
Chinese Chemical Letters 33 (2022) 1025–1031

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

A hybrid lithium sulfonated polyoxadiazole derived single-ion

conducting gel polymer electrolyte enabled effective suppression of

dendritic lithium growth

Dazhe Lia, Longbo Luoa, Jiadeng Zhub, Haimei Qinc, Pengqing Liua, Zhaomei Suna, Yi Leia,
Mengjin Jianga,∗

a College of Polymer Science & Engineering, Sichuan University, Chengdu 610065, China
b Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, United States
c State Key Laboratory for Physical Chemistry of Solid Surfaces, Fujian Provincial Key Lab of Theoretical and Computational Chemistry, and College of

Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China

a r t i c l e i n f o

Article history:

Received 5 June 2021

Revised 4 July 2021

Accepted 6 July 2021

Available online 13 July 2021

Keywords:

Polyoxadiazole sulfonate

Single-ion conductor

Gel polymer electrolyte

Lithium dendrite

Lithium metal battery

a b s t r a c t

Lithium metal is deemed as an ideal anode material in lithium-ion batteries because of its ultrahigh the-

oretical specific capacity and the lowest redox potential. However, the rapid capacity attenuation and

inferior security resulting from the dendritic lithium growth severely limit its commercialization. Herein

a novel hybrid gel polymer electrolyte (GPE) based on electrospun lithium sulfonated polyoxadiazole (Li-

SPOD) nanofibrous membrane swelled by lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) ether liquid

electrolyte is proposed to address the issue of lithium dendrites. The Li-SPOD membrane synthesized by

a simple one-pot method exhibits excellent mechanical strength and thermal resistance due to its high

molecular weight and rigid backbone. The electron-withdrawing oxadiazole ring and oxadiazole ring-Li+

complex, and N, O heteroatoms with lone pairs of electrons in Li-SPOD macromolecular chains facili-

tate the dissociation of -SO3Li group and Li+ transference. The hybrid Li-SPOD GPE exhibits both a high

lithium-ion transference number (0.64) and high ionic conductivity (2.03 mS/cm) as well as superior in-

terfacial compacity with lithium anodes. The LiFePO4-Li cell using this novel GPE can operate steadily at 2

C for 300 cycles, remaining a high discharge capacity of 125 mAh/g and dendrite-free anode. Remarkable

performance improvements for the Li-Li and Cu-Li cells are also presented.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapid developments of portable electronics and electric

vehicle industry have driven rechargeable lithium metal batter-

ies (LMBs) that use lithium metal as the anode to be one of

the most concerned research hotspots of energy storage in re-

cent years due to its extremely high theoretical specific capacity

(3860 mAh/g) and lowest redox potential (−3.04 V vs. standard

hydrogen electrode) [1,2]. However, during the repeated charg-

ing/discharging process, uncontrollable lithium dendrite prolifera-

tion resulting from the inhomogeneous Li+ deposition on the sur-

face of lithium anode not only leads to low coulombic efficiency

(CE) and consumption of electrolyte induced by the high reactivity

of lithium metal, but also results in potential security issues [3,4].

Various strategies have been proposed to suppress the growth

of lithium dendrites, including three-dimensional porous collec-

tors, artificial solid electrolyte interphase (SEI) layers, separators
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with high moduli and homogeneous pore structures, and single

lithium-ion conducting gel polymer electrolytes (GPEs), etc. [4–7].

Polyanion-based GPEs possess high lithium-ion transference num-

bers (tLi+ ) that approach unity by immobilizing anions on the poly-

mer skeleton, which can effectively prevent anion depletion near

the lithium electrode and formation of lithium dendrites [8,9].

Compared with the polyanions based on carboxylates, sulfonylim-

ides, and tetrahedral borates, polymeric sulfonates are featured as

high anodic stability, moderate negative charge distribution and

facile synthesis [8–10]. Among various sulfonate-based polyanions,

the most widely used polymeric sulfonates in LMBs are lithi-

ated fluoroalkyl-containing polymeric sulfonates, especially Nafion

(Li-Nafion) [9,11,12], polystyrene sulfonate (Li-PSS) [13–15], and

poly(2-acrylamide-2-methylpropane sulfonate) (Li-PAMPS) [16–18].

