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Abstract 

This study reports a gel polymer electrolyte (GPE) that is synthesized using a 

poly(ethylene oxide)-co-poly(propylene oxide) copolymer blending diglycidyl ether 

of bisphenol-A (i.e., P(PO-co-EO)) as a host swelled by a liquid electrolyte (LE) of 1 

M LiPF6 in carbonate solvents. The P(PO-co-EO) copolymer in the GPE contains a 

high concentration of ether groups to coordinate solvent molecules and solvated Li
+
 

ions for achieving high ionic conductivity (3.8 × 10 
-3

 S cm
-1

 at 30 °C), and exhibits 

an excellent Li
+
 transference number of 0.7. The GPE is assembled in a full-cell 

lithium ion battery (LIB) consisting of an LiFePO4 cathode and a graphite anode, and 

the copolymer network facilitates ion motion to reduce the equivalent series resistance 

by 50% and increase specific power by two times relative to the performance of an 

LIB assembled using the LE. This GPE-based LIB exhibits a capacity of 125 mAh g
-1

 

at 0.1 C and is able to deliver 22 mAh g
-1

 of electricity at 15 C. This LIB exhibits 

superior stability; it presents negligible capacity decay after 200 charge−discharge 

cycles at 1 C, and exhibits 77% capacity retention after 450 cycles. The distinctive 

merit of the GPE film is its mechanical integrity, which ensures that the roll-to-roll 

assembly of GPE-based LIBs is readily scalable to industrial levels. 

 

Keywords: gel polymer electrolyte; lithium ion battery; poly(ethylene oxide); 

LiFePO4 electrode; graphite electrode 
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1. Introduction 

 

Over the past few decades, concerns regarding the safety and cycle-life of 

electrochemical energy-delivering devices such as lithium ion batteries (LIBs), solar 

cells, and capacitors have motivated research on gel polymer electrolytes (GPEs),
1–5

 

which comprise a polymeric framework that entraps organic solvents and supports 

electrolytic salts. GPEs are being developed for device applications that require high 

power and low energy loss. LIBs consisting of two electrodes made of distinct 

materials present a challenge in ensuring compatibility between developed GPEs and 

electrodes.
6
 Most previous efforts have focused on GPE performance in half-cell 

assemblies, whereas only a limited number of studies have explored structural designs 

for GPEs that can fulfill the strict requirements for operating full cells and offer a 

high-rate performance and long cycle life.  

Commonly used polymer hosts for GPEs include poly(ethylene oxide) (PEO),
7–11

 

poly(vinylidene fluoride) (PVDF),
14,15

 poly(vinylidene 

fluoride-co-hexaflouropropylene),
16–18

 poly(urethane),
19

 poly(acrylonitrile),
20

 and 

poly(methyl methacrylate).
21–23

 Among these polymers, PEO has attracted substantial 

attention because its ether linkages exhibit favorable affinity with cations and solvents. 

However, its strong crystallization tendency, which impedes ionic motion in the 

resulting GPEs, and poor mechanical integrity restrict its practical application.
24–26 

To 

enhance the ionic conductivity and mechanical strength of PEO-based GPEs, fillers 

have been added, blending or grafting with other polymers has been conducted, and 

porous polyolefin separators have been incorporated in previous studies.
27−31

 

Polypropylene oxide (PPO), which effectively suppresses PEO crystallization by 

using its methyl side chains and provides a hydrophobic property that is 

complementary to hydrophilic PEO,
32–35

 is an excellent implant choice for improving 

Page 3 of 39 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Huang et al.4 

 

the ionic conductivity of PEO and its affinity with electrodes. Regarding mechanical 

strength, bisphenol-containing ether linkages can improve the structural integrity of 

PEO and exhibit high affinity with electrolytes.
36,37

  

Lithium ions are the only charge carrier involved in charge storage in both the 

cathode and anode of LIBs. The transport of counter anions during charge storage 

results in electrode polarization, which considerably deteriorates the cycle life and 

rate performance of batteries.
38–40

 The purpose of this study was to design GPEs that 

facilitate Li
+
 ion transport while maintaining stationary counter anions. In addition to 

suppressing anion motion, preventing extensive interaction between solvent 

molecules and the carbon anode is another objective of designing GPEs for creating 

high-performance LIBs. This interaction induces the formation of solid-electrolyte 

interface (SEI) layers that affect ionic conduction and electrode capacity.
41–44

 

Polymers in GPEs may form a complex with SEI layers to circumscribe further 

electrolyte decomposition on the anode.  

