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ABSTRACT: Rechargeable lithium-ion batteries (LIBs) have a > 180

wide range of applications but face challenges in harsh working or S50 b

operating environments at high temperatures. In this work, a solid .v_'] §120 ::.,,0.50 120 °C

polymer electrolyte with MWCNT-COOH as an additive 2 & ; 00 |

(MWCNT-SPE) was obtained. MWCNT-SPE has a high thermal / / \> /\ § 60 | e

stability and can be used in high-temperature operating environ- | ™ 8 3 | cLEPIPEO- SPEIL] R

ments. Solid-state lithium batteries based on MWCNT-SPE and 2 MWCNT-COOH ¢ Li* 0 ¢ LFPIMWCNT-SPE/LT

LiFePO, were assembled. The resulting lithium batteries exhibited ~// PVDF-HFP  ** TFSI 0 20 40 60 80 100
N PEO Interaction sites Cycle number

excellent electrochemical properties at 70 and 120 °C, demonstrat-
ing a wide range of operations suitable for solid-state batteries with
extreme demands. The symmetrical Li/MWCNT-SPE/Li cell operated for 1800 h with low polarization voltage and no short circuit,
and the LiFePO,/MWCNT-SPE/Li cell delivered superior cycling performance under both 0.2 and 0.5 C-rates, indicating that the
interface compatibility between the lithium metal and MWCNT-SPE membrane was good and could effectively suppress the
formation of lithium dendrites. The superior performance of the resulting MWCNT-SPE was due to the weak interaction between
PEO, PVDEF-HFP, and MWCNT-COOH, which reduced the tendency of PEO’s crystallinity and thereby significantly increased the
Li" migration ability and improved the cycling life of the batteries.

1. INTRODUCTION

Rechargeable lithium-ion batteries (LIBs) have been used in
various aspects of life, but there is limitation for LIBs to be
used in some high-temperature working environments due to

usually show high ionic conductivity comparable to that of
liquid electrolytes, and some even exceed that of liquid
electrolytes.” However, due to the brittleness and rigidity of
ISEs, they normally have poor contact with adjacent electrodes

the liquid electrolyte used in traditional LIBs. For example,
batteries for handheld surgical tools need to be exposed to
extreme temperatures, withstanding temperatures of up to 137
°C." Measurement-while-drilling (MWD) tools in the
petroleum drilling industry operate at temperatures of up to
150 °C.” Currently, batteries used in the high-temperature field
are mainly primary batteries, such as Li-SOCl, primary
batteries and NiMH batteries. The operating temperature of
current commercial LIBs is —20 to 55 °C. Exceeding this
temperature range will cause severe side reactions and increase
the risk of thermal runaway. For example, the LiPF salt in
liquid electrolyte begins to decompose into HF above S5 °C,
which will consume the active material, thereby reducing the
battery performance. ThlS problem will be much more serious
at high temperatures.” Furthermore, the solid electrolyte
interphase (SEI) is not stable when the operation temperature
is over 65 °C; it will decompose and generate gas.””’
Therefore, modifying the electrolyte is the key to expand the
operating temperature range of LIBs.

A solid-state electrolyte is considered to be a good solution
to this issue, as the use of a solid electrolyte eliminates the
need for a liquid electrolyte and simplifies battery design,
thereby improving safety and durability.® Among all kind of
solid-state electrolytes, inorganic solid electrolytes (ISEs)
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without special treatment. This has dramatically hindered its
applications.'”"" In contrast, solid polymer electrolytes (SPEs)
are mainly composed of a homogeneous mixture of solid
polymers and lithium salts, which makes it possible to adjust
the thickness arbitrarily and maintain flexible close contact
with solid electrodes. Therefore, in terms of interface
compatibility, SPEs are easier to meet the application needs
of solid-state lithium metal batteries. After the first report of
poly(ethylene oxide) (PEO)-alkali metal salt SPEs with ion
doping, PEO-lithium salt composite electrolytes have been
widely explored for lithium polymer batteries.*~"* PEO-based
SPEs are considered the most promising polymer matrix.">'>"'
Due to the interaction between Li* and the ether oxygen atoms
of the PEO matrix,'® PEO is effective in solvating lithium salts,
thereby providing the ability to transport lithium ions."”
However, the test conditions for such batteries are generally
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Figure 1. Molecular structures of PVDF-HFP, PEO, and MWCNT-COOH and schematic representation of a 3D polymer network of an SPE

membrane formed by the intermolecular hydrogen bonding effects.
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Figure 2. (a) Photos of as-prepared and annealed MWCNT-SPE, PVED-SPE, and PEO-SPE membranes. Thermal stability of MWCNT-SPE,
PVDF-SPE, and PEO-SPE membranes: (b) TGA curve and (c) DSC curve.

limited to 60 °C due to the limitation of the melting point of
PEO. Such low temperatures cause very low ionic conductivity,
leading to poor electrochemical performance; when the
temperature is higher than 65 °C, the PEO membrane will
melt and become unusable. Pure PEO-based SPE batteries
tested above 65 °C have rarely been reported.