Despite the high ionic conductivity (σ ) due to the strong electron-

withdrawing effect of fluorine atoms, Li-Nafion is too expensive to

be commercialized. Freestanding membranes are intractable to be
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prepared from Li-PSS and Li-PAMPS owing to their low molecular

weights and soft backbones [19].

According to the widely accepted space-charge theory, besides

the high tLi+ , a high σ is also essential for suppressing lithium den-

drites [1,20]. Furthermore, the continuum theory claims that the

driving force for the formation of lithium dendrites can be reduced

by a factor of ten or more if as little as 10% of anions are fixed

[7,21]. Thus, it is possible to employ polyanions with relatively

low negative charge delocalization for effective dendrite inhibi-

tion through swelling the single lithium-ion conducting polyan-

ions with liquid electrolytes to prepare ionomer-liquid electrolyte

hybrid GPEs [22–24], in which much higher σ s can be obtained

at a small expense of tLi+ s. For example, the tLi+ (0.72) and σ
(0.45 mS/cm) of the polyethylene-supported Li-PSS/LiPF6 ester liq-

uid electrolyte hybrid GPE are 1.67 times and 1.5 times higher than

those of the LiPF6 ester liquid electrolyte, respectively, so that the

lithium dendrites are dramatically suppressed [14]. The high tLi+ s
of the hybrid GPEs are mainly ascribed to the strong electrostatic

repulsion of the immovable polyanions towards the small anions in

the liquid electrolytes [14]. This principle is also exploited to sup-

press polysulfides’ shuttle in lithium-sulfur batteries [18,24,25].

Sulfonated aromatic polyoxadiazoles (SPODs) are one kind of

extensively studied proton conducting materials for fuel cells

[26,27]. In comparison with the sulfonated polymers mentioned

above, the SPODs possess the four unique merits [26–30]: (1) high

sulfonation degree and molecular weight are simultaneously ob-

tained through a simple one-pot synthesis method in oleum; (2)

a freestanding membrane with outstanding mechanical and ther-

mal stability can be easily fabricated due to the high molecular

weight and rigid backbone; (3) the electron deficiency of oxadi-

azole rings is expected to promote the delocalization of negative

charge on the sulfonate groups; (4) the alkalescent nitrogen and

oxygen atoms with lone pairs of electrons provide a large number

of electrostatic attraction points for the desolvation and hopping

of cations. All of these enable SPODs strong competitors for the

preparation of ionomer-liquid electrolyte hybrid GPEs.

In this work, a freestanding hybrid GPE membrane was

fabricated by swelling the electrospun lithium sulfonated

polyoxadiazole (Li-SPOD) nanofiber membrane with lithium

bis(trifluoromethanesulfonyl)imide (LiTFSI) ether liquid electrolyte.

The Li-SPOD/LiTFSI hybrid GPE with high anodic stability possesses

an excellent dendrite-inhibiting effect on the lithium metal anode

due to its high tLi+ and σ . As a result, remarkable cycling perfor-

mance improvements are achieved for LiFePO4-Li, Li-Li and Cu-Li

cells with such unique GPEs. Its superb dendrite-suppressing abil-

ity, simple synthesis method and outstanding mechanical strength

demonstrate that this novel hybrid GPE has broad application

prospects in rechargeable LMBs.

The ATR-FTIR spectrum of the electrospun Li-SPOD membrane

is shown in Fig. 1a, where the two peaks at 1088 and 1605 cm−1

correspond to the =C–O–C= and C=N stretching vibration of oxa-

diazole rings [27,31]. The SO and SO2 stretches of sulfonate groups

give rise to the peaks at 736, 1031 and 1396 cm−1 [27,32]. The

broad characteristic bands between 1130 and 1345 cm−1 are as-

cribed to the C–O–C stretch of diphenyl ether groups and the SO2

stretch of the phenoxathiine rings and the lithium sulfonate groups

[27,31,33]. The peak at 1464 cm−1 is assigned to the aromatic

C=C stretch [27]. The complete cyclization of hydrazides to form

the oxadiazole rings is confirmed by the absence of signal peaks

between 9.5 ppm and 11 ppm in the 1H NMR spectrum [27,34]

