38 E H 12
2023 4£ 12 H

T MM OB AR

Journal of Inorganic Materials

Vol. 38 No. 12
Dec., 2023

Article ID: 1000-324X(2023)12-1466-09

DOI: 10.15541/jim20230215

Jointing of Cathode Coating and I nterface M odification for Stabilizing
Poly(ethylene oxide) ElectrolytesAgainst High-voltage Cathodes
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Abstract: Poly(ethylene oxide) (PEO)-based solid electrolytes are deemed as the most promising alternatives for
solid-state lithium batteries on account of their low cost, good stability against Li metal, and easy large-scale
production. However, the instability of PEO against high-voltage cathodes severely limits its application in the fields
needing high energy density. In this work, a discontinuous cyclized polyacrylonitrile (cPAN) nanolayer, served as an
electron-conducting shell, is partially coated on LiNiy¢Coy,Mn,,0, (NCM) cathode particles, while an ionic liquid
acted as ion-conducting pathway is introduced at NCM/PEO interface, enabling the high compatibility of PEO against
high-voltage NCM cathode. The cPAN layer not only physically isolates the direct contact of PEO electrolyte from
NCM cathode, but also contributes to the electronic transfer inside the cathode due to the formation of delocalized sp” n
bond during coating process. Meanwhile, the mobile ionic liquid with good ionic conductivity fully wets cathodic
interface, followed by decomposition into cathode-electrolyte interphase (CEI) of LiF and Li;N, further restricting the
oxidation-failure of PEO electrolyte. By taking the combined strategy, the corresponding solid-state NCM/Li battery
delivers an excellent electrochemical performance with a capacity retention of 85.3% after 100 cycles at rate of 0.1C
(1C=0.18 A-g") under a cutoff voltage of 4.30 V. This work opens up a new direction to address the interfacial
stability issues of PEO-based electrolyte against high-voltage cathodes through surface coating and interface
modification.
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Rechargeable lithium (Li) metal battery is the most
promising energy-storage device because of its high
specific capacity and long cycling lifel"*!. However,
limited by the flammability liquid
electrolytes'! and the growth of Li dendrites”®) the
conventional Li metal batteries based on liquid electrolytes
bring out a considerable safety hazard’™*. Therefore, the
solid-state lithium batteries (SSLBs) have been proposed
by replacing organic liquid electrolytes with non-

combustible solid electrolytes, which can not only address
[9]

of organic

the flammability issues™, but also prevent electrolyte
leakage and physically inhibit the growth of Li
[10-121 " Until now, the solid electrolytes can be

classified into two categories: inorganic ceramic electrolytes,
[13]

dendrite

and solid polymer electrolytes
polymer electrolytes based on poly(ethylene oxide) (PEO)

Among them, the

have been used in the commercialization of practical
solid-state batteries due to their advantages of light
weight, low cost, high flexibility, relative stability
against Li metal, and solvated Li salts"*'"!,

The most critical issue faced by PEO-based electrolyte
focuses on the narrow electrochemical window below
4V (vs Li/Li'"® confining its compatibility with only
low-voltage LiFePO, (LFP) cathodes!'”’. This is due to
the oxidation of terminal hydroxide (—OH) group and
main chain (C—O-C) of PEO under the condition of high
voltage!?”!. Considering such continuous oxidation, PEO-
based electrolytes seem impossible to be paired with
high-voltage cathodes, such as LiCoO, (LCO)*'** and
LiNixCoyMnl,x,yozm'z‘”, which is detrimental to the
realization of high energy density. In order to suppress
the oxidation of PEO under high voltage, a great many
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strategies have been carried out. Coating the high-voltage
cathodes with protective shells has been proved to be an
effective means to isolate PEO electrolytes from direct
contact with cathodes, inhibiting oxidation of PEO at
high charging potential®>2”. However, the unchanged
poor interfacial contact between cathode and PEO
electrolyte limits the interfacial transfer of Li", bringing

P8 In

an insufficient capacity and cycling stability
addition, the asymmetric configurations of polymer
electrolytes by constructing oxidation-resistance intermediate
layers®”, like succinonitrile (SN), polyvinylidene
fluoride (PVDF), polyacrylonitrile (PAN), ezc., between
high-voltage cathodes and PEO electrolytes also
effectively address the electrochemical oxidation issue of
PEO. However, the multilayered configuration leads to
the enlarged thickness of solid electrolyte, limiting the
volumetric energy density of SSLBs. Therefore, it
remains a challenge to put forward a facile strategy to
realize high compatibility of PEO electrolytes against
high-voltage cathodes.

