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Solid polymer electrolyte (SPE) is a promising class of solid electrolytes for building All-solid-state lithium
batteries (ASSLBs) due to their flexibility and compatibility with electrodes. However, the requirement of an
elevated operating temperature (> 60 °C) and the high-voltage instability remain major drawbacks for the most
commonly used poly(ethylene oxide) (PEO) SPEs. Alternatively, poly(butylene oxide) (PBO) is another member
of the polyether family that shows significantly enhanced ionic conductivity at room temperature, but its
application in ASSLBs is rarely investigated, probably due to challenges of engineering methodology and
interfacial stability. Herein, we develop a solvent-free fabrication route for building PBO SPE membrane for
application in ASSLBs with feasible performance near room temperature. We demonstrate a facile activation
methodology to stabilize the electrode/electrolyte interface for the PBO based ASSLBs. As a result, the ASSLB
with a LiFePOy cathode delivers a stable specific capacity of ~ 140 mA h g~! at 0.1 C with almost 100% retention
after 100 cycles near room temperature. Moreover, despite the poor high-voltage stability of PEO, we found that
the PBO SPE presents good compatibility with 4-V class cathodes without any additional coating, achieving a
capacity retention of 94.6% over 100 cycles with a conventional LiCoO, cathode at 60 °C. This work shall inspire
new possibilities of dry SPEs development for ASSLBs.

1. Introduction Functionality at ambient temperature becomes an important topic

for building next-generation ASSLBs. Extensive research efforts are

All-solid-state lithium batteries (ASSLBs) are attracting increasing
research interests due to their unique advantages in safety and energy
density over conventional Li-ion batteries (LIBs) [1]. Considering from a
comprehensive perspective including compatibility with electrodes,
durability, ionic conductivity, and processability, the mechanically
flexible solid polymer electrolytes (SPEs) with an adequate ionic con-
ductivity are closest to commercialization [2-6]. Particularly, a
solid-state battery based poly(ethylene oxide) (PEO) SPE has been
commercialized to power the Bluecar electric vehicles by Bollore, which
demonstrates a successful model using a LiFePO4/SPE/Li-metal battery.
However, the PEO based SPEs must operate at an elevated temperature
within 60-80 °C, which requires external heating equipment and extra
energy and thus remains a major constrain [4,7].
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dedicated to improving the ionic conductivity of SPEs, ideally above
107* S cm™! at room temperature, for practical applications [1]. To
overcome the intrinsically low room-temperature ionic conductivity
(~ 1078 S ecm™) of PEO-based SPEs, some common approaches are
proposed, such as (1) introduction of small molecular plasticizers,
ceramic fillers, and/or block-copolymers to enhance the amorphous
phase for ion hopping conduction [4,8], (2) development of single-ion
conductors [9,10], (3) incorporation of novel lithium salts [11], and
(4) synthesis of novel polymers such as polymeric ionic liquid [12].
Nevertheless, most batteries based on the reported SPEs in previous
works have yet demonstrated practical performance near room tem-
perature, especially for the liquid/solvent-free SPEs. To another extent,
gel polymer electrolytes which intentionally incorporate liquid
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electrolytes or organic solvents into the SPE matrixes could deliver
excellent room-temperature performance [13,14], but the introduction
of liquid phase(s) may lead to similar safety concerns as those of liquid
electrolyte based LIBs. In fact, even minor addition of organic plasti-
cizers or incomplete drying of the casting solvents could lead to a
speciously high room-temperature ionic conductivity due to the gel
polymer electrolyte characteristics [15,16]. However, it is difficult to
achieve a high room-temperature ionic conductivity when the SPE is
completely dried.