In this study, a P(EO-co-PO) polymeric network was prepared using 

poly(ethylene glycol) diglycidyl ether (PEGDE) to construct the body frame and 

poly(propylene oxide) diamines as the curing agent. Blending diglycidyl ether of 

bisphenol-A (DGEBA) with the polymer precursors before curing enhanced the 

mechanical strength of the polymer. Swelling the resulting ether-abundant 

P(EO-co-PO) copolymer with a liquid electrolyte (LE) of 1 M LiPF6 in carbonate 

solvents formed a GPE that exhibited excellent ionic conductivity, mechanical 

integrity, film-forming feasibility, and chemical stability. By incorporating this GPE 

with a graphite anode and a LiFePO4 cathode, we developed a full-cell LIB that 

delivered energy at high rates (> 15 C) and exhibited excellent capacity retention with 

long-term cycling. Table 1 shows the performance comparison of the LIB developed 
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in this study with other reported full-cell batteries.
8–13

 The high compatibility of this 

GPE with both electrodes, and the large transference number of Li
+
 ions in this GPE, 

were primarily responsible for the outstanding performance of the resulting LIB.  

 

 

2. Experimental 

 

2.1. Synthesis of GPE films. To prepare the P(EO-co-PO) polymeric framework of 

the gel electrolyte, we blended a mixture of PEGDE (Kyoeisha) and DGEBA 

(Nan-Ya), which had epoxy group equivalent weights of 290 and 190 g equiv.
-1

, 

respectively, with a curing agent—α,ω-diamino poly(propylene oxide) (Huntsman 

Jeffamine D2000) with an active hydrogen equivalent weight of 514 g equiv.
-1

. A 

polymer precursor solution was formed by dissolving 0.1 g of PEGDE, 0.1 g of 

DGEBA, and 0.45 g of D2000 in 1 mL of dimethylacetamide (DMAC) using 

mechanical stirring. The solution was spread on an aluminum plate and heated at 90 

°C for 8 h to evaporate the DMAC and cure the contained polymers. The resulting 

P(EO-co-PO) film was 100-µm thick, flexible, and transparent. This film was soaked 

in the LE solution, which consisted of 1 M LiPF6 dissolved ethylene 

carbonate/dimethyl carbonate/diethyl carbonate (EC/DMC/DEC; 1:1:1 by volume), in 

an argon environment to trap the solution in the polymer network and form the GPE 

film. The amount of trapped solution was adjusted by varying the soak time. The mass 

of the trapped LE was two times the P(EO-co-PO) film mass in the GPE. This mass 

ratio was obtained by pressing the LE-saturated P(EO-co-PO) film under a load of 9.8 

N cm
-1 

in argon by using a pneumatic flat press. We used this stabilized 

LE-P(EO-co-PO) composite film, which had a LE/ P(EO-co-PO) mass ratio of 2/1,  
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as a GPE for subsequent testing and battery assembly. 

 

2.2. Electrode preparation and cell assembly. The LIB cathodes consisted of 80 

wt% LiFePO4 (BTR New Energy Materials), 10 wt% PVDF (Mw = 534000 g mol
-1

; 

Aldrich, USA), and 10 wt% super-P carbon black (Taiwan Maxwave Co.). A slurry of 

these materials dissolved in N-methyl pyrrolidone (NMP, Aldrich) was blade-coated 

on aluminum foil. After solvent evaporation, disks that were 1.3 cm in diameter were 

punched from the foil and dried by heating at 80 °C in a vacuum for 12 h. The 

cathodes were roll-pressed to improve their particulate contact and foil adhesion, and 

had a pressed thickness of 40−50 µm. The anode was prepared in the same manner as 

the cathode was prepared, and consisted of 92 wt% graphite (Long Time Technology 

Co.), 3 wt% PVDF, and 5 wt% super-P. Full-cell LIBs were assembled by 

sandwiching the GPE film between the graphite anode and LiFePO4 cathode and then 

vacuum-sealing the battery in a coin cell. All cell assemblies were conducted in a 

glove box filled with argon gas. 

