 1 A
g−1.
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Figure 4. (a) Electronic image of the PEO-based SPE film; (b) full XPS spectrum of the PEO-based SPE film; (c) CV curves of the M-LVO and
M-LVO-Y-2 electrodes at a scan rate of 0.1 mV s−1 in a potential range of 2.0−3.65 V versus Li/Li+ under an operating temperature of 80 °C in the
PEO-based SSLMB; (d) rate performance of the M-LVO and M-LVO-Y-2 electrodes; (e) galvanostatic charge and discharge curves of M-LVO-Y-2
at varied current densities from 0.05 to 0.5 A g−1; (f) the Nyquist plots of the M-LVO and M-LVO-Y-2 electrodes after the rate performance tested
with the equivalent circuit inset; and (g) cycling performance of the M-LVO and M-LVO-Y-2 electrodes at 0.2 A g−1.
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Figure 3d, an Rct of 21.2 Ω for the M-LVO-Y-2 electrode is
much smaller than that of M-LVO (42.4 Ω), suggesting that
introduction of Y2O3 into the LiV3O8 host material can
improve the charge transfer kinetics.
Additionally, we compared the cycling performance of the

M-LVO-Y-2 electrode in the liquid LMB at room temperature
and at a high temperature of 80 °C. As shown in Figure S3, as
the M-LVO-Y-2 electrode is charged and discharged at a
current density of 0.2 A g−1, the initial discharge specific
capacity of 294.3 mA h g−1 at 80 °C is much higher than that
of 242.3 mA h g−1 at room temperature, which may be ascribed
to the destructive decomposition to the liquid organic
electrolyte at a high temperature. With the increasing cycles,
the discharge capacity at 80 °C presents a trend of sharp
decline and only achieves 104.4 mA h g−1 after 110 cycles,
indicating a 35.5% capacity retention. However, the M-LVO-Y-
2 electrode after 250 cycles at room temperature still maintains
77.8% of the initial capacity, reaching 188.4 mA h g−1.
Therefore, from the perspective of capacity retention, it is
compelled to admit that the rechargeable Li metal battery with
the liquid organic electrolyte is hard to be promoted in a harsh
environment at a high temperature. It is necessary to design a
special high-temperature battery, and the SSLMB should be
one of the various viable options.
3.1. CNTs/LiV3O8/Y2O3 Cathode Materials for the

Rechargeable SSLMB. The electronic image of the PEO-
based SPE film is displayed in Figure 4a. It clearly shows the
transparency and flexibility of the SPE film. XPS measurements
were employed to verify the composition of the PEO-based

SPE film. As shown in Figure 4b, two apparent peaks appear in
the XPS spectrum, assigned to O 1s and C 1s, mainly
originating from the PEO polymer. Moreover, after the M-
LVO-Y composite was applied in the liquid lithium metal
battery successfully, it is of great necessity to demonstrate its
practical feasibility for the rechargeable SSLMB.
Figure 4c presents the CV curves of the M-LVO and M-

LVO-Y-2 electrodes applied in the PEO-based SSLMB in a
potential range of 2.0−3.65 V at 80 °C. Apparently, three pairs
of main redox peaks can be found in the liquid LMB appearing
at 2.94/2.73, 2.79/2.43, and 2.46/2.19 V in the M-LVO-Y-2
composite, respectively. This can be ascribed to the phase
transitions from LiV3O8 to Li4V3O8. The redox peaks at 3.55/
3.45 V derived from the existence of impurity phase Li0.3V2O5
can still be detected. Figure 4d is the rate performance
comparison of two obtained samples at step current densities
varied from 0.05 to 0.5 A g−1. For the M-LVO-Y-2 electrode,
the superior rate capability can be possessed with reversible
capacities of 302.1, 271, 225.1, and 145.6 mA h g−1 at current
densities of 0.05, 0.1, 0.2, and 0.5 A g−1, respectively. While the
current density reverses to 0.05 A g−1, it could still achieve a
high capacity of 270 mA h g−1 with an 89.4% capacity
retention. The same test procedure was carried out for the M-
LVO-Y electrodes, which can only maintain 77.7% of the initial
capacity as high as 310.7 mA h g−1 after 30 cycles. In addition,
according to the galvanostatic charge and discharge curves of
M-LVO-Y-2 shown in Figure 4e, there are three platforms
observed in the curves, identified with the result of the CV
measurement.