Herein, in order to address the compatibility of PEO-
based electrolyte with high-voltage LiNiysCoy,Mng,0;
(NCM) cathode, the cyclized polyacrylonitrile (cPAN)
nanolayer with electronic transfer capability is partially
coated on NCM particles (NCM@cPAN). As is well-
known, the polyacrylonitrile (PAN) suffers from cyclization
process at the temperature range of 200400 C in the
air, leading to the generation of delocalized sp* =
electrons for a certain electronic conductivity without
losing its polymeric property of satisfactory mechanical
resiliency®”.. Besides, the cPAN layer also plays a role of
protective shell to isolate the direct contact of PEO with
NCM particles. Furthermore, the mobile N-methyl-N-
propylpiperidinium  bis(trifluoromethanesulfonyl)imide
(PP13-TFSI) based ionic liquid (IL) is introduced
between NCM cathode plate and PEO electrolyte,
inducing an intimate cathode/electrolyte interface for
smooth Li' transfer. Subsequently, the rigid cathode-
electrolyte-interphase (CEI) layer consisting of LiF and
LisN forms during cycling, further separating NCM
particles from PEO electrolyte and thus suppressing the
oxidation of PEO. Therefore, by this means, the enhanced
stability of PEO against high-voltage cathodes can be
achieved with improved cycling and rate performance.

1 Experimental

1.1 Preparation of NCM @cPAN powder

The PAN (M,,=150,000) was uniformly dissolved in N, N-
dimethylformamide (DMF) by vigorous stirring at 70 C.
The NCM cathode powder was added in the above
solution (1.5%(in mass) PAN) along with vigorous

stirring at 70 ‘C for 0.5 h. Afterwards, the mixture was
further dispersed by ultrasound for 10 min. The continuous
stirring was taken at 100 C until most of the solvent
was evaporated. Then, the mixture was dried at 120 C
to completely remove the residual DMF solvent. Finally,
the obtained composite powder was ground, followed by
sintering at 400 ‘C for 0.5 h in the air to obtain the
NCM@cPAN powder for later use. The schematic
diagrams of preparation and structure of NCM@cPAN
composite particles are shown in Fig. 1(a, b).
1.2 Preparation of PEO-based solid polymer
electrolytes

PEO (M,=100,000) and lithium bis (trifluoromethosulfonyl)
imide (LiTFSI) with EO/Li of 16:1 (in molar) were
dissolved in acetonitrile (ACN) by stirring at room
temperature for 6 h. Then, the above viscous slurry was
cast on both sides of cellulose separator with a doctor
blade, followed by drying at 60 C for 24 h to remove
the ACN solvent. The obtained PEO electrolyte was punched
into disk with the diameter of 19 mm for later use.
1.3 Material characterization

The X-ray diffraction (XRD, Bruker D8 Advance) was
used to detect the phase structures of samples with Cu K,
radiation (A=1.5406 A) in the 20 range of 10°~80°. The
morphology and composition were obtained by scanning
electron microscope (SEM, Hitachi S-4800), and
transmission electron microscope (TEM, JEM-2100F)
equipped with an energy dispersive X-ray spectroscopy
(EDS). The chemical bonding species of PAN and PEO
were obtained by Fourier infrared spectroscopy (FT-IR,
Lambda Scientific FTIR-7600 spectrometer). The Raman
spectroscopy was performed by using a Thermo Fischer
DXR spectrometer to confirm the chemical situations of
PAN and cPAN.
14 Assembly and dectrochemical measurements
of batteries