 

2.3. Measurements. Fourier transform infrared (FTIR) spectroscopy in diffuse 

reflectance mode was conducted to analyze the functionalities of the P(EO-co-PO) 

film by using a Jasco FTIR-4100 spectrometer. Raman spectra of the GPE and LE 

specimens were recorded at room temperature by using a Bayspec Raman 

spectrometer with a laser line of 1064 nm. The Raman measurement resolution was 4 

cm
-1

 and the Lorentzian function was used to deconvolute the 880−950 cm
-1

 and 

700−760 cm
-1

 bands into constituting peaks. The ionic conductivity of the GPE was 

analyzed at varying temperatures by conducting AC impedance spectroscopy 

(Zahner-Elecktrik IM6e) using a sandwich-type cell consisting of two stainless-steel 
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electrodes. This measurement was conducted at 0 V with an AC potential amplitude 

of 5 mV and a frequency range of 0.1 Hz to 1 MHz. The interface resistance between 

the GPE and lithium metal electrode was measured using the impedance response of 

Li|GPE|Li cells. Charge and discharge cycling tests were conducted on full-cell LIBs 

between 2.0 and 3.8 V galvanostatically by using battery test equipment (Acutech 

System BAT-750). All electrochemical measurements were conducted at 25 °C, 

except for the conductivity measurements. For the purpose of comparison, the 

performance of the LE in swelling a membrane (Celgard M824), which was used as a 

separator, was also analyzed in the same manner as the GPE was analyzed. 

 

 

3. Results and Discussion 

 

3.1. Synthesis of GPEs. Ether groups in polymer chains are effective in solvating 

carbonate solvents and entrapping the solvent molecules in the polymeric framework.
6
 

Strong solvent-entrapping ability suppresses the leakage or evaporation of solvent and 

creates space in GPEs to facilitate ionic motion. By contrast, commercially available 

separators, generally consisting of polypropylene and polyethylene that are 

compatible with organic solvents and have mechanical integrity, demonstrate poor 

ability to entrap solvent molecules.
45

 In the synthesis of ether-abundant polymers, the 

incorporation of PEO and PPO reduces the crystallization tendency of polymer 

chains, and the introduction of bisphenol-A segments to the resulting P(EO-co-PO) 

improves the mechanical properties of the copolymer.
27

 Scheme 1 depicts the 

structures of PEO-containing PEGDE, PPO-containing Jeffamine D2000, and 

bisphenol A-containing DGEBA, as well as the major linkages in the resulting 
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P(EO-co-PO) polymers. The amine groups of Jeffamine D2000 interacted with the 

epoxy groups of PEGDE and DGEBA to connect PEO, PPO, and bisphenol-A chains 

and construct a 3D network populated with ether linkages. 

 Fig. 1a shows a top-view photograph of a P(EO-co-PO) film with a diameter of 

approximately 1.2 cm. The film expanded to a diameter of 1.6 cm after being soaked 

in 1 M LiPF6 LE for 80 min (Fig. 2b) to form a GPE film. The size increase 

demonstrated the strong solvent-entrapping ability of the P(EO-co-PO) framework. 

Fig. 2 shows the time course of electrolyte uptake for the P(EO-co-PO) film after the 

film was soaked in LE. The electrolyte absorption reached saturation in 30 min and 

the uptake amount was 3.4 times the film mass. By pressing the LE-saturated 

P(EO-co-PO) film using a load of 9.8 N cm
-1 

in Ar, solvent leakage occurred and the 

film produced a stabilized LE uptake that was two times the P(EO-co-PO) film 

mass.
46

 We used the stabilized LE-P(EO-co-PO) composite film as a GPE for 

subsequent analysis and cell assembly. The P(EO-co-PO) film that contained ether 

groups entrapped solvent molecules to form a 3D cross-linked network, which served 

as the continuous solid phase of the gel system. The ability of polymer gellation 

accounts for the high LE capacity of the polymer host in gel electrolytes. The GPE 

film was highly flexible and exhibited structural integrity. Fig. 1c shows that the GPE 

film regained its original configuration after extensive bending and twisting 

treatments. This flexibility assures close contact between the GPE film and electrodes. 