Figure 5. (a, b) Nyquist plots of the PEO-based solid-state polymer film and the LVO/PEO-based solid-state lithium metal battery with the
equivalent circuit inset at varied temperatures from 60 to 80 °C, respectively; (c) the correlation between the discharge capacity and the operating
temperature for M-LVO-Y-2 electrodes at a current density of 0.2 A g−1; (d) comparison of the energy density of the LVO/PEO-based solid-state
lithium metal battery with recent results reported in the literature for solid-state Li metal batteries (LFP∥VAVS-CSPE∥Li,12 LFP∥PLLN∥Li,49
HSC∥HSE∥Li,50 NCM 622∥SGE∥Li,51 NCM 811∥LDPPCCE∥Li,52 NCA∥SPE∥Li,53 and LCO∥DSM-SPE∥Li14).
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After testing the rate performance of two kinds of electrodes,
the EIS spectrum is recorded in Figure 4f with the equivalent
circuit inset, which is made up of two semicircles in high- and
medium-frequency regions and a straight sloping line in the
low-frequency regions. As described in the equivalent circuit,
Rs corresponds to the internal resistance of the battery,
containing the particle−particle resistance, the electrolyte
resistance, and the resistance derived from the electrodes and
the current collectors, and Rf and Rct refer to the resistance of
the solid electrolyte interface (SEI) film and the charge transfer
resistance, respectively.49,50 It is evident that the Rct of M-
LVO-Y-2 is much smaller than that of M-LVO, which may be
ascribed to the dual functions of Y2O3 by improving the charge
transfer kinetics of the LiV3O8 host material and reducing the
crystallinity of PEO, accompanied by the increasing electro-
chemical stability of SPE.35

Moreover, the cycling lifespans of M-LVO and M-LVO-Y-2
are studied at a current density of 0.2 A g−1 (Figure 4g). The
trend of discharging capacities from increasing to decreasing
may be caused by the electrochemical activation of the
electrodes and the SPE film. Within the cycling, the highest
capacities of the M-LVO and M-LVO-Y-2 electrodes are 263.6
and 269.6 mA h g−1, respectively. M-LVO-Y-2 possesses a
capacity of 194.5 mA h g−1, indicating 72.1% of the highest
capacity after 100 cycles. In contrast, the two values above
associated with M-LVO are 51.4% and 135.6 mA h g−1. It is
noteworthy that the electrochemical performance of M-LVO-
Y-2 with extremely high electrode piece quality is also
presented in Figure S4. Compared with the low loading of
the electrode, a similar discharging capacity trend can be also
gained. Moreover, as shown in Figure S4b, it is evident that the
curves of M-LVO-Y-2 with extremely high electrode piece
quality are similar to those with low loading, as described in
Figure 4e. As above, concerning the capacity retention of the
M-LVO-Y-2 electrode at 80 °C, we compared the SSLMB with
the liquid LMB as a consequence and found that the LVO/
PEO-based SSLMB is more suitable for applying in a harsh
environment at a high temperature.
To investigate the relationship between the PEO-based

solid-state polymer film and the operating temperature,
CR2016 coin cells consisting of the Li metal anode, the
PEO-based SPE film, and the block electrode were adopted
with the current collector. As shown in Figure 5a, there is an
interesting result coming from the EIS spectrum of the PEO-
based SPE film from 60 to 80 °C. The value of RSPE related to
the electrolyte resistance of the PEO-based solid-state polymer
film and the interface resistance declines as the temperature
increases from 60 to 80 °C. In addition, the open-circuit
potentials (OCP) of the PEO-based SPE film at different
operating temperatures of 60, 70, and 80 °C are recorded and
assigned to 2.465, 2.509, and 2.577 V, respectively. Moreover,
EIS measurements were also performed for M-LVO-Y-2
electrodes to explore the correlation of Rct (charge transfer
resistance) with different operating temperatures. Figure 5b
demonstrates that the value of Rct presents a decreasing trend
with the increasing operating temperature, indicating that Rct is
negatively correlated with the operating temperature.
As is known to all, the Arrhenius equation, k = A e−Ea/RT or