(Fig. 1b), despite the failure to determine the composition of the

copolymer owing to the overlapping of some aromatic hydrogen

peaks [27,33]. Due to the oleum’s powerful sulfonation ability, all

the phenylenes are sulfonated during the polymerization process

with some phenoxathiine rings formed via a further dehydration

reaction between the sulfonate group and the α-hydrogen of adja-

cent phenylene, which is verified by the result of EA. As shown in

Table S1 (Supporting information), the measured atomic ratios of

N/C and S/C are almost the same as those obtained from the pro-

posed chemical structure in Fig. 1b. Such high sulfonation degree is

challenging to be achieved by traditional post-sulfonation methods.

Besides, the number-average molecular weight (M̄n) and weight-

average molecular weight (M̄w) of Li-SPOD determined by GPC are

up to 1.62 × 105 and 3.41 × 105, respectively, which are much

higher than those of Li-PSS [18] and lithium sulfonated polyether

ether ketone (Li-SPEEK) [35].

As summarized in Table S2 (Supporting information), the poros-

ity (81.2%) of the electrospun Li-SPOD nanofibrous membrane

measured by the n-butanol uptake method is much higher than

that (40.7%) of the PP separator, which is beneficial to the liq-

uid electrolyte uptake. The macromolecular aggregation state of

the electrospun nanofibrous Li-SPOD membrane swelled by the

LiTFSI ether liquid electrolyte [36,37] was analyzed through XRD.

As shown in Fig. 1c, while all the three membranes exhibit amor-

phous XRD peaks, the peak of Li-SPOD GPE is flatter, implying

higher randomness of molecular stacking due to the permeation

of solvents and ions. The amorphous structure would facilitate the

diffusion of solvents and ions into the nanofibers [38,39]. The mi-

crotopography of Li-SPOD nanofibers swelled by liquid electrolyte

can be directly observed by SEM images (Fig. 1e). The average di-

ameter (D) of the swelled nanofibers is 33.9% larger than that of

the as-prepared electrospun Li-SPOD nanofibers (Fig. 1d). Unlike

the loose three-dimensional network in the as-prepared electro-

spun membrane with many large pores, nanofibers in the liquid

electrolyte treated membrane arrange very densely, and many ad-

hesion points between the nanofibers can be found.

Owing to its high molecular weight and rigid backbone, the

Li-SPOD possesses outstanding mechanical strength. As shown in

Fig. 1f, the tensile strength of the as-prepared electrospun Li-SPOD

membrane (10.2 MPa) is nearly the same as that of the Celgard-

2500 in the transverse direction (TD) (Fig. S2 in Supporting infor-

mation), while that of the Li-SPOD nanofiber hybrid GPE further

increases to 14.2 MPa due to the adhesion of swelled nanofibers

with each other. Moreover, the tensile strength of the dense Li-

SPOD membrane (41.9 MPa) displays a tremendous advantage over

those of Li-PAMPS based on a PVDF backbone (~26 MPa) [40],

Li-Nafion (~10 MPa) and Li-SPEEK (~13.2 MPa) [41]. In addition,

the electrospun Li-SPOD nanofiber membrane exhibits excellent

heat resistance with an initial thermal degradation temperature of

~472 °C in nitrogen (Fig. S3 in Supporting information). It is able to

maintain its dimensional stability even at a temperature of higher

than 350 °C in the air (Fig. S4 in Supporting information), which

can prevent the cell from the internal short at an elevated opera-

tion temperature [42,43].

The abundant -SO3Li groups and N, O heteroatoms, and amor-

phous structure are expected to endow the Li-SPOD membranes

with superb wettability to the liquid electrolyte, which is demon-

strated by the result of contact angle measurement, as shown

in Fig. 2a and Table S2 (Supporting information). The electrolyte

drop was wholly absorbed by the Li-SPOD nanofiber membrane

instantly so that the contact angle of 0° was recorded. The Li-

SPOD dense membrane’s contact angle toward the liquid elec-

trolyte is 24.6°, which is much lower than that of Celgard-2500

membrane (34.3°). Besides, the liquid electrolyte uptake of Li-SPOD

nanofiber membrane (586.1%) is much higher than that of Celgard-

2500 (129.3%) because of the excellent wettability and the high

porosity of the electrospun membrane.