       

3.2. Chemical Characterization of the GPE. Fig. 3 shows the FTIR spectroscopic 

analysis of the functional groups of the P(EO-co-PO) film. The spectrum exhibited 

the characteristic stretching vibration of alkyl groups near 2850−2960 cm
-1

, and the 

bending signals of −CH2− and −CH3 at 1460 and 1380 cm
-1

, respectively.
47,48

 The 
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C−O−C stretching of PPO and PEO signaled peaks at 1110 and 1070 cm
-1

, 

respectively. The aromatic components of DGEBA signaled peaks at 1610 and 1510 

cm
-1

 for the C−C stretching of benzene rings and 1250 and 830 cm
-1

 for the aromatic 

ethers.
49,50

 The 900 cm
-1

 peak for epoxy stretching did not appear in the spectrum, 

whereas the 930 cm
-1

 peak for C−N bonding was present.
51 

The presence of C−N at 

the expense of epoxy loss indicated the bridging reactions between the amine groups 

in D2000 with the epoxy groups in PEGDE and DGEBA to form a cross-linked 

framework in the P(EO-co-PO) film (Scheme 1).  

Fig. 4 shows a comparison of the GPE and LE Raman spectra. The strong band 

ranging from 700−760 cm
-1

 encompasses the ring bending modes of free EC and 

Li
+
-associated EC (i.e., Li

+
−EC) at 718 and 726 cm

-1
, respectively, as well as the 

symmetric vibration of free PF6
−
 at 741 cm

-1
.
52

 The 880−950 cm
-1

 region includes 

contributions from the symmetric ring breathing of free EC and Li
+
-EC at 894 and 

902 cm
-1

, respectively, as well as the O−CH3 stretching of free DEC/DMC and 

Li
+
-DEC/DMC at 915 and 937 cm

-1
, respectively.

52
 The absence of an Li

+
PF6

-
 contact 

ion peak at 951 cm
-1

 indicates the complete dissociation of the LiPF6 salt in both 

electrolytes, which is attributable to the high dielectric constant of EC (approximately 

90).
53–56

 Fig. 5a shows the magnification of the 700−760 cm
-1

 band, which was 

deconvoluted into constituting peaks (the dotted lines) by using Lorentzian curve 

fitting. The GPE exhibited a lower intensity for free EC (peak 718 cm
-1

) than the LE 

did, indicating the association of EC molecules with the polymer chains in the GPE. 

The polymer also solvated Li
+
 ions and resulted in a suppressed Li

+
-EC signal (726 

cm
-1

) compared with that of EC. The solvation of Li
+
 ions by polymer chains 

promoted the transport of Li
+
 ions through the segmental motion of these polymer 

chains. 
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Fig. 5b shows the magnification and peak deconvolution of the Raman 880−950 

cm
-1

 region. The signal of free DEC/DMC in the LE was much lower than that of 

Li
+
-DEC/DMC, indicating that most DEC/DMC molecules interacted with Li

+
 ions or 

the polymer chains. The GPE spectra showed the disappearance of the Li
+
-DEC/DMC 

peak, indicating the association of Li
+
-DEC/DMC complexes with the polymer chains. 

The EC-related peaks (894 and 902 cm
-1

) indicated that the polymer chains in the 

GPE interacted with Li
+
-EC complexes to suppress the Li

+
-EC signal. The results 

shown in Fig. 5b demonstrated the intensive interaction between solvent-solvated Li
+
 

ions and polymer chains. This interaction explains the high solution-entrapping ability 

of the P(EO-co-PO) framework and the high mobility of Li
+
 cations, relative to that of 

the PF6
-
 anions, in the GPE film (see the results shown later).    

 

3.3. Ionic Conductivity. The AC impedance method was used to analyze the ionic 

conductivity of the GPE and LE at temperatures ranging from −20 °C to 80 °C (see 

Fig. S1 of the ESI†). The GPE impedance curves were less inclined than those of the 

LE, indicating that the GPE was more stable and less prone to charge transfer at the 

electrode interface than the LE was. The ionic conductivity of the electrolytes was 

determined using σ = RI
-1

 × S-1
 × d, where σ represents the ionic conductivity, RI is 

the intercept at the real axis in the impedance Nyquist plot, S is the geometric area of 

the electrolyte-electrode interface, and d is the distance between the two electrodes.
57

 

Fig. 6 presents the GPE and LE ionic conductivities at varying temperatures in 

an Arrhenius plot. The GPE was more ion-conductive than the LE was. For example, 

at 30 °C, the ionic conductivity values of the GPE and LE were 3.82 × 10
-3

 and 4.3 × 

10
-4

 S cm
-1

, respectively. The GPE comprises a swollen amorphous polymer 

framework and a liquid phase in the free volume, which both provide paths for ion 
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conduction.
58,59