The addition of a filler to SPE is considered to be an
effective strategy to address the problem of temperature

29061

limitation.'® It was reported that a PI (polyimide) membrane
filled with PEO and LiTFSI (bis(trifluoromethane)sulfonimide
lithium salt) as a safe SPE could prevent short circuiting even
after more than 1000 h of charge/discharge cycling.19 It was
found that the local Li" environments can be changed to
activate more mobile Li* in the polymer by adding a filler
material that has a strong interaction with the polymer
electrolyte, thereby increasing the Li" conductivity of the
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composite electrolyte.”” PVDE-HFP (polyvinylidene fluoride-
co-hexafluoropropylene) is frequently reported to be used as
the matrix of a porous polymer electrolyte because it has
higher ionic conductivity and lower crystallinity than other
polymers.” However, it is still necessary to add a li%uid
electrolyte when this type of polymer electrolyte is used,”**
which still fails to avoid the problem of temperature limitation
caused by the liquid electrolyte.

In this study, solvent-free LIBs were assembled based on
MWCNT/PVDF-HFP/PEO based SPE. PVDF-HFP was used
as the main matrix. PEO acted as a Li* conductor and formed
diffusion channels in the matrix. LiTFSI provided Li ions. To
better promote the mixing of PVDF-HFP and PEO and
enhance the interaction between components, MWCNT-
COOH was added as a binder. Through simple physical
mixing, a solid electrolyte membrane with excellent thermal
performance and ultra-high cycling stability was obtained.
LiFePO, (LEP) is a very stable cathode material with a very
flat voltage plateau at around 3.5 V, high theoretical specific
capacity of about 170 mAh/g, and high thermal stability. Solid-
state Li metal batteries based on LFP and SPE were assembled.
The obtained batteries delivered excellent cycling stability at
120 °C.

2. RESULTS AND DISCUSSION

2.1. Characterizations of the Electrolyte Membrane.
To obtain a solid-state battery that can work stably and safely
at high temperatures, a solid electrolyte membrane with
sufficient thermal stability is the key. PEO has high crystallinity
and low melting point, making it difficult to prepare large-area
membranes. On the other hand, the obtained membranes are
anisotropic, which is not conducive to the transmission of Li".
By dispersing PEO in PVDF-HFP with a lower crystallinity,
the crystallinity of PEO can be effectively reduced, and the
membrane-forming properties of the prepared membrane can
also be greatly improved. We tried different ratios of PVDE-
HFP and PEO. The high content of PVDF-HFP makes it
easier to get a thick and easy-to-form membrane, but at the
same time, it results in poor ionic conductivity. If the loading
of PEO is too high, the membrane-forming ability is poor, and
the formed membrane is fragile. Due to the above-mentioned
trade-off, we chose a mass ratio of PVD-HFP/PEO of 1:1 to
obtain an ion-conducting and flexible membrane.

Figure 1 shows the molecular structure of PVDF-HFP, PEO,
and MWCNT-COOH and the schematic representation of its
film formation. Compared with other polymers, PVDF-HFP as
the matrix of the SPE film has relatively low crystallinity, high
ionic conductivity, and good mechanical stability.”* PEO, as a
Li* conductor, was blended with PVDE-HFP to form an SPE
membrane. Meanwhile, the interaction of PVDF-HFP and
PEO can effectively reduce the crystallinity of PEO, which is
more conducive to the transmission of lithium ions.*’
According to a previous report, a small amount of additives
with specific functional groups, such as the —COOH group,
can promote the interaction between molecules, which can
effectively improve the mechanical properties and thermal
stability of the polymer.”® In this study, functionalized
MWCNT (MWCNT-COOH), containing a lot of —COOH
groups, was used as the additive. In addition, according to the
chemical structures of PVDF-HFP, PEO, and MWCNT-
COOH, these molecules can form effective H—F bonds and
H—O bonds with each other,””*” which can make the polymer
chains more disorderly in the blending, further reducing the

crystallinity of PEO and thus improving the ionic conductivity.
In this paper, the SPE membrane with MWCNT-COOH as
the additive was named MWOCNT-SPE. For comparison,
polymer electrolytes based on pure PEO and the blend of
PVDEF-HFP and PEO were also prepared and named PEO-SPE
and PVDE-SPE, respectively.