The ionic conductivity of PEO electrolyte was
measured by a Princeton electrochemical workstation in
a frequency range from 7 MHz to 0.1 Hz with symmetric
stainless steel (SS) blocking electrodes. The electrochemical
window was tested using the linear sweep voltammetry
(LSV) measurement with a scanning rate of 0.001 V-s .
The cathode plate was prepared by casting the uniform
slurry consisted of NCM@cPAN particles, carbon black
and polyvinylidene fluoride (PVDF) binder in N-methyl
pyrrolidone (NMP) solvent with a weight ratio of 80 : 10 : 10
on Al foil. The cathode plate was then heated at 80 C
overnight to remove the NMP solvent. The ionic liquid
was prepared by uniformly dissolving 0.2 mol-L™
LiTFSI into N-methyl-N-propylpiperidinium
bis(trifluoromethanesulfonyl)imide (PP13-TFSI). The
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(a) Preparation process of NCM@cPAN powder, (b) schematic representation of as-prepared

NCM@cPAN particle, and (c) schematic diagram of the solid-state NCM@cPAN-+IL/PEO/Li cell

2032-type coin cells were assembled by integrating
NCM@cPAN cathode, PEO solid electrolyte and
Li-metal anode in an Ar-filled glove box (Mikrouna)
with O, and H,O contents below 0.1 pL-L™". 2 pL IL was
introduced at the interface between NCM@cPAN
cathode and PEO electrolyte. The cell configuration is
1(c). Besides, the
solid-state batteries based on pristine NCM cathode
without IL, and NCM@cPAN cathode without IL were
assembled for comparison. The galvanostatic charge-
discharge tests were carried out using Land CT2001A
cycler within the cutoff potentials of 4.20, 4.25 and 4.30 V
(vs Li'/Li). All electrochemical measurements were
carried out at 50 C.

schematically presented in Fig.

2 Resultsand discussion

2.1 Characterization of NCM @cPAN powders

Fourier transform infrared spectroscopy (FT-IR)
spectra of PAN powders without and with heat-treatment
at 400 ‘C are shown in Fig. 2(a). The absorption peaks
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located at 2238, 1449 and 1365 cm ™' for pristine PAN are
respectively corresponding to -C=N, —CH, and —CH
groups”'l. In terms of cPAN with heat-treatment at
400 ‘C for 30 min, the peak at 2238 cm ' is absent,
indicating that the characteristic —C=N group is
damaged. Instead, the newly appeared peak at 1570 cm'’
indicates the formation of C=N groups for cPAN
molecule. This transformation is attributed to the opening
of C=N at elevated temperature for PAN, leading to the
formation of cyclized PAN. As can be seen from
Fig. 2(b), N of cyano group in pristine PAN is converted
into pyridinic-N in cPAN during the cyclization process.
Such cyclized structure possesses delocalized sp® =
electrons through the whole molecular structure,
endowing cPAN with certain electronic conductivity.
Furthermore, Raman measurements were taken to
acquire direct evidence to confirm the presence of
delocalized © bonds in cPAN molecule, as displayed in
Fig. 2(c). D and G peaks located at 1596 and 1374 cm ™'
in Raman spectrum of cPAN confirm the existence of
delocalized sp® m bonds and thus the electronic transfer
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Fig. 2 (a) FT-IR spectra of pristine PAN and PAN treated at 400 °C, (b) schematic diagrams of pristine
PAN and cPAN, and (c) Raman spectra of PAN, cPAN, NCM, and NCM@cPAN
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capability of cPAN. Similarly, as indicated in Fig. 2(c),
the bare NCM shows a single peak at ~550 cm™', while
NCM@cPAN exhibits a pair of D and G peaks in addition
to the characteristic peak of NCM at ~550 cm 'F%%3,
Therefore, the NCM particles are well integrated with
cPAN coating layer, which helps to improve the
electronic transfer capability of the composite cathode
materials.

The structural characterization of NCM@CcPAN is
presented in Fig. 3. Fig. 3(a) shows XRD patterns of
NCM, NCM@PAN and NCM@cPAN powders. It can be
found that the characteristic peaks of NCM cathode
particles exhibit no change during the coating process,
along with no generation of additional impurity peaks.