Due to the structural similarity between poly(butylene oxide) (PBO,
[-CH2CH2CH2CH20-1, [17,18], also known as poly(tetrahydrofuran),
PTHF [19-21]) and PEO ([-CH2CH20-1y), some previous studies had
attempted to explore PBO as a potential SPE candidate to replace PEO.
The linear PBO polymer intrinsically possesses a lower melting point
than that of PEO. The longer alkane moiety between the functional
oxygens can lead to loose Li* coordination and facilitate Li" conduction
[19]. Actually, PBO based SPEs have demonstrated an attractive ionic
conductivity in the order of 107* S em™! at ~ 25 °C in the early refer-
ences about two decades ago. However, their application and/or elec-
trochemical performance in a ASSLB system has not been reported until
recently [22-25]. Cui et al. firstly demonstrated a PTHF/UV-curable
polymer blend SPE with advantages of a loosely coordinating SPE,
meanwhile addressing the poor mechanical properties and thermal
instability concern by UV assisted crosslinking. However, the cross-
linked PTHF SPE ionic conductivity near room-temperature was low
(1.5 x 10°¢ S em ! at 30 °C), and this SPE system still required an
addition of 18 wt% liquid plasticizers (e.g. N,N-dimethylformamide or
propylene carbonate) to enable tentative room-temperature operation
[19]. More recently, G. Cui et al. reported in-situ polymerization of
tetrahydrofuran in a cellulose support to synthesize a PTHF-based SPE
that showed adequate compatibility with lithium metal at 60 °C in the
presence of the BFj initiator. However, they found that the resulted SPE
still contained 33.3 wt% of small molecular weight component as
plasticizer by nuclear magnetic resonance (NMR) [21]. While their NMR
analysis showed no small molecular weight component in the com-
mercial PBO (i.e. PTHF) sample, the ASSLB using a SPE based on the
commercial PBO polymer failed to achieve good electrochemical per-
formance even at 60 °C, neither room-temperature performance was
reported in this work. Therefore, there are severe challenges yet to be
solved for realizing a successful PBO based SPE for feasible ASSLB per-
formance at near room temperatures. Moreover, an effective strategy to
achieve a favorable dry SPE without plasticizers also remains to be
explored.

In this work, we develop a solvent-free fabrication route for building
a PBO SPE membrane for application in ASSLB with feasible perfor-
mance at near room temperature without adding any solvents or plas-
ticizers. Specifically, omitting the use of a casting solvent, the PBO SPE
herein is prepared by directly dissolving a lithium salt into the molten
PBO polymer at an elevated temperature and subsequently solidifying in
a glass fiber support during cooling. While the PBO SPE exhibits com-
parable performance to the state-of-the-art PEO SPE at 60 °C, the room-
temperature performance surpass PEO. The LiFePO4 battery using the
PBO SPE delivers a stable specific capacity of ~ 140 mAh g ! at 0.1 C
for 100 cycles with almost 100% retention at room temperature
(~ 28 °C). Meanwhile, we demonstrate a facile activation methodology
to stabilize the interface between electrode and electrolyte in the PBO
based ASSLBs. We found that an electrochemical activation at an
elevated temperature can facilitate in-situ formation of a favorable
cathode electrolyte interphase (CEI) with rich LiF and Li;O on the
cathode surface that is crucial for room-temperature cycling stability. In
addition, unlike the poor high-voltage stability of PEO, the PBO SPE
possesses good intrinsic stability towards 4-V class cathodes, achieving a
capacity retention of 94.6% with a conventional LiCoO, cathode over
100 cycles at 60 °C. The near-room-temperature performance and
electrochemical stability demonstrated by the PBO based SPE shall
inspire rethinks of the possibilities of dry SPEs excluding plasticizer
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additives.
2. Results and discussion

Owing to the low melting point and low viscosity of PBO, the PBO
based SPE can be prepared using a solvent-free method by directly
dissolving the bis(trifluoromethanesulfonyl)imide lithium salt (LiTFSI)
into molten PBO at 75 °C. The stoichiometric [BO]:Li" ratios are chosen
as 4, 6, 8, 12, and 16:1, respectively. Waxy-white PBO SPE membranes
were readily obtained after impregnating the molten electrolyte into a
glass fiber support and cooling to room temperature (inset in Fig. 1a).
Notably, the PBO SPE was non-volatile and not flowable at room tem-
perature (Fig. S1), but the wax-like property required mechanical
strengthening to ensure the form during coin cell assembly.