 The high conductivity of the GPE can be attributed to the large free 

volume in the GPE resulting from solution entrapping. The transport of ions in the LE 

was hindered by the separator membrane, which was not designed to entrap 

electrolyte solutions. Fig. 6 shows that the curve of the GPE did not fit the Arrhenius 

equation (σ = Aexp(-Ea/T), where A is a constant and Ea is the activation energy), 

whereas it fit the Vogel–Tamman–Fulcher (VTF) equation for gel electrolytes (σ = 

AT
-1/2 

exp[-Ea/(T – T0)], where the T0 value was 203 K, which was close to the 

glass-transition temperature of the polymer matrix). The fit to the VTF equation 

confirmed that ion conduction in the GPE was related to both free-volume transport 

and polymer segmental motion.
60

 The temperature dependence of ionic conductivity 

in EC obeyed the Arrhenius equation, but exhibited demarcation near 20−30 °C that 

might be caused by EC crystallization during the cooling process, which facilitated a 

rapid decrease in ionic conductivity. The large Ea value in the low-temperature regime 

indicated that EC crystallization influenced the temperature dependence of 

conductivity. Comparing the GPE and LE data revealed that the functional groups in 

the GPE effectively dissociated the EC-molecule clusters to avoid crystallization.  

  

3.4. Interfacial Charge Transfer. Lithium metal generally reacts with the carbonate 

molecules in electrolytes to form passivation (or SEI) layers that affect Li
+
-ion 

transfer at the electrode/electrolyte interface.
61–63

 A thick SEI layer obstructs Li
+
-ion 

movement at the electrode-electrolyte interface. This interfacial resistance often 

increases with storage time because the thickness gradually increases.
61,62

 We 

analyzed the electrolyte/Li-metal interface with AC impedance by using 

sandwich-type Li|electrolyte|Li cells at various storage times. Fig. 7 (a and b) shows 

the impedance data of the cells sandwiching the GPE and LE. The inset of Fig. 7a 
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shows an equivalent circuit model that simulates the bulk solution resistance (Rb), 

interface resistance (Rint), interface capacitance (Cint), and Warburg impedance (Zw) 

elements of the cells.
64

 The distance between the semicircle intercepts on the real axis 

corresponded to Rint, which was associated with the polarization of the electrodes, i.e., 

the resistance of charge transport across the passivation layers and that of the Li/Li
+
 

redox reaction, Li
+
 + e

−
 = Li. Since the redox reaction was fast on the Li-metal 

surface, the semicircle associated with this charge transfer process would be 

negligible and merged with the semicircle associated with the passivation layers in 

these Li|electrolyte|Li cells. Therefore, each spectra in Fig. 7 (a and b) exhibited only 

one semicircle.  

Fig. 7c shows the storage time dependences of Rb and Rint for the two cells. The 

Rb values were stable over time and small relative to those of Rint. The GPE cell 

produced smaller Rint values than those produced by the LE cell. Both electrolytes 

demonstrated an increase in Rint with time. The Rint value of the GPE stabilized at 74 

Ω after 70 h, but that of the LE continued to increase steadily. The smaller Rint value 

of the GPE relative to that of the LE indicated that solvent molecules were stabilized 

by conjugating with polymer chains, thereby suppressing passivation layer growth.
65

  

In addition to passivation layer formation, electrode polarization resulting from 

counter-anion motion affects the interfacial charge transfer. A high lithium 

transference number (tLi+) is beneficial in eliminating polarization resistance. 

Electrolyte tLi+ values were determined using DC polarization of the sandwich-type 

cell and AC impedance spectroscopic analysis.
66–68

 We applied 5 mV to the cell (Fig. 

8a) and measured the initial and steady-state DC currents (I0 and Iss). Simultaneous 

AC impedance analysis, as shown in Fig. 8 (b and c), was used to monitor the initial 

and final charge-transfer resistances at the Li-metal interface, Rint,0 and Rint,ss, 
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respectively. Polarization caused an increase in Rint,ss. Combining the obtained 

parameters produced the tLi+
 
values. 