SEM was used to investigate the morphologies of
NCM particles at different stages during the coating
process. The pristine NCM is a large spherical agglomerate
made up of a large number of small primary particles
(Fig. 3(b, c¢)). Comparatively, a coating layer is covered
on NCM surface for both NCM@PAN (Fig. 3(d, e)) and
NCM@cPAN (Fig. 3(f, g)) powders. Certainly, the
morphology difference between NCM@PAN and
NCM@cPAN lies in the varying heating treatments. In
addition, the element mappings in Fig. 3(j) show
distributions of C, N, and O, suggesting the homogenous
distribution of cPAN layer on NCM surface. Furthermore,
TEM images confirm the partially polymer coating layers
on NCM particles for NCM@cPAN (Fig. 3(h, 1)). Such
cPAN layer has a certain electronic conductivity and
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Fig. 3 (a) XRD patterns of NCM, NCM@PAN, and NCM@cPAN powders; SEM images of (b, ¢) NCM, (d, ¢) NCM@PAN, and (f, g)
NCM@cPAN powders; (h, i) TEM images of NCM@cPAN; (j) EDS mappings of C, N, O, Mn, Co and Ni elements of the region in (f)

mechanical resiliency, enabling the electronic transfer
inside the cathode and the enhanced stability of NCM
cathode.
2.2 Electrochemical performance of PEO-
based solid-state batteries with NCM @cPAN
cathodes and IL modification

To evaluate the effect of the proposed interface
engineering strategy on the long-term cycling stability of
PEO-based eclectrolytes, the full cells were assembled
using NCM@cPAN cathodes, PEO-based electrolytes,
and Li-metal anodes. Besides, a trace amount of IL was
introduced between the cathode and PEO electrolyte for
smooth Li" transfer at cathode/PEO interface. Fig. S1(a)
shows Nyquist plots of PEO-LiTFSI electrolytes under
different testing temperatures, where the PEO based
electrolyte exhibits an ionic conductivity of
3.75x107° S-cm ' at 30 “C. The corresponding activation
energy of PEO electrolyte is ~0.42 eV, which can be
calculated from the fitted Arrhenius plot shown in Fig. S1(b).
In addition, the linear sweep voltammetry (LSV) curve of
PEO electrolyte is presented in Fig. S2, in which a quite
narrow potential window of ~3.8 V is detected due to the
oxidation of terminal —OH group and main chain of PEO.
Profited by the combination of cPAN coating layer and
IL modification, the solid-state cell delivers an initial
discharge capacity of 153 mAh-g™', accompanied with a
capacity retention of 88.0% after 100 cycles under the
cutoff voltage of 4.20 V (Fig. 4(a, d)). The analogical
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Fig. 4 Cycling performance of solid-state NCM@cPAN+IL/PEO/Li batteries
Typical charge-discharge curves and the corresponding specific capacities with cutoff voltages of (a, d) 4.20 V, (b, e) 4.25 V, and (c, f) 4.30 V

results are obtained in terms of the charging cutoff
voltages increasing up to 4.25 and 4.30 V. Specifically,
an initial discharge capacity of 159 mAh-g' is acquired
for the solid-state cell based on NCM@cPAN cathode,
followed by a capacity retention of 85.2% after 100
cycles under a cutoff voltage of 4.25 V, as shown in
Fig. 4(b, e). Meanwhile, the modified NCM(@cPAN cathode
is also compatible with higher charging cutoff voltage of
430 V, as indicated in Fig. 4(c), where an initial
discharge capacity of 171 mAh-g' is obtained, along
with the good shapes of charge-discharge curves during
the whole cycling. In addition, a satisfactory capacity
retention of 85.3% is detected under the cutoff voltage of
4.30 V, as shown in Fig. 4(f). It is worth noting that the
average Coulombic efficiency of NCM@cPAN based
cell maintains higher than 99% during the whole cycling
no matter for the cutoff voltages of 4.20, 4.25 or 4.30 V.
This suggests the inhibited oxidation of PEO at high
charging voltages due to the isolation of PEO from NCM
cathode particles. In contrast, the solid-state cell based
on pristine NCM without IL cannot normally work
during the 4th cycle, because the transition metal ions
including Ni**, Co*", and Mn*" in high-valence states
catalyze the oxidation of PEO due to the direct contact
between NCM and PEO, as shown in Fig. S3.