The dissociation of lithium salt and transformation of PBO from
highly crystalline to mainly amorphous can be revealed by X-ray
diffraction (XRD) and Raman characterizations. As shown in Fig. 1a,
pure PBO polymer was highly crystalline at room temperature, showing
strong characteristic XRD peaks at 20 = 19.6° and 24.1°; the lower-
angle peak convoluted two close peaks at 20 = 19.4° and 19.7° (ICSD
no. 00-062-1708). The minor XRD peaks at higher angles were also
exactly indexed to the crystalline PBO. In contrast, the crystallinity of
PBO sharply decreased in the SPE, appearing mainly amorphous with a
trace amount of crystalline domains. Meanwhile, while the LiTFSI salt
was also highly crystalline in its pure form, the characteristic XRD peaks
were essentially absent after dissolving the salt into the PBO polymer
matrix to form SPE, indicating the dissociation of LiTFSI. Moreover, the
solvation of LiTFSI and complex with PBO can be further verified by
Raman analysis. As shown in Fig. 1b, the strong band near 746 cm™! was
due to Raman mode of TFSI" anions in the PBO SPE. Deconvolution of
this peak identified the signals from ion pairs at 746.1 cm™! and free
ions at 741.2 cm ™! [26-28]. Presumably, the ion pairs were weakly
associated locally rather than precipitation of salt aggregates which
should have a strong Raman signal at 749 cm™! [24,27].

Fig. 1c shows the temperature-dependent ionic conductivity of PBO
SPEs at different salt concentrations ranging from [BO]:Li™ ratios of
4:1-16:1. Generally, these SPEs appeared to have a threshold tempera-
ture, above which their ionic conductivities displayed a typical Arrhe-
nius behavior [4,29]. Interestingly, the PBO SPEs with a higher salt
concentration demonstrated a lower temperature threshold but a higher
activation energy for ion motion (Fig. S2). By differential thermal
analysis, the heat flow curves indicated a slightly higher melting point
(Ty,) than the threshold temperature (Fig. S3). For example, at a [BO]:
Li* ratio of 8:1, the Ty, of 39 °C is above the threshold temperature of
23 °C. And the glass transition temperature of PBO polymer is below
— 80 °C which is well beyond the temperature range of battery opera-
tion [30-32]. To better understand the ion association effects on the
threshold temperature, Raman spectra of the PBO SPEs of different salt
concentrations were compared at 25 °C and at a molten state at 70 °C.
Overall, as consistent with the salt concentrations, the Raman spectra for
the PBO SPEs with an increasing [BO]:Li" ratio showed a decrease in the
intensity of the TFSI' characteristic Raman bands relative to those
related to the PBO polymer chains (Fig. S4). However, the fraction of
free TFSI” ions was more dependent on the temperature rather than the
salt concentration (Fig. S5). Therefore, the threshold temperature
should be related to the effective number of Li" ions coordinated per
[BO] unit (Fig. S6) together with the enhanced PBO segmental motion
upon increasing temperature [1,4].

Among all PBO SPEs, the [BOI:Li™ ratio of 8:1 exhibited an optimal
ionic conductivity of 1.4 x 107> Sem™! at 25°C and an acceptable
threshold temperature of 23 °C for near-room-temperature operations.
Therefore, this salt concentration was used for the rest of the study.
Fig. 1d schematically depicts the dissociation of lithium salt and reor-
ganization of the crystalline polymer to form highly amorphous ion-
polymer complexes for good Li™ conduction near room temperature.
As additional advantages, such a solvent-free process not only avoids the
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Fig. 1. Characterization of the PBO electrolyte. (a) XRD patterns of pure PBO, pure LiTFSI salt, and the PBO SPE containing dissolved LiTFSI in PBO ([BOI:Li" = 8:1);
inset is an optical image of the PBO SPE membrane at room temperature. (b) Raman spectrum (symbols) of the PBO SPE ([BO]:Li" = 8:1); solid lines show the fitted
functions for free ions (green), ion pairs (orange), and their sum (black). (c) Temperature dependent ionic conductivities at various [BO]:Li* ratios. (d) Schematic
illustration of crystalline PBO in pure form and amplified amorphous regime after dissolving lithium salt and self-reorganization; the enhanced amorphous phase

promotes high ambient ionic conductivity of PBO electrolyte.

usage of toxic organic solvents but also eliminates possible influences of
residual solvent during electrochemical characterizations. Moreover,
the as-prepared PBO SPE possessed good thermal stability up to 248 °C
(Fig. S7), which fulfills the requirement for safe LIB operation [19]. The
PBO SPE also exhibited a high transference number of 0.62 + 0.04
(Fig. S8), while common PEO based SPEs usually has a low transference
number around 0.2 [1,19]. The higher transference can be attributed to
the looser O-Li" interaction in the PBO system, whereas the stronger
O-Li" coordination in the PEO system can trap Li" in a bound state that
hinders fractional mobility of Li' cations [19,33].