As shown in Figure 2a, compared to the rough PEO-SPE
membrane, it is easy to obtain a solid electrolyte membrane
with a smooth surface with the addition of PVDE-HFP.
Furthermore, the membrane obtained after adding MWCNT-
COOH was more flexible and tougher. The thermal stability of
the electrolyte is a key feature to determine whether an LIB is
suitable for high-temperature environments or not. The mixed
PEO/PVDF-HFP can increase the melting point of the
forming membrane. Figure 2a shows all three SPE membranes
after annealing from 60 to 180 °C (kept at 60, 120, and 180 °C
for 2 h each). Both MWCNT-SPE and PVDF-SPE membranes
showed almost no obvious shrinkage even after annealing at
180 °C for 2 h, which could be due to the high melting point
of PVDF-HFP, as well as the strong interaction between
PVDF-HFP and PEO. The addition of MWCNT-COOH can
increase the number of interaction sites between polymer
chains, thereby further enhancing this effect. The results of
thermal stability indicate that the synthesized MWCNT-SPE
would be able to survive in a high-temperature working
environment.

The thermal stability of SPE membranes was analyzed by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). As presented in TGA curves (Figure 2b),
the MWCNT-SPE and PVDF-SPE membranes showed a
thermal decomposition temperature of ~375 °C, slightly lower
than that of the PEO-SPE membrane, which was due to the
lower decomposition temperature of PVDF-HFP. However,
such decomposition temperature is still high enough for some
high-temperature applications. Figure 2¢ shows DSC curves of
all three SPE membranes. For the PEO-SPE membrane, a
broad endothermic peak between 50 and 100 °C was assigned
to the melting of PEO. Compared with the PEO membrane,
both the PVDF-SPE and MWCNT-SPE membranes showed a
small melting peak of PEO, and the melting point of PVDF-
HFP was about 177 °C. However, from the DSC curve, no
obvious endothermic peak belonging to PVDF-HFP was
observed, indicating that PVDF-HFP inhibited the crystal-
lization of PEO and PVDF-HFP.”*

The scanning electron microscopy (SEM) images of PEO-
SPE, PVDF-SPE, and MWCNT-SPE membranes are shown in
Figure 3. The PEO membrane presented a smooth surface with
some holes, but there were many cracks on the surface, as
shown in Figure 3a,b. These cracks may be caused by the
crystallization of PEO during the membrane formation
process. When PVDF-HFP was added, the crystallization of
PEO was inhibited. Therefore, the resulted PVDF-SPE showed
a different surface morphology; unlike PEO-SPE, there were
many radial lines on the surface of PVDF-SPE (Figure 3c,d).
This could be due to the interaction of PVDF-HFP and PEO,
which caused the crystalline morphology of PEO to change.”
There were still some holes on the surface of the PVDF-SPE
membrane, but there were no cracks. After adding MWCNT-
COOH, the membrane surface became smoother. There were
no holes or cracks on the surface of the membrane (Figure
3e,f). This indicated that the additive promoted the formation
of amorphous polymer films, which might lead to the
enhancement of the segmented movement of polymer chains.

https://doi.org/10.1021/acsomega.1c04275
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Figure 3. SEM images of the surface of (a, b) PEO-SPE, (¢, d) PVDF-
SPE, and (e, f) MWCNT-SPE membranes.

Furthermore, compared to membranes containing crystalline
regions, the amorphous membrane also demonstrates better
interface compatibility with lithium metal anode and cathode
electrodes.

To investigate the influences of interaction between
MWCNT-COOH, PVDF-HFP, and PEO and the interaction
between PEO and LiTFSI on the crystallinity of the
membrane, X-ray diffraction (XRD) was conducted on pure
PEO, PVDF-HFP, LiTFS], and different SPE membranes. As
shown in Figure 4, both XRD patterns of PEO and LiTSFI had
visible characteristic peaks, and the characteristic peak intensity
of PEO was very high. When LiTFSI was dissolved into PEO,
all the characteristic peaks of LiITFSI in the resulting electrolyte
membrane disappeared, indicating that LiTFSI was well
dispersed in PEO. Notably, there was almost no change in
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Figure 4. XRD patterns of pure LiTFSI, pure PEO, pure PVDF-HFP,
the PEO-SPE membrane, the PVDF-SPE membrane, and the
MWCNT-SPE membrane.

the position and intensity of PEO crystalline peaks compared
to those of pure PEO, indicating that PEO still existed mainly
as a crystalline in PEO-SPE membranes.

