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vent-free solid polymer electrolyte
based on a star-comb PDLLA–PEG copolymer for
lithium ion batteries†

Bingbing Wang,ab Hongming Lou, a Hongli Xu,b Junpeng Zhao, c Qiujun Wang,d

Qiao Shid and Yonghong Deng *b

In this work, a novel star-comb copolymer based on poly(d,L-lactide) (PDLLA) macromonomer and

poly(ethylene glycol)methyl ether methacrylate (PEGMA) was prepared, and the electrochemical

properties were studied, with the aim of using it as a solid polymer electrolyte in lithium ion batteries.

The six-arm vinyl functionalized PDLLA macromonomer was synthesized by a ring-opening

polymerization (ROP) of D,L-lactide and subsequently an acylation of the hydroxy end-groups. A series of

free-standing solid polymer electrolyte membranes from different ratios of PDLLA, PEGMA and LiTFSI

were prepared through solvent-free free radical polymerization under UV radiation. The chemical

structure of the obtained polymers was confirmed by 1H NMR and FTIR. The as-prepared six-arm star-

comb solid polymer electrolytes (PDLLA-SPEs) exhibit good thermal stability with Td
5%s of �270 �C and

low Tgs of �48 to �34 �C. The electrochemical characterization shows that the PDLLA-SPEs possess

a wide electrochemical window up to 5.1 V with an optimal ionic conductivity of 9.7 � 10�5 S cm�1 at

60 �C at an EO/Li+ ratio of 16 : 1. Furthermore, the all-solid-state LiFePO4/Li cells display extraordinary

cycling and rate performances at 60 �C by curing the PDLLA-SPEs directly on the cathode. These

superior properties of the six-arm star-comb PDLLA-SPE make it a promising candidate solid electrolyte

for lithium batteries.
Introduction

Lithium secondary batteries have been widely applied in
portable and consumable electronic devices such as cell phones
and computers because of their high energy density, long life-
span, lack of memory effects, etc.1,2 However, the development
of lithium batteries is restricted by safety risks caused by the use
of conventional organic liquid electrolytes, which are highly
ammable and explosive.3 To solve this, solid polymer electro-
lytes (SPEs) have been developed due to their easier process-
ability, lighter weight, higher energy density and safety.

Poly(ethylene oxide) (PEO) is one of the most widely studied
solid electrolyte matrices. However, due to its high degree of
crystallinity at room temperature, the migration of Li+ is
hindered. As a result, the ionic conductivity of PEO-based solid
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electrolytes only reaches an order of magnitude of 10�7 S cm�1

at ambient temperature.4 Besides, the electrochemical stability