Using LiFePO4 (LFP) as the cathode and lithium metal as the counter
electrode, the PBO SPE was sandwiched in between to test battery
performance in an ASSLB configuration. At an elevated temperature of
60 °C, the PBO electrolyte demonstrated comparable performance to the
state-of-the-art PEO based SPE (Figs. 2a and S9) [4,34]. The PEO based
SPE also had an O:Li" ratio of 8:1 and an additional 12 wt% of LLZTO
particles for enhancement in ionic conductivity and mechanical prop-
erties. The rapid capacity fading of the PEO cell at 2 C was due to the
large voltage polarization of PEO and cutoff of discharging voltage
plateau near the operating voltage window (Fig. S10). Nevertheless, the
performance of the PEO based SPEs are still limited at lower tempera-
tures, not to mention room temperature. In contrast, the cell using PBO
SPE demonstrated remarkable cycling performance at room temperature
(Fig. 2b). The PBO cell delivered stable capacities of ~ 140 mA h g~* for
100 cycles with almost 100% capacity retention at 0.1 C. The average
Coulombic efficiency was as high as 99.8%. As shown in Fig. 2c, the
highly overlapped charge-discharge profiles during cycling test indi-
cated an excellent internal stability of the cell. Neither obvious capacity
fading, nor voltage polarization was observed. In addition, the dis-
charging rate capability is shown in Fig. 2d. A reasonable discharge
capacity above 90 mA h g1 was obtained at a discharging rate of 0.5 C.
These results readily surpass the performance delivered by the UV

crosslinked electrolyte using a similar base polymer with plasticizers
[19].

Interestingly, we found that an effective activation process had
played an important role in the good performance near room tempera-
ture demonstrated above. Those ASSLBs were subject to 4 pre-cycles at
0.1 C at 60 °C before cycling at room temperature. Fig. 3a compares the
cycling performance of cells with or without pre-cycling activation.
Unlike the stable performance demonstrated by the pre-cycled cell, no
matter directly cycling at room temperature or resting the cell at 60 °C
for 16 h before cycling delivered similarly poor performance with rapid
capacity fading. This highlights that the activation process underwent
an electrochemical route rather than a chemical or physical route.
Otherwise, resting at the molten state of PBO electrolyte at 60 °C should
had facilitated wetting and impregnation of the SPE into the cathode for
improved performance. Some subtle differences should had occurred
during the initial cycling at 60 °C versus room temperature.

Fig. 3b and c compare the electrochemical impedance spectra (EIS)
of the LFP/PBO SPE/Li cells during the initial charge at 30 °C versus
60 °C. As labeled on the voltage profiles, the EIS were collected after a
total charging time of 1, 3, 5, and 7 h at a current density of 0.1 C. Upon
initial charging at 30 °C (Fig. 3b), the high-frequency impedance
remained unchanged, indicating that the PBO SPE was stable in bulk;
however, the significantly increasing electrode impedance at low fre-
quencies suggested a possible continuous augmentation in the cathode
interfacial resistance. Presumably, an undesired CEI was formed with
insulating products. In great contrast, the EIS during the initial charging
at 60 °C were readily stable without obvious changes for the SPE bulk or
the electrodes. Hence, either the system was highly stable in its native
form, or a favorable CEI was preferentially formed at an elevated
temperature.