When PVDF-HFP was mixed with PEO and LiTFSI, the
crystal peaks of PEO and LiTFSI overlapped with the low-
intensity peaks of the PVDF-HFP semicrystalline phase.
However, characteristic peaks belonging to PEO could still
be observed, indicating that the interaction between PEO and
PVDEF-HFP can destroy the crystallization of PEO and reduce
the crystallinity of the prepared electrolyte membrane to some
extent. When MWCNT-COOH was added, the crystal peak of
PEO between 25 and 45° almost disappeared, and the peak
belonging to PVDE-HFP left only a very broad peak, which
indicates that the addition of MWCNT-COOH effectively
promoted the interaction between molecules, reduced the
crystalline phase, increased the amorphous area, and formed a
more disordered polymer membrane.

With the addition of lithium salt into the polymer matrix, it
is expected that the cations of the salt will coordinate with
polar groups in the host polymer matrix, resulting in
complexation. In addition, there are weak interactions between
polymer chains and the additive. These types of interactions
will influence the local structure of the polymer backbone, and
certain infrared active modes of vibration will be affected. To
understand the interactions between lithium salt and the
polymer hosts in the polymer electrolytes, Fourier transform
infrared (FT-IR) transmission spectra of the complexes were
collected at room temperature in a region of 4000—400 cm™".
The full spectrum with peak positions is shown in Figure S1.
Figure S shows the FTIR spectra of pure PEO, PVDF-HFP,
LiTFSI, PEO-SPE, PVDE-SPE, and MWCNT-SPE.
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Figure S. FTIR spectra of pure PEO, pure PVDF-HFP, pure LiTFS],
the PEO-SPE membrane, the PVDF-SPE membrane, and the
MWCNT-SPE membrane.

In the spectrum of pure PEO, a broad band at 2877 cm ™" is
ascribed to the —CH symmetric stretching of PEO, a band at
1466 cm™' represents the asymmetric bending of C—H in
PEO, and the characteristic vibrational band at 1090 cm™!
belongs to the stretching of C—O—C in PEO. The bands
around 960 and 840 cm™' are —CH, twisting and —CH,
wagging, respectively, which are characteristic peaks of PEO.”
PVDF-HFP contains free electron pairs at the fluorine (F)
atoms of —CF, and —CF; groups. The characteristic bands of
—CH, wagging and antisymmetric —CF, stretching are at 1399
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Figure 6. (a) Arrhenius plots of ionic conductivity versus temperature for SPE membranes. (b) Linear sweep voltammograms of PEO-SPE, PVDF-
SPE, and MWCNT-SPE at 120 °C. DC polarization curves of the (c) Li/PVDF-SPE/Li symmetric cell and (d) Li/MWCNT-SPE/Li symmetric

cell at 120 °C.

and 1169 cm™, respectively, and the band at 875 cm™ is

assigned to the vinylidene group of PVDE-HFP.”' In the
spectrum of pure LiTFSI, the characteristic bands at 1058,
1130, and 1190 cm ™" are assigned to the asymmetric stretching
of S—N-§, S=O bonding, and C—SO,—N bonding,
respectively.”

The most direct evidence that confirms the complexation of
the polymer host with the lithium salt is the change in the
strength and the shifting of the bands. In the spectrum of all
three SPE membranes, all characteristic bands could be
observed. Compared to pure LiTFSI, in all three SPE
membranes, the characteristic peaks of LiITFSI were broadened
or even disappeared. This was due to the low content of
LiTFS], and it was uniformly dispersed in the polymer matrix.
The anions of LiTFSI coordinated with the ether carbon
groups present in the polymers.33 In PEO-SPE, all character-
istic peaks of PEO could be observed. However, after blending
with PVDEF-HFP, the characteristic peaks of PEO became
weaker and broader, such as peaks at 960, 1090, and 1466
cm™". This was due to the interaction between the —F group in
PVDE-HFP and the C—O—C group, and the —OH group in
PEO.>* This change was more obvious when MWCNT-
COOH was added. The characteristic peaks of PEO almost
disappeared. This was attributed to the specific interaction
between —COOH groups in MWCNT-COOH, —F groups in
PVDF, and C—O—C groups in PEO. All of these changes
confirmed the complexation and interaction between PEO,
PVDF-HFP, and MWCNT-COOH. The interaction between
MWCNT-COOH, PEO, and PVDF-HFP further promoted
the dispersion of PEO in the polymer matrix.