ln k = −Ea/RT + ln A, can be used to explore how the rate of a
reaction depends on temperature.51 In this equation, K, R, A,
T, and Ea are the rate constant, gas constant, frequency factor,
absolute temperature, and activation energy, respectively. In
the case of the PEO-based SPE, it can be found that Ea increase

with the increase of absolute temperature, accompanied by the
increase of the conductivity of the PEO-based SPE.
Remarkably, it can be concluded that RSPE is negatively
correlated with the operating temperature. Moreover, as is
known to all, OCP is directly related to RSPE. As RSPE
decreases, the value of OCP increases. Therefore, a conclusion
can be obtained that OCP is negatively correlated with RSPE
under different operating temperatures. Similarly, Rct is
negatively correlated with the operating temperature.
Furthermore, the correlation between the discharge capacity

and the operating temperature for the M-LVO-Y-2 electrode is
recorded in Figure 5c. Apparently, it displays the highest
capacity of 271.3 mA h g−1 under 80 °C at a current density of
0.2 A g−1, while only 44.4 mA h g−1 can be achieved under 60
°C. The gap of the discharge capacities under different
operating temperatures can be distinguished visibly. Moreover,
a comparison of the energy density of the SSLMB reported in
the literature is shown in Figure 5.14,16,52−56 To the best of our
knowledge, the key factor of developing high energy storage
devices is the cathode. Although the M-LVO-Y-2 electrode
applied in the SSLMB possesses a lower average discharge
voltage of 2.58 V, it can deliver the highest specific capacity
than cathodes in the application reported above. Therefore, for
the M-LVO-Y-2 electrode, the energy density estimated to be
779.4 W h kg−1 is also far higher than other cathodes. All in all,
the CNTs/LiV3O8/Y2O3 composite exhibiting excellent
electrochemical performance may be a successful option for
a practical solid-state lithium metal battery applied in a harsh
environment at a high temperature.

4. CONCLUSIONS
CNTs/LiV3O8/Y2O3 composite was prepared successfully by a
simple spray-drying route. As a potential cathode material
applied in the LMB, the CNTs/LiV3O8 composite introduced
with 2 wt % Y2O3 exhibits outstanding Li-ion storage capability
with a high reversible capacity of 279.9 mA h g−1 at 0.05 A g−1,
superior power capability (182.5 mA h g−1 at 2 A g−1), and a
long cycle lifespan of 500 cycles with a 66.5% capacity
retention at a current density of 1 A g−1. The impressive
performance is caused by the introduced CNTs and Y2O3 for
improving the electron conductivity of the LiV3O8 host
material and the charge transfer kinetics. Moreover, the
rechargeable solid-state Li/M-LVO-Y-2 lithium metal battery
with the PEO-based SPE film shows a higher capacity of 302.1
mA h g−1 at 0.05 A g−1 and gives a stable cycling performance
with 72.1% of the highest capacity after 100 cycles at 0.2 A g−1

under 80 °C, and Y2O3 can play a significant role in reducing
the crystallinity of PEO. In addition, by conducting EIS
measurements and capacity characterization at different
operating temperatures, the result demonstrates the strong
impact of the operating temperature exerted on the open-
circuit potentials (OCP) of the PEO-based SPE film and the
charge transfer resistance of the PEO-based SSLMB.
Significantly, it is proved that solid-state lithium metal batteries
containing the CNTs/LiV3O8/Y2O3 cathode and the PEO-
based SPE film can provide extremely higher energy density
and are suitable for applying in a harsh environment at a high
temperature.
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