The rate performance of solid-state NCM@cPAN+
IL/PEO/Li batteries with dual-strategy modification was
further investigated, as shown in Fig. 5. Fig. 5(a)
displays the charge-discharge curves of NCM@cPAN+
IL/PEO/Li cell at different current densities, in which all
curves sustain the normal shapes with acceptable
polarizations. The battery delivers a discharge capacity
of 106.6 mAh-g ' at rate of 0.5C (1C=0.18 A-g"), 70.4%
of the value for 0.1C (151.5 mAh-g"). In addition, when
the current density returns back to 0.1C, the specific

discharge capacity can reach 150.1 mAh-g', proving its
superior rate performance, as shown in Fig. 5(b). Similar
results are obtained based on the charge cutoff voltage
increased to 4.25 and 4.30 V, as shown in Fig. S4. Such
superior rate performance can be attributed to the
composite ionic-electronic conducting networks in the
cathode derived from the cPAN coating and IL
penetration, as well as the smooth Li' transfer at
cathode/electrolyte interface due to the wetting of IL.

To verify the feasibility of our strategy on solid-state
batteries with higher cathode loading, the solid-state
NCM@cPAN+IL/PEO/Li cell with a high cathode
loading of ~6.2 mg-cm* was further assembled. A remarkable
areal capacity of 0.91 mAh-cm? (corresponding to
146.1 mAh-g’") is achieved, together with a high
capacity retention of 86.2% after 50 cycles at 0.1C
(Fig. 5(c, d)). Thanks to the separation effect of cPAN
layer, the oxidation of PEO is effectively suppressed
during the cycling process even under the situation of
high cathode mass loading.

The behavior of PP13-TFSI based ionic liquid during
cycling was further analyzed by XPS measurement. For
the as-prepared cathode/PEO interface with PP13-TFSI
ionic liquid, the peak at 688.1 eV stands for —CF; group in
TFSI', as shown in Fig. 6(a). The generation of LiF at
684.0 eV can be observed after cycling due to the
decomposition of TFSI™ anion (Fig. 6(c))*. In Fig. 6(b),
the peaks located at 402.0 and 399.0 eV are respectively
associated with N in PP13" cations and TFSI™ anion.
After cycling, a new peak appears at 397.0 eV, which
denotes the formation of LisN during cycling (Fig. 6(d))™*°.
It can be found from XPS results that the ionic conducting
cathode-electrolyte-interphase (CEI) layer made up of LiF
and Li;N is generated at cathode/PEO interface, which
further isolates the high-voltage NCM from PEO electrolyte
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solid-state NCM@cPAN-IL/PEO/Li batteries with high cathode loading of ~6.2 mg-cm >
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for the reinforced stability of PEO, as shown in
Fig. 6(e)*"?". Besides, the in-situ formed CEI also
ensures the intimate cathode/electrolyte contact, and
contributes to the smooth Li"
cathode/electrolyte interface, enabling the long-term
stability of PEO based high-voltage SSLBs. By comparison,
the direct coupling of NCM@cPAN cathode with PEO
electrolyte but without the IL modification also cannot

transfer across the

completely restrict the oxidation of PEO, as confirmed in
Fig. S5, where the corresponding cell can only normally
work within 10 cycles. This may be caused by the
residual sites of NCM surface uncovered by cPAN
coating, still inducing the direct contact of NCM and
PEO and thus leading to the oxidation of PEO when
charging at high potential. Analogously, the
NCM/PEO/Li cell with IL modification but without
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cathode coating also leads to the cell failure within 5
cycles (Fig. S6), which can be attributed to the
unformed CEI at the initial stage of cycling and the soft
nature of liquid, that cannot adequately isolate the
contacting of PEO from high- voltage NCM cathode.