2.2. Electrochemical Performance. As mentioned above,
the introduction of polymer fillers and additive can reduce the
crystallinity of PEO and promote the segment movement of
PEO so that the ionic conductivity of the SPE membrane can

29064

be improved. To obtain an optimum loading of MWCNT-
COOH, MWCNT-SPE membranes with different ratios of
MWCNT-COOH were prepared, and the ionic conductivity of
these films was measured. The Nyquist plots of all Li/SPE/Li
cells at different temperatures are shown in Figure S2. The
ionic conductivities of SPE were calculated based on the

. . o
Nyquist plots using the equation 6 = ——, where d stands for

the thickness of the solid-state electrolyte membrane (cm), A
stands for the projected area of the lithium electrode (cm?),
and R stands for the impedance calculated from the Nyquist
plot (Q). The results are shown in Figure 6a. Compared with
the SPE membrane without MWCNT-COOH, the ionic
conductivity of the membrane slightly increased by adding 0.5
wt % of MWCNT-COOH. When the content reached 1 wt %,
the highest ion conductivity was obtained. With 2 wt % of
MWCNT-COOH, the ionic conductivity was lower than that
of the one without additive. Therefore, for battery assembly in
the following studies, 1 wt % MWCNT-SPE was used as the
solid electrolyte.

The activation energy (E,) values of SPEs can be extracted
from the plots using the Arrhenius equation. The activation
energy of the melting zone was much smaller than that of the
solid zone, indicating that the melting of PEO at high
temperature enhanced the Li* transfer kinetics.”> Moreover,
the interaction between MWCNT-COOH, the PEO polymer,
and the PVDF-HFP polymer matrix can reduce the crystallinity
of PEO and enhance the segment movement of the polymer
backbone, thereby promoting lithium ion migration.”® The E,
values for SPE and MWCNT-SPE were 0.78 and 0.79 eV,
respectively. Compared with the liquid electrolyte case with
perfect contact between the liquid electrolyte and electrode
sheet, the contact resistance and activation energy between the
solid electrolyte and the electrode sheet were slightly larger.
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In addition to the inherent ionic conductivity of the solid
polymer electrolyte, the electrochemical stability of the solid
polymer electrolyte and the value of lithium-ion transference
numbers (#;,) are also important factors to be considered. To
investigate the electrochemical stability of the prepared SPE
membranes, Li/SPE/stainless-steel cells were assembled, and
linear sweep voltammogram (LSV) tests were conducted in a
potential range of 0—6.0 V vs Li/Li" with a scan rate of 1 mV/s
at 120 °C, as shown in Figure 6b. These was no noticeable
increase in the anodic current below 5.2 V for both PVDF-SPE
and MWCNT-SPE membranes. However, the PEO-SPE
membrane only exhibited a stable electrochemical window
below 3.5 V. The good electrochemical stability of PVDF-SPE
and MWCNT-SPE could be attributed to the PVDF-HFP
matrix, as it can remove impurities at the interface, thereby
reducing the occurrence of side reactions between impurities
and the lithium metal electrode.”’

During the charge/discharge process, a lithium-ion concen-
tration gradient will form at the interface between the lithium
metal electrode and electrolyte, which will result in an uneven
distribution of lithium ions and the formation of lithium
dendrites. The value of t;;, can be used to predict the degree of
inhibition of lithium dendrites.>® The larger the value of t;;, is,
the better is the inhibition of the formation of dendritic lithium
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between the interface of the lithium metal and electrolyte.”” In
this study, the #;;, values of all three SPE membranes were
calculated via direct current (DC) polarization and impedance
measurements. The Nyquist plots of Li symmetric cells with
PVDF-SPE and MWCNT-SPE membranes before and after
polarization at 10 mV and 120 °C were collected, as shown in
Figure 6,dc,d. The t;, values in the case of Li/PVDF-SPE/Li
and Li/MWCNT-SPE/Li were 0.82 and 0.84 at 120 °C,
respectively. Compared to that of PVDF-SPE, the increased
t;;, value of MWCNT-SPE can be attributed to the Li*
transmission channel provided by the interaction of PVDF-
HFP and PEO. We also compared the polarization curves of
PEO-SPE, PVDE-SPE, and MWCNT-SPE at 70 °C, as shown
in Figure S3. The lithium-ion transference numbers in the case
of Li/PVDEF-SPE/Li and Li/MWCNT-SPE/Li were 0.42 and
0.69, respectively. However, the #;, value of PEO-SPE was
only 0.19. The large t;;, value of MWCNT-SPE, compared to
that of PVDF-SPE and PEO-SPE, foreshadowed a better
performance in preventing the formation of lithium dendrites.
In addition, compared to the results in Figure 6,dc,d, the
stabilization time required for SPE at 120 °C was much shorter
than that at 70 °C. This indicates that this type of solid-state
battery was more conducive in a higher-temperature working
environment.
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(d) LiFePO,/PEO-SPE/Li cell.