                                    (1) 

Using Equation (1), a tLi+ value of 0.7 was obtained for the GPE whereas the LE had a 

value of only 0.4. The larger tLi+ for the GPE indicated that the segmental motion of 

polymer chains specifically facilitated the transport of solvent-solvated Li
+
 ions 

because of the strong Li
+
-polymer interaction, which was indicated by Raman 

analysis (Fig. 5). Furthermore, the polymer matrix may sterically hinder the motion of 

large PF6
-
 ions. Reducing polarization by suppressing the anion concentration gradient 

facilitates lithium ion transport in the proximity of electrodes. The small Rint values of 

the GPE cell (Fig. 7) can be partially attributed to the large tLi+ of GPE. A large tLi+ is 

beneficial to the rate performance and cycle life of a cell.
69

  

   

3.5. Battery Performance. Fig. 9 shows the galvanostatic charge-discharge profiles 

of LIBs assembled by inserting the GPE or LE between a graphite anode and a 

LiFePO4 cathode. This study defined the battery C-rates based on the LiFePO4 

cathode by assuming a maximal theoretical capacity of 170 mAh g
-1

 for the full cell 

system. The battery cells were charged to 3.8 V at 0.1 C and then discharged to 2.0 V 

at varying discharge rates. At the lowest C-rate (0.1 C) the LiFePO4-graphite full cells 

exhibited characteristic charge-discharge plateaus at 3.3 V. The discharge curves 

deviated from the characteristic equilibrium state curve at high C-rates because fast 

ion motion resulted in high energy loss. Fig. 10 shows the variation of battery 

capacity according to C-rates. The capacities of the GPE and LE batteries at 0.1 C 

were similar (approximately 125 mAh g
-1

), whereas the GPE battery exhibited much 
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more favorable capacity retention at discharge rates above 7 C. The highest discharge 

C-rates for the GPE and LE batteries were 20 and 15, respectively. The more 

favorable rate performance of the GPE battery relative to that of the LE indicated the 

GPE’s lower overall resistance.  

The deviation of the discharge voltage plateaus from the equilibrium state, 3.3 V, 

(i.e., ∆V) corresponded to the sum of the battery’s IR drop resulting from the serial 

resistance and the polarization of the electrodes. The latter was the dominant factor 

because Fig. 7 reflects that the IR drop (represented as Rb in the equivalent circuit) 

was much smaller than the polarization of the electrodes (represented by Rint). Fig. 11 

shows the discharge rate dependence of ∆V for both batteries. The ∆V as a function 

of the current value displays a linear relationship for the LE battery, and the slope of 

the straight line yielded a resistance of 93 Ω. The ∆V values of the GPE battery were 

similar to those of the LE at low discharge rates, but decreased at high discharge rates 

(> 7 C). The mean slope of the ∆V-against-current in the high-rate region for the GPE 

battery yielded a resistance of 48 Ω, which was 50% smaller than that of the LE 

battery. The difference in ∆V for these two batteries indicated that the stabilized SEI 

formation and large tLi+ value associated with the GPE substantially suppressed the 

electrode-polarizing tendency at high discharge rates and therefore lowered the 

resistance caused by polarization. This result explains the more favorable capacity 

retention of the GPE battery at high C-rates. 

To provide a comprehensive perspective on the battery performance, we used the 

galvanostatic discharge data to correlate the specific power and specific energy of the 

battery by using the following equations:                  

                        (2) 

P = E / ∆t                  (3) 
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where E is the specific energy, P is the specific power, I is the discharge current, ∆t is 

the time for complete discharge, and m is the total active material mass of the cathode 

and anode. Fig. 12 shows a summary of the P and E data in Ragone-type plots. Both 

the GPE and LE batteries achieved high specific energy values of approximately 210 

Wh kg
-1

. Because of the smaller series resistance at high discharge rates, the GPE 

battery exhibited a higher attainable power value compared with that of the LE (2.8 

kW kg
-1

 vs. 1.3 kW kg
-1

).   

Fig. 13 shows the variation of the discharge capacity based on the number of 

galvanostatic charge–discharge cycles that occurred between 2.0 and 3.8 V at 1 C-rate. 

The capacity retention of the GPE battery remained at approximately 100% in the first 

200 cycles, and still maintained an impressive retention of 77% after 450 cycles. The 

LE battery exhibited only 44% capacity retention after 450 cycles. The outstanding 

cycling performance of the GPE battery can be attributed to the supportive role of the 

P(EO-co-PO) polymer framework that entrapped a large amount of electrolyte 

solution to provide free volume for ion motion and specifically facilitated the 

transport of solvated-Li
+
 ions to minimize electrode polarization, which was shown to 

dominate the energy loss of the batteries (Figs. 7 and 9). This study demonstrated that 

using the ether-abundant GPE to replace conventional liquid electrolytes that swell 

commercial separators improved the specific power and cycle life of a full-cell battery 

and has the potential for further application in flexible devices that require the 

leak-proof construction and easy fabrication of these devices into desired shapes and 

sizes.  