In our proposal, the discontinuous coating of cPAN and
IL interface modification are combined to improve the
stability of PEO electrolyte toward high-voltage cathode.
Compared with the continuous cPAN coating layer
owning electronic conductivity that restricts the effective
ionic transfer inside the cathode, the discontinuous cPAN
coating offers the pathway for electronic transfer, as well
as leaves enough sites for the filling of IL and CEI with
ionic conductivity during cycling. In this way, the jointing
of cPAN coating and IL interface modification not only
contributes to the transfer of both ions and electrons, but
also effectively isolates the direct contact between NCM
cathode and PEO electrolyte, realizing the improved
stability of PEO electrolytes against high-voltage cathodes
and thus the enhanced battery performance.

The FT-IR measurement was taken to evaluate the
stability of PEO towards high-voltage cathode, as shown
in Fig. 7(a). The characteristic peaks of pristine PEO
electrolyte respectively refer to the triple peaks near
1100 cm™ and the double peaks around 1350 cm .
Specifically, the peaks at 1343 cm™' are related to the
bending vibration peaks of —CH,, while the peaks at 1145,
1095 and 1053 cm™' correspond to the tensile peaks of
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C—O-C at main chain and the stretching vibration of C—O
bond at the terminal C—OH alcohol group”’. Such double
and triple peaks confirmed the existence of PEO
crystallinity. It can be seen from Fig. 7(a) that all
characteristic peaks do not alter for the disassembled PEO
electrolytes after cycling, indicating that PEO is not
oxidized during cycling due to the introduction of
protective cPAN shell and the in-situ formed CEI layer.
Moreover, XRD pattern of PEO electrolyte remains
unchanged after long-term cycling, also confirming the
unchanged structure of PEO even after cycling, as shown
in Fig. S7. Fig. 7(b, c) show surface morphologies of the
NCM@cPAN cathode plates before and after cycling. By
comparison, the NCM particles maintain the spherical
structures and keep good contact with the cathode
additives even after long-term cycling, demonstrating the
effective protecting effect of cPAN coating layer and CEI
layer. In addition, XPS spectra was performed to study the
alterations in chemical valences of Ni for NCM@cPAN
cathodes before and after cycling with the cutoff voltage
of 420 V, as displayed in Fig. 7(d). Regarding the
uncycled cathodes, the peaks located at ~855.7 and
~853.9 eV are corresponding to Ni** and Ni*'* After
cycling, the relative peak intensity of Ni*" and Ni** keeps
almost unchanged for the cycled NCM@cPAN cathode,
further proving high stability of NCM cathode with
restricted side reactions on account of the protective cPAN
shell and CEI layer.

Fig. 7 (a) FT-IR spectra of PEO electrolyte before and after cycling; SEM images of NCM@cPAN cathodes (b) before and (c) after
cycling; (d) Ni2p XPS spectra of NCM@cPAN cathode before and after cycling
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3 Conclusions

The coupling of PEO solid electrolyte with high-
voltage NCM cathode is achieved by surface coating of
cPAN layer and interfacial introduction of ionic liquid.
The cPAN layer with certain electronic transfer capability
prevents the oxidation of PEO by physically separating
PEO electrolyte from high-voltage NCM particles. The
ionic liquid at cathode/PEO interface confirms the
intimate interfacial contact, which is decomposed into an
ionic conducting CEI consisting of LiF and Li;N during
cycling, contributing to the smooth Li" transfer at interface
and further restricting the oxidation-failure of PEO
electrolyte. By adopting such dual-strategy interface
engineering, the solid-state NCM@cPAN-+IL/PEO/Li cell
delivers an excellent cycling stability after 100 cycles
under the cutoff voltages of 4.20, 4.25 and 4.30 V.
Moreover, a satisfactory areal capacity of 0.91 mAh-cm >
is obtained when the cathode loading is increased to
~6.2 mg-em %, along with a capacity retention of 86.2%
after 50 cycles. This work provides a novel solution to
achieve reliable stability of PEO-based electrolyte against
high-voltage cathodes through the combination of surface
coating and interface modification.

Supporting materials
Supporting materials related to this article refers to
https://doi.org/10.15541/jim20230215.
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