To evaluate the compatibility of different SPE membranes
and lithium metal and the long-term mechanical stability of
SPE membranes against the formation of Li dendrites, the
symmetric Li/Li cells were cycled at a current density of 0.05
mA/cm® at 70 °C. The MWCNT-SPE based lithium
symmetric cell delivered a low and steady potential of about
+0.03 V for over 1800 h of charge/discharge cycling, and no
short circuit appeared, indicating the successful inhibition of
dendritic lithium formation. In contrast, the voltage of the
PEO-SPE based lithium symmetric cell dropped sharply after
only 100 h of charge/discharge cycling, indicating that an
internal short circuit was caused by the formation of excessive
Li dendrites, as shown in Figure S4. PVDF-SPE based lithium
symmetrical batteries also provided a low and stable potential
for more than 1300 h, but after that, the same short circuit
occurred.

The obtained MWCNT-SPE membrane can withstand
temperatures over 180 °C without noticeable shrinkage
(Figure 2). To test the charge/discharge cycling performance,
a wide temperature window (from 70 to 120 °C) was applied
for the assembled coin cells. Figure 7b shows the discharging
performance of all LiFePO,/SPE/Li cells at a 0.2 C-rate. The
PEO-SPE based lithium battery delivered the highest initial
discharge capacity (about 152 mAh/g). However, after 25
cycles of charge/discharge, the battery was short circuited due
to the formation of lithium dendrites. In contrast, an excellent
discharge performance of the LiFePO,/MWCNT-SPE/Li cell
was achieved at 70 °C, the MWCNT-SPE based battery
showed a stable cycling performance, and its discharge capacity
at the 220th cycle was about 142 mAh/g with a capacity
retention of over 95%. For the PVDF-SPE based battery, a
short circuit also appeared after 110 cycles of charge/discharge,
the initial discharge capacity was 134 mAh/g, and the
discharge capacity gradually increased in the subsequent
cycling process. This could be due to the lack of compatibility

29066

between the electrolyte and the electrode sheet, as the
crystalline regions still existed in the PVDF-SPE membrane.
This phenomenon was more obvious in the charge/discharge
at a 0.5 C-rate, as shown in Figure 7c. The PVDF-SPE based
lithium battery only exhibited an initial discharge capacity of
40 mAh/g at a 0.5 C-rate, while the discharge capacity of
MWCNT-SPE was 136 mAh/g, and the cycle stability was the
same as the case at a 0.2 C-rate. These results confirmed the
good compatibility of the synthesized MWCNT-SPE electro-
lyte with the metallic lithium and LiFePO, electrode.

Figure 7d,e shows the 1st, 25th, 50th, and 100th voltage
capacity profiles of the LiFePO,/MWCNT-SPE/Li cell and
LiFePO,/PVDF-SPE/Li cell. The MWCNT-SPE based
battery showed a very stable charge/discharge platform within
100 cycles. However, for the PVDF-SPE based battery, the
polarization voltage increased significantly after 100 cycles of
charge/discharge. Some irregular waves appeared on the
charge/discharge curve. This phenomenon also appeared on
the voltage-capacity profiles of the PEO-SPE based battery
after 25 cycles of charge/discharge (shown in Figure SS),
which was caused by the formation of lithium dendrites.
Further growth of dendritic lithium could pierce the
electrolyte, resulting in a battery short circuit, and the
performance of the battery could immediately be reduced to
a minimum.