 

 

4. Conclusions 

Page 15 of 39 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Huang et al.16 

 

 

Ether-abundant GPE derived from swelling the P(EO-co-PO) copolymer with LE 

(i.e., 1 M LiPF6-EC/DMC/DEC) exhibited an ionic conductivity of 3.8 × 10
-3

 S cm
-1

 

(30 °C), which was higher than that of LE when swelling a commercial separator, and 

demonstrated structural integrity that is suitable for full-cell LIB assembly. The high 

solvent-coordinating ability of ether groups in the GPE created free volume for ion 

motion and facilitated the transport of solvent-solvated Li
+
 ions through the segmental 

movement of polymer chains. This specific polymer framework led to high ionic 

conductivity and a high lithium transference number of 0.7 for the GPE, whereas LE, 

when swelling a separator, exhibited a transference number of 0.4. The GPE exhibited 

smaller interfacial resistance against lithium metal than the LE did. Incorporating the 

carbonate solvent molecules into the P(EO-co-PO) polymeric framework may have 

stabilized the solvent and suppressed the formation of thick SEI layers that hinder 

interfacial ion transport. Because of the high lithium transference number and low 

interfacial resistance of the GPE, the graphite|GPE|LiFePO4 battery outperformed the 

graphite|LE|LiFePO4 battery by exhibiting a 50% smaller resistance at high rates 

(7−20 C) and double the specific power to achieve 2.8 kW kg
-1

. The 

graphite|GPE|LiFePO4 battery exhibited negligible capacity decay in the first 200 

cycles of charge−discharge cycling at 1 C-rate and exhibited an impressive 77% 

capacity retention after 450 cycles. The aforementioned electrochemical analysis 

revealed that P(EO-co-PO) represents a promising matrix for GPEs used in 

high-power and long-cycle-life LIBs; its mechanical integrity and durable structure 

make the synthesized GPE readily scalable to a roll-to-roll LIB assembly process. 
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Table 1. Capacity Values and Cycle Lives of Full-Cell Lithium Ion Batteries Assembled 

with LiFePO4|Graphite Electrodes and Different Electrolytes. 

 

Electrolyte composition 

(polymer/electrolyte)
a
 

Cathode|anode
b
 Capacity 

(mA h g
-1

) 

Cycling retention (%) ref. 

OEGMA-BnMA/LiPF6-EC- 

DMC 

LFP|Graphite 122 @ 0.1C 

25 @ 5 C 

91%-50 cycles, 0.5 C 8 

EO-based/LiBF4-EC-GBL LFP|Graphite 111 @  C 80%-180 cycles, 0.5 C 9 

EO-based/LiFSI-EC-GBL LFP|Graphite 156 @ 0.04 C 97%-100 cycles, 0.5 C 10 

P(EO-MEEGE)/LiTFSI-AN LFP|Graphite 127 @  C 64%-80 cycles, C 11 

-----/TG-LiFSI 

(Liquid phase) 

LFP|Graphite 107 @ 0.05 C 

100 @ 0.4 C 

82%-50 cycles, 0.1 C 12 

-----/LiPF6-EC-DEC 

(Liquid phase) 

LFP|MCMB --- 91%-100 cycles, 1 C 

68%-500 cycles, 1 C 

39%-1000 cycles, 1 C 

13 

P(EO-PO)/LiPF6-EC-DMC- 

DEC 

LFP|Graphite 125 @ 0.5 C 

88 @ 5 C 

12 @ 17 C 

 

100%-200 cycles, 1 C 

77%-450 cycles, 1 C 

this 

work 

a
OEGMA-BnMA, oligo(ethylene glycol) methyl ether methacrylate-benzyl methacrylate 

copolymer; LiPF6, lithium hexafluorophosphate; EC, ethylene carbonate; DMC, dimethyl 

carbonate; P(EO/MEEGE), polyethylene oxide-co-2-(2-methoxyethoxy)ethyl glycidyl ether; 

LiTFSI, lithium bis(trifluoromethylsulfonyl) imide; AN, acetonitrile; LiFSI, lithium 

bis(fluorosulfonyl) imide; GBL, γγγγ-butyrolactone; LiBF4, lithium tetrafluoroborate; DEC, diethyl 

carbonate; TG, triglyme  

b
LFP, LiFePO4; MCMB, mesocarbon microbeads.  
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Scheme 1.  Conceptual structure of the ether-abundent P(EO-co-PO) polymer 

framework, in which nitrogen atoms connect the PEGDE, DGEBA, and D2000 

chains. 
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Fig. 1.  Top-view photographs: (a) the P(EO-co-PO) film; (b) the GPE film that was 

obtained by soaking the P(EO-co-PO) film in the LE solution (1M 

LiPF6-EC/DMC/DEC); (c) the GPE film that was bended, twisted, and released to 

regain its original configuration. 
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Fig. 2.  LE-uptake behavior when soaking the P(EO-co-PO) film in the LE solution 

(1M LiPF6-EC/DMC/DEC). The LE uptake reached a saturation value of 3.4 times 

the polymer film mass in 30 min.  
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Fig. 3.  FTIR absorption spectra of the P(EO-co-PO) film. The symbols al and ar 

stand for alkyl and aromatic, respectively. 
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Fig. 4.  Raman spectra of LE and GPE in the region of 600−1000 cm
-1

. 
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Fig. 5.  Raman spectra (solid lines) of LE and GPE and the constituting peaks 

obtained after spectrum de-convolution (dotted lines) in difference wave-number 

regimes: (a) 700−760 cm
-1

 and (b) 880−950 cm
-1

. 
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Fig. 6.  Nyquist impedance plots of (a) GPE and (b) LE inserted between two 

stainless-steel electrodes with a frequency range of 0.1 Hz to 1 MHz at 0 V and 

temperatures of -20–80 °C. Ionic conductivities of the GPE and LE determined from 

the impedance analysis at temperatures of -20–80 °C (see Fig. S1 of the ESI†). 
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Fig. 7.  Nyquist impedance plots of different electrolytes using the sandwich-type 

Li|electrolyte|Li cell: (a) GPE; (b) LE. The inset in panel a shows the equivalent 

circuit used for fitting the impedance data, where Rb is the bulk solution resistance, 

Rint is the interface resistance, Cint is the interface capacitance, and Zw is the Warburg 

impedance element. Panel c shows a summary of the Rb and Rint element quantities of 

the two cells. The measurements were performed with a frequency range of 0.1 Hz to 
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1 MHz at 0 V and 25 °C. The active area of each Li electrode was 1.77 cm
2
. Since the 

Li/Li
+
 redox reaction was fast, the semicircle associated with this charge transfer 

process would be negligible. Therefore, each spectra in panels a and b exhibited only 

one semicircle. 
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Fig. 8.  (a) Current-time curves of the Li|GPE|Li and Li|LE|Li cells after applying a 

DC voltage of 5 mV to the cell. Corresponding Nyquist impedance plots of the cells 

for determining the initial and final Rint values: (b) GPE; (c) LE. The active area of 

each Li electrode was 1.77 cm
2
. 
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Fig. 9.  Galvanostatic charge-discharge profiles of batteries (a) 

graphite|GPE|LiFePO4 and (b) graphite|LE|LiFePO4 at various C-rates between 2.0 

and 3.8 V. This study assumes a maximal theoretical capacity of 170 mAh g
-1 

for the 

LiFePO4 electrode. 
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Fig. 10.  Discharge capacities of the graphite|GPE|LiFePO4 and graphite|LE|LiFePO4 

batteries in a series of galvanostatic charge-discharge cycles at various C-rates
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Fig. 11. The deviation of the discharge voltage plateaus from the equilibrium state, 

3.3 V, (i.e., ∆V) as a function of the discharge current for the graphite|GPE|LiFePO4 

and graphite|LE|LiFePO4 batteries. The ∆V value corresponds to the sum of the 

battery’s IR drop resulting from the serial resistance and the polarization of the 

electrodes. 
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Fig. 12. Ragone plots of the graphite|GPE|LiFePO4 and graphite|LE|LiFePO4 

batteries. Data obtained from the galvanostatic discharge measurement at various 

C-rates. 
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Fig. 13. Discharge capacities of the graphite|GPE|LiFePO4 and graphite|LE|LiFePO4 

batteries as a function of cycle number at 1C-rate with a voltage range between 2.0 

and 3.8 V. 
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GPEs used in high-rate and long-cycle-life lithium ion batteries. 
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