In order to understand the different CEI chemistries, LFP cathodes
were collected from the cells after direct cycling at room temperature
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Fig. 2. Electrochemical performance. (a) Comparable rate performance of the LFP/PBO SPE/Li and the LFP/PEO SPE/Li cells at 60 °C; note, the PBO electrolyte was
molten at 60 °C. (b) Cycling performance of the LFP/PBO SPE/Li and the LFP/PEO SPE/Li cells at a current density of 0.1 C at near room temperature (~ 28 °C); (c)
corresponding charge-discharge profiles at the 15th (solid) and the 100th (dashed) cycles. (d) Discharging rate performance of the LFP/PBO SPE/Li cell at room
temperature; for rates above 0.1 C, the cell was always charged at 0.1 C to fully assess the discharging capability.

(LFP-RT) or 60 °C (LFP-60) for X-ray photoelectron spectroscopy (XPS)
analyses (Fig. 3d). XPS results for the as-prepared PBO SPE were also
measured for reference. For all three samples, the peaks positioned at
55.5 eV in the Lils spectra, 688.3 eV in the F1s spectra, and 168.4 eV
(S2p3,/2) in the S2p spectra were attributed to the complexed LiTFSI salt
in the SPE [35,36]; the peak at 532.2 eV in the Ols spectra was due to
the functional oxygen on the PBO backbone. Additional features on the
spectra for the LFP cathodes should give hints for the CEI chemistries.
For both LFP-RT and LFP-60, the extra peak at 684.5 eV in the Fls
spectra along with the contribution at 54.9 eV in the Lils spectra indi-
cated the formation of LiF, presumably due to partial decomposition of
the LiTFSI salt. Signs of Li;SO3 around 166.7 eV (S2ps,2) in the S2p
spectra also provided evidence for the salt decomposition [35,36].
Notably, in addition to the higher relative content of LiF on the LFP-60
than the LFP-RT, another distinct feature for the LFP-60 was observed in
the O1s spectrum, where a shoulder at 531.3 eV indicated the presence
of Li,O [37]. It is possible that, at an elevated temperature, the LiTFSI
salt preferentially decomposed to form a favorable CEI with rich LiF and
LisO which stabilized the interface for subsequent cycles (Scheme 1)
[38]. Meanwhile, the terminal hydroxyl group of the PBO polymer could
have been oxidized into -COOH (Li) with the formation of Li;O so that
PBO polymers with the more stable ~-OCH3 terminal groups would
further improve the high-voltage stability for future PBO-based SPEs
[39].

In addition to the feasible battery performance near room tempera-
ture, the high-voltage stability of the SPE determines its capability of
integrating high-voltage cathodes for high energy density. According to
the anodic linear sweep voltammogram (LSV) using a stainless-steel
electrode (Fig. S11), the PBO SPE exhibited electrochemical stability

up to 5.2 V versus Li/Li", significantly higher than typical PEO based
SPEs and most reported ‘dry’ SPEs. However, the massive decomposition
of SPEs has been reported to start at a much lower voltage in the pres-
ence of high-surface-area conductive materials (3.8 versus 4.5V for a
typical PEO based SPE) [40]. Therefore, the electrochemical stability of
our PBO SPE was also evaluated in an actual battery configuration by
incrementally increasing the upper voltage limit of the LFP/PBO SPE/Li
cell at 60 °C. As shown in Fig. 4a and b, the cell was highly stable up to
4.35V, above which the flattening of voltage profile was a sign of side
reactions. If further pushing the upper voltage limit to 4.5V, the cell
could barely finish charging (Fig. S12), probably due to continuous SPE
decomposition. This electrochemical stability response was similar to
the result of the anodic LSV using a high-surface-area carbon electrode
[41] for a tolerance up to ~ 4.3 V versus Li/Lit (Fi g. S13). Nevertheless,
the PBO SPE already demonstrated a superior high-voltage stability
compared to a typical PEO SPE. Under the same testing conditions with a
LFP cathode upon incremental upper voltage limits, the cell using PEO
based SPE was susceptible to capacity fading and polarizations upon
upper voltage limits beyond 4.1 V (Fig. 4d).

To further confirm the electrochemical stability of the PBO SPE
within the determined voltage range, long-term cycling performance
was evaluated. Fig. 4c shows the cycling performance of the LFP/PBO
SPE/Li cell in a voltage window of 2.5-4.3 V operating with a slow-
charge/fast-discharge (0.2 C/0.5 C) protocol at 60 °C. A high specific
capacity of 150.1 mAhg ! was maintained with a high capacity
retention above 90% after 200 cycles. At the same time, stable cycling
performance was also demonstrated with a high-voltage LiCoO2 (LCO)
cathode in the voltage range of 2.8-4.2 V at 60 °C, achieving a specific
capacity of 120.5 mA h g~! and a retention of 95% after 100 cycles at
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0.2 C (Fig. 4e). As shown in Fig. S14a, no obvious polarization was
observed in the discharge voltage profiles of the LCO cell, indicating a
highly stable internal cell resistance. Moreover, the PBO SPE can also be
directly integrated with the attractive LiNipgMng1C09 102 (NMC811)
cathode and stable up to 4.3 V without any additional surface coating,
delivering good cycling performance at 28 °C (Fig. 4e). Presumably, a
similar favorable CEI had been formed during the pre-cycling activation
step at 60 °C, which facilitated the stable cycling performance near

room temperature. Corresponding discharge voltage profiles showed
negligible polarizations during cycling (Fig. S14b). Fig. 4f compares the
onset discharging voltage of various reported polyether SPE based
ASSLBs over a wide temperature range, with a typical filtering requisite
of 80% theoretical capacity (Fig. S15). Among the representative poly-
ether based SPEs, our PBO SPE demonstrates an outstanding intrinsic
compatibility with high-voltage cathodes and enables a high utilization
of the theoretical capacity. For further ASSLBs development, the use of
rationally engineered electrodes such as vertically aligned thin elec-
trodes [6,42], patterned lithium anodes [42,43], and other advanced
composite electrodes [44-46] in combination with the PBO SPE shall
possibly boost the areal capacity loading of the battery cell for practical
operation near room temperature. A much thinner (~ 22 ym) PBO SPE
membrane can also be obtained by using a polypropylene support
instead of glass fiber (Fig. S16).

3. Conclusions

A solid polymer electrolyte based on poly(butylene oxide) was pre-
pared by a scalable solvent-free method. Feasible room-temperature
battery performance was achieved without any additional plasticizers,
solvents, or liquid electrolytes. Stable cycling performance was
demonstrated with a LiFePO4 cathode at room temperature (~ 28 °C),
delivering a stable specific capacity of ~ 140 mA h g~! at 0.1 C for 100
cycles with almost 100% retention. The electrochemical activation at an
elevated temperature was found to play an important role in the room-
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Fig. 4. Intrinsic stability of the PBO SPE toward high voltage. (a) Cycling stability of LFP/PBO SPE/Li cell upon increasing upper voltage limits from 4.0 to 4.4 V ata
current density of 0.2 C at 60 °C; (b) corresponding charge-discharge profiles (inset is a magnified view for high voltages; solid line for the 1st cycle and dashed line
for the 2nd cycle at each voltage limit setting). (c) Cycling performance of the LFP/PBO SPE/Li cell with an upper voltage limit of 4.3 V under a slow-charge/fast-
discharge cycling protocol of 0.2 C charge and 0.5 C discharge at 60 °C. (d) Cycling charge-discharge profiles of LFP/PEO SPE/Li cell upon increasing upper voltage
limits at 0.2 C and 60 °C (inset is a magnified view for high voltages; solid line for the 1st cycle and dashed line for the 2nd cycle at each voltage limit setting). (e)
Cycling performance using 4-V class cathodes. (f) Comparison with representative polyether SPE based ASSLBs by initial discharge voltage [12,47-53].

temperature performance. XPS analysis confirmed the in-situ formation
of a favorable CEI with rich LiF and Li;O on the cathode surface. In
addition, the PBO based SPE also exhibited better intrinsic stability to-
ward 4-V class cathodes compared to typical PEO based SPE. Stable
cycling performance was demonstrated with LiCoO; and NMC811
cathodes. Overall, the CEI enabled room-temperature performance shall
revive the interests for PBO based all-solid-state batteries and provide
more opportunities for dry polymer electrolytes. The PBO SPE film can
reach a practical thinness by using a polypropylene separator support or
other advanced SSE skeletons.
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