The electrochemical performance of all three different SPE
based lithium batteries cycling at 120 °C is shown in Figure 8.
Even at such a high temperature, the MWCNT-SPE based
battery delivered a stable discharge performance, which was
much better than that of PEO-SPE. As shown in Figure 8a, the
initial discharge capacity of the MWCNT-SPE based lithium
battery reached 142 mAh/g and still retained 152 mAh/g after
100 cycles of charge/discharge. The SPE-based lithium
batteries also performed well. Compared to the case cycling
at 70 °C, the PVDF-SPE based battery did not show any
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obvious interface compatibility problem at 120 °C, which
could be the result of the PVDF-SPE membrane that was fully
softened at 120 °C. The C-rate performance exhibited similar
results, as shown in Figure S6. Both PVDF-SPE and MWCNT-
SPE based batteries delivered similar discharge capacity at a
low C-rate; however, when the C-rate increased to 0.4C, the
difference between PVDF-SPE and MWCNT-SPE increased,
and the stability of MWCNT-SPE was better than that of
PVDEF-SPE. In contrast, the LiFePO,/PEO-SPE/Li battery
could not maintain effective charge/discharge cycling, the
discharge capacity kept decreasing since the first cycle, and the
capacity retention was only 64% after 15 cycles of charge/
discharge. Figure 8b—d shows the 1st and 100th voltage
capacity profiles of all three LiFePO,/SPE/Li cells. The
LiFePO,/MWCNT-SPE/Li cell exhibited a pair of long
charge/discharge voltage plateaus with a small gap (0.08 and
0.16 V at the Ist and 100th cycle, respectively). Although the
SPE based battery could also cycle stably, its polarization
voltage was significantly larger, which indicates that the
interface compatibility between the MWCNT-SPE membrane
and electrodes at high temperature was still much better than
that of the PVDF-SPE membrane. The LiFePO,/PEO-SPE/Li
cell exhibited an excellent charge/discharge curve for the first
cycle, and an extremely small voltage gap could be caused by
the thinning of the electrolyte membrane due to the melting of
PEO at high temperature, which made the contact distance
between the electrodes closer. However, a low Coulombic
efficiency in the first cycle indicated that a large amount of SEI
was formed during the first cycle. This phenomenon also led to
the rapid degradation of PEO-SPE based battery performance.

2.3. Characterizations of Cycled SPE Membranes. To
reveal the mechanisms for the enhanced performance of the
MWCNT-SPE based coin cells, FTIR was performed to
characterize the solid electrolyte membrane after cycling. To
exclude the influence of high-temperature heating, we also
characterized all different SPE membranes after annealing at
120 °C, as shown in Figure 9. There was no obvious difference
in the FTIR spectra between fresh electrolyte membranes and
the electrolyte membranes after annealing at 120 °C. However,
after 100 cycles of charge/discharge, some new peaks were
observed on the PEO-SPE membrane. The strong bonds at
1632 and 839 cm™ indicated the formation of SEI due to the
decomposition of PEO during cycling,""~* and the formation
of SEI consumed the PEO and Li-salt, which resulted in the
rapid performance reduction of pure PEO-SPE based coin
cells. It is well known that the formation of SEI does not
inhibit the formation of lithium dendrites.*> Therefore, after
reciprocating cycles, the performance curve of the PEO coin
cells at 120 °C looked smoother than that at 70 °C. This could
be due to the rapid decrease in electrochemical performance,
which reduced the intercalation/deintercalation of Li* during a
cycling process and, thereby, reduced the formation of lithium
dendrites. Compared to the PEO-SPE membrane, the FTIR
spectrum of the cycled MWCNT-SPE membrane only showed
a small new weak peak at 1632 cm™} indicating that the
MWCNT-SPE membrane effectively inhibited the decom-
position of PEO and the formation of SEI This is consistent
with the improved electrochemical stability of MWCNT-SPE
obtained in LSV.

3. CONCLUSIONS

A solid polymer electrolyte was prepared by complexing
MWCNT-COOH, PEO, PVDF-HFP, and LiTFSIL The flexible
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Figure 9. FTIR spectra of three SPE membranes annealed at 120 °C
and cycled PEO-SPE, PVDE-SPE, and MWCNT-SPE membranes.

MWCNT-SPE membrane presented a high thermal stability up
to 400 °C, and there was no obvious shrinkage after annealing
at 180 °C. Solid-state lithium batteries based on the obtained
SPE membranes and LiFePO, were assembled. The tailored
MWCNT-SPE possessed a wide working temperature window
based on electrochemical measurements from 70 to 120 °C,
suitable for solid-state batteries with high-temperature working
environments. The symmetric Li/MWCNT-SPE/Li cell ran at
70 °C for 1800 h and demonstrated low polarization voltage
without any short circuit, which indicates that there was good
interface compatibility between the Li anode and MWCNT-
SPE membrane, and MWCNT-SPE could well inhibit the
formation of lithium dendrites. The assembled LiFePO,/
MWCNT-SPE/Li cell delivered a capacity of 150 mAh/g at a
0.5 C-rate at 120 °C (with respect to LiFePO,) and had a
capacity retention of nearly 100% after 100 cycles of charge/
discharge. The superior performance of the resulting
MWCNT-SPE was mainly due to the weak interaction
between MWCNT-COOH, PEO, and PVDEF-HFP, which
reduced the crystallinity of PEO and thus improved the Li*
migration ability. The thermally stable PVDF-HFP improved
the heat resistance of the electrolyte, thereby increasing the
operating temperature range. The improvement of electro-
chemical stability effectively prevented the decomposition of
PEO and inhibited the formation of lithium dendrites. In
summary, the MWCNT-SPE membrane can provide an
effective solution for solid-state lithium metal batteries.