It is reported that the electron-deficient oxadiazole heterocycle

possesses an electron-withdrawing ability comparable to those of

sulfone and ketone groups [29,30], which is expected to prompt

negative charge distribution on the sulfonate anion, and therefore

facilitate the dissociation of -SO3Li group. DFT calculations proved
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Fig. 1. (a) The ATR-FTIR and (b) 1H NMR spectrums of Li-SPOD. (c) XRD patterns of different Li-SPOD membranes. SEM images of Li-SPOD nanofiber membranes (d) before

and (e) after swelling in the liquid electrolyte. (f) Typical stress-strain curves of different membranes.

Fig. 2. (a) Liquid electrolyte contact angles of different membranes, (b) results of DFT calculations, (c) Nyquist plot of the Li-SPOD nanofiber membrane swelled by the

mixed ether solvent sandwiched between two SS blocking electrodes and the corresponding equivalent circuit (the inset), (d) ionic conductivities at different temperatures

(correlation between the conductivity and the temperature), (e) current-time curve for the Li-Li symmetric cell with the Li-SPOD GPE and the Nyquist plot (the inset) before

and after polarization, and (f) LSV curves for the measurement of ESWs.

this feature. As shown in Fig. 2b, althrough the lithium ionic bind-

ing energy of the sulfonate in the model structure with an oxa-

diazole meta-substituent (E2 = 671.891 kJ/mol) is only slightly

lower than that of benzenesulfonate (E1 = 698.41 kJ/mol), the

lithium ionic binding energy of the sulfonate sharply decreases to

E3 = 466.20 kJ/mol, which is 33.2% lower than E1, when the alka-

lescence oxadiazole ring adsorbs one Li+, indicating a unique ad-

vantage of Li-SPOD over other lithium polysulfonates, such as Li-

PSS and Li-PAMPS. Moreover, the interesting find that the oxadia-

zole ring-Li+ complex can significantly promote the ionic dissocia-

tion of the -SO3Li group may arouse a new insight on the proton-

conducting mechanism of sulfonated aromatic heterocyclic poly-

mers considering the similarity between the Li+ ions and protons

[44].

To further illustrate the ionic dissociation of Li-SPOD, the ionic

conductivity of the Li-SPOD nanofiber membrane swelled by the
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mixed ether solvent for 72 h was measured through an SS-SS

blocking cell. As shown in Fig. 2c, the Nyquist plot comprises an

arc in the high-frequency region caused by the interfacial resis-

tance (Rint), and an inclined straight line at the lower frequency

associated with the Warburg resistance (W). The plot is well fit-

ted with an equivalent circuit (the inset), in which Rb represents

the bulk resistance of the pure Li-SPOD single-ion conducting GPE

(SIC-GPE). The Rb, RInt and corresponding ionic conductivities are

summarized in Table S3 (Supporting information). The bulk con-

ductivity (σ b) and conductivity calculated based on Rb + RInt
(σ (b+Int)) are 0.352 and 0.0208 mS/cm at 25 °C, respectively. The
σ b of Li-SPOD-based SIC-GPE is much higher than those of the re-

ported Li-PSS [19] and AMPSLi-g-PVDF-HFP [17] based nanofibrous

SIC-GPEs, which are only 0.02–0.06 and 0.034 mS/cm at 30 °C,
respectively. It is even comparable to that of the lithium poly[4-

styrenesulfonyl(phenylsulfonyl)imide]/PVDF based dense SIC-GPE

(0.57 mS/cm at room temperature) [45]. The high σ b of Li-SPOD-

based SIC-GPE means a high degree of ionic dissociation, which

can be ascribed to the electron-withdrawing effect of the oxadia-

zole ring and the oxadiazole ring-Li+ complex, and the high spe-

cific surface area of the nanofibers.

The σ and tLi+ are two essential parameters to assess the

ionic transport property of electrolytes. As shown in Table S2,

the σ of hybrid Li-SPOD GPE is 2.03 mS/cm, which is more than

5 times that of the liquid electrolyte filled in the PP separator

(0.38 mS/cm). Correspondingly, the ionic migration activation en-

ergy (�E) for the hybrid GPE (11.4 kJ/mol) calculated according to

the Arrhenius formula is 25% lower than that for the PP separa-

tor (15.2 kJ/mol), implying the more facilitated ionic movement in

the former [46], as depicted in Fig. 2d. The conductivity enhance-

ment mainly arises from the better wetting affinity and the higher

electrolyte uptake of hybrid GPE.

Similar to the values in the literature [18,47], the tLi+ of LiTFSI

liquid electrolyte in the PP membrane measured is 0.41, while that

of the hybrid Li-SPOD GPE is 0.64 (Table S2, Fig. 2e and Fig. S5 in

Supporting information). The dissociation of -SO3Li in the Li-SPOD-

based hybrid GPE mentioned above can retard the TFSI− movement

by electrostatic repulsion from the anchored polyanions, and pro-

vide more free Li ions. Besides, the electrostatic attraction between

Li ions and the unshared electron pairs on nitrogen and oxygen

atoms is conducive to the desolvation of strongly solvated Li ions

[24], as shown in Fig. 3e (left). All these factors make contribu-

tions to the superior lithium-ion transferability of the hybrid GPE.

The electrochemical stability window (ESW), as an essential aspect

of GPEs, was investigated by LSV. According to Fig. 2f, the ESW of

the hybrid Li-SPOD GPE (4.75 V) is slightly higher than that of the

pure LiTFSI liquid electrolyte filled in the PP microporous mem-

brane (4.70 V), indicating a retardation effect of Li-SPOD on liquid

electrolyte decomposition [48].

The interfacial compatibility of the GPE with lithium anodes

is a significant parameter determining the cycle life of lithium

metal anode-based batteries, which was evaluated by the static

impedance change of Li-Li symmetric cells with time at 25 °C.
An equivalent circuit (Fig. S6c in Supporting information) [49] is

used to fit the Nyquist plot (Fig. S6a in Supporting information),

in which the semicircle and the intercept at high frequency rep-

resent the interfacial resistance (RInt) and bulk resistance (Rb), re-

spectively. As shown in Fig. S6b (Supporting information), the cell

with the hybrid Li-SPOD GPE exhibits lower interfacial resistances

all through the 7 days compared to the cell using Celgard-2500,

demonstrating its better interfacial compatibility. The initial in-

crease of RInt is ascribed to the formation and thickening of the

SEI passivation layer, which is stabilized subsequently by the LiNO3

additive [50,51]. Corresponding to the higher ionic conductivity of

the hybrid GPE, the Rb of the GPE here is lower than that of the

PP separator as well.

The LiFePO4-Li cells with such a unique membrane were as-

sembled and tested to investigate the application performance of

prepared GPE. The cell with the hybrid Li-SPOD GPE possesses

higher discharge capacities than that using Celgard-2500 (Fig. 3a),

especially at 4 C, which is up to a significant increase of 23.1%.

The corresponding charge/discharge profiles are shown in Fig. S7

(Supporting information). The voltage plateau difference, hystere-

sis voltage, reflects the total internal resistance (Rb + polarization

resistance) of the cells, in which the polarization resistance plays

a dominant role as the Rb is relatively small [14]. As can be seen

from Fig. 3b, although the hysteresis voltages of both cells rise with

the increase of the current density, the hysteresis voltage of the

cell with hybrid Li-SPOD GPE is lower than that of the cell using

the PP separator, indicating smaller polarization resistance for the

former. Moreover, similar to the capacity difference, the difference

of hysteresis voltage between the two cells is also roughly propor-

tional to the current density, implying that the hybrid GPE exerts

a more significant inhibiting effect on polarization at a higher cur-

rent density. The higher tLi+ can mitigate the anion accumulation

in the vicinity of the cathode (Fig. 3e, middle), especially at high

current densities, so that the resistance caused by the concentra-

tion polarization is low [14]. Besides, the much higher electrolyte

uptake and ionic conductivity, and the better interface compatibil-

ity between lithium anodes and Li-SPOD GPE also contribute to the

suppression of cell polarization. Hence the higher capacity reten-

tions at higher current densities are obtained.

The LiFePO4-Li half-cell with the hybrid Li-SPOD GPE also ex-

hibits much better long-term cycling performance than that us-

ing Celgard-2500. As shown in Fig. 3d, the two cells display sim-

ilar discharge capacities in the initial 60 cycles. The cell with

the hybrid Li-SPOD GPE can keep stable capacities of higher than

125 mAh/g in the subsequent 240 cycles, while the capacities of

the reference cell decline from 117.8 mAh/g at the 60th cycle to

101.1 mAh/g at the 300th cycle. Accordingly, the hysteresis voltage

of the LiFePO4-Li half-cell with the hybrid Li-SPOD GPE is much

lower and increases much slower with the cycling time compared

with that of the cell using Celgard-2500 (Fig. 3c and Fig. S8 in Sup-

porting information).

The ionic concentration gradient between the two electrodes

can not only result in the concentration polarization resistance, but

also lead to the formation and proliferation of lithium dendrites,

especially at higher current densities, because of local ionic deple-

tion nearby the anode surface (Fig. 3e, middle), according to the

space-charge model [1,7,52]. Therefore, a much more compact and

smoother surface (Fig. 3e, right) of Li metal anode of the LiFePO4-

Li cell with the hybrid Li-SPOD GPE after 300 cycles at a current

density of 2 C is found compared with that using the conven-

tional PP separator, indicating a significant inhibiting effect of the

high-tLi+ GPE on lithium dendrites. The much slower increase of

hysteresis voltage (Fig. 3c and Fig. S8) can also be deemed as a

piece of circumstantial evidence for suppressing lithium dendrites,

as the dendrite growth will boost internal resistance by consum-

ing electrolyte and thickening the SEI passivation layer. Moreover,

the plentiful alkalescent oxadiazole heterocycles may play a sig-

nificant role in guiding the uniform lithium deposition [53,54],

in addition to the better wettability and higher liquid electrolyte

uptake.

The result [6,55–57] of XPS (Table S4 and Fig. S9 in Supporting

information) shows no significant surface element difference be-

tween the two lithium metal anodes of the LiFePO4-Li cells after

300 cycles at 2 C. This may be because a small amount of lithium

dendrites also inevitably formed on the surface of the lithium

metal anode with the Li-SPOD GPE separator, as implied by the

gradually rising hysteresis voltage (Fig. 3c). Since our strategy is

not to suppress lithium dendrites by design a novel SEI layer [1,55],

the chemical structure of the outermost SEI layer keeps relatively
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Fig. 3. (a) Rate capability and (b) hysteresis voltages at different current densities of the LiFePO4-Li cells. (c) Hysteresis voltages and (d) cycling stability of the LiFePO4-Li

cells at a current density of 2 C. (e) Schematic profiles of ionic transport mechanism inside the LiFePO4-Li cells during the charging process, and corresponding surface SEM

images of Li anodes after 300 cycles at 2 C.

stable, regardless of the surface morphology of the lithium metal

anodes.

The Li-SPOD GPE-based LiFePO4-Li cell also possesses excellent

cycling stability at an elevated temperature due to its outstanding

heat resistance. As shown in Fig. S10 (Supporting information), af-

ter 90 cycles at 2 C under 60 °C, the capacity retention of the cell

with Li-SPOD GPE is higher than 95%, while that of the Celgard-

2500-based cell is only 83.4%. It is also found that the discharge

capacities of both the two cells remarkably increase as the temper-

ature rises from 25 °C to 60 °C, which is due to the reduced inter-

nal impedances in the electrolyte, cathode and interfaces between

the electrolyte and electrodes at the higher temperature. In addi-

tion, the elevated temperature also leads to a slight reduction (~1%)

of Coulombic efficiency, corresponding to more side reactions.

Cycling tests of Li-Li and Cu-Li cells were performed to val-

idate the superiority of the hybrid Li-SPOD GPE in the perfor-

mance improvement of lithium metal anode-based cells further.

The Li-Li symmetric cell cycling test was conducted with a deposit-

ing/stripping capacity of 1 mAh/cm2 at 2 mA/cm2. As displayed

in Fig. 4a, the two cells exhibit approximate hysteresis voltages in

the initial 50 h. In the subsequent 350 h, the cell’s hysteresis volt-

age with the Li-SPOD GPE gradually reduces to nearly a constant

around 50 mV, while that of the cell using Celgard-2500 keeps in-

creasing from ~100 mV to ~200 mV. The difference of hysteresis

voltage between the two Li-Li cells is similar to that between the

two LiFePO4-Li cells, indicating the same outstanding dendrite in-

hibiting effect of the hybrid Li-SPOD GPE. The surface morpholo-

gies of Li electrodes of the Li-Li cells after 400 h cycling are shown

in Fig. 4b. A much more compact and smoother surface of Li metal

electrode with the hybrid Li-SPOD GPE is observed than that using

the conventional PP separator. The more severe lithium dendrite

proliferation during the cycling of Li-Li cells compared to that of

the LiFePO4-Li cells can be ascribed to the longer cycling time or

increased cycling number and higher current density of the Li-Li

cells.

The Coulombic efficiency (CE) of a Cu-Li cell directly reflects the

dendrite growth as the fresh surface of newly generated dendritic

lithium will react with electrolyte to form an SEI layer, resulting

in an irreversible capacity loss. The fixed capacity deposited onto

the Cu electrode in each cycle during the Cu-Li cells’ cycling tests

is 1 mAh/cm2. As shown in Fig. 4c, at a low current density of

1 mA/cm2, the cell with hybrid Li-SPOD GPE can maintain stable

CEs of higher than 97% for 81 cycles, 44.6% longer than that for

the cell using Celgard-2500 (56 cycles). The superiority of the hy-

brid Li-SPOD GPE becomes more prominent when the current den-

sity increases to 2 mA/cm2. That is, the hybrid GPE-based cell can

maintain stable CEs of higher than 97% for 58 cycles, while the CEs

of liquid electrolyte-based cell decline to ~95% at the 14th cycle,

and dramatically decline at the 43rd cycle. At the highest current

density of 3 mA/cm2, the cell using the PP separator entirely loses
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Fig. 4. (a) Voltage profiles of the Li-Li cells, (b) SEM images of Li electrodes of the Li-Li cells after 400 h cycling, and (c) Coulombic efficiencies of the Cu-Li cells at various

rates in the long-term cycling processes.

its cycling stability from the very beginning. In sharp contrast, the

cell with the hybrid Li-SPOD GPE is still able to cycle for 42 cy-

cles with relatively steady CEs of higher than 94%. The initial low

CEs of ~90% for the hybrid GPE-based Cu-Li cells at all the current

densities are ascribed to irreversible electrochemical doping of the

oxadiazole groups studied in our previous work [28]. The doping

behavior is also observed in the initial stabilization processes of

the Cu electrodes (Fig. S11 in Supporting information), where the

depositing capacity onto the Cu electrode with the Li-SPOD GPE

(0.0779 mAh) is more than 4 times higher than that with Celgard-

2500 (0.0151 mAh) in the first cycle due to the electrochemical

doping of the oxadiazole groups.

In summary, a nanofibrous hybrid GPE based on a novel poly-

meric sulfonate, Li-SPOD, and LiTFSI ether liquid electrolyte was

successfully prepared. The Li-SPOD simultaneously with a high sul-

fonation degree and high molecular weight is synthesized through

a simple one-pot method, and can be easily processed into a me-

chanically robust free-standing membrane with outstanding heat

resistance. The electron-withdrawing oxadiazole ring and oxadi-

azole ring-Li+ complex, and alkalescent N, O heteroatoms in Li-

SPOD macromolecular chains are beneficial to the ionic dissocia-

tion of the -SO3Li groups and cationic transference. The hybrid Li-

SPOD GPE exhibits superior interfacial compatibility with lithium

anodes, wider ESW, much higher σ and tLi+ compared with the

pure LiTFSI liquid electrolyte filled in the PP separator. The hybrid

Li-SPOD GPE effectively alleviates lithium dendrites, and hence re-

markable performance improvements are achieved in the cycling

of LiFePO4-Li, Li-Li and Cu-Li cells, implying a great application po-

tential in rechargeable LMBs.
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