4. EXPERIMENTAL SECTION

4.1. Electrolyte Preparation. In a typical procedure, 3 mg
of MWCNT-COOH (US Nano) and 300 mg of PVDF-HFP
(Sigma Aldrich) were first dissolved in 10 mL of DMF
(dimethylformamide) (Sigma Aldrich) at 60 °C, and then 300
mg of PEO (Sigma Aldrich, Mv of ~600,000) and 100 mg of
LiTFSI (Sigma Aldrich) were added into the solution and
stirred continuously for 1 h at 70 °C to form a gel-like solution.
The gel-like solution was treated by sonication for 2 h. After
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that, the resulted solution was dropped on a disk and heated at
SS °C for 5 h to evaporate DMF. The resulted SPE membrane
was peeled off from the disk after cooling to room temperature.
Then, the obtained membrane was vacuum dried overnight at
5SS °C. Finally, the obtained electrolyte membrane was
transferred to a glove box and used directly for coin cell
assembly. The thickness of all SPE membranes was around 50
pum.

4.2. Electrode Preparation and Coin Cell Assembly.
Twenty-five milligrams of PEO and 25 mg of PVDF-HFP were
dissolved in 2 mL of N-methyl-2-pyrrolidone (NMP) at 60 °C
and continuously stirred to form a viscous homogeneous
solution. Twenty-five milligrams of LiTFSI, 50 mg of carbon
black, and 0.2 g of LFP were added to the solution. After the
slurry was fully mixed, it was cast uniformly on an aluminum
foil and then dried to obtain cathode electrodes. The obtained
electrode sheet was punched into disks with an area of 0.71
cm® The typical mass loading of the electrodes was about 4
mg/cm?® CR2032-type coin cells were assembled in an argon-
filled dry glove box. LFP was used as the cathode, the Li metal
foil was used as the anode, and the SPE membrane was used as
the electrolyte as well as the separator.

4.3. Electrochemical Testing. A potentiostat (Biologic)
was used to collect the electrochemical information. Li/Li
symmetric batteries with all three different SPEs as electrolyte
were assembled separately. The electrochemical impedance
spectroscopy (EIS) of the Li/Li symmetric batteries in the
temperature range of 40 to 120 °C was collected, with a
frequency range from 1 Hz to 1 MHz, and the corresponding
ionic conductivity of all three SPEs was calculated according to
the following equation:

o=
AR (1)

The electrochemical stability of the SPEs was tested by
cycling Li/Li symmetric batteries at a constant current density
of 0.1 mA/cm using a Neware battery tester. The batteries
were periodically cycled for 1 h per cycle (0.5 h of charging
and 0.5 h of discharging).

The ¢;;, values of different SPE membranes were calculated
via DC polarization and impedance measurements. The initial
resistance (R,,;, ) was calculated from the EIS data in an
initial state of the Li/Li symmetric cell. The EIS data were
collected in a frequency range of 100 kHz to 1 Hz under open
circuit conditions.”* Then, a 10 mV polarization bias of AV
(mV) was applied to the battery to obtain the initial current
(I, mA). After the steady state was reached, the steady-state
current (I, mA) and resistance (R, Q) could be obtained.
Then, t;;, was calculated using the following equation:

ISSRSS(AV B IiniRini)
Lt =
IiniRini(AV - IssRss) (2)

4.4, Material Characterizations. A Q600 SDT TA
instrument was used to analyze the thermal stability of
different SPE membranes under an argon atmosphere at a
heating rate of 10 °C/min from room temperature to 800 °C.
A Nicolet 1SS0 spectrometer was used to collect the FTIR
spectra of SPE membranes. The activation energy (E,) was
used to evaluate the Li* transfer capability of SPE membranes,
which involves Li* dissociation and migration. A small E, value
implies a lower energy needed for Li" transfer through SPE
membranes. E, can be extracted from the following equation:

Ea
o= Aexp(—k.—T) 3)

where 6, A, k, and T are the ionic conductivity, pre-exponential
factor, Boltzmann constant, and absolute temperature,
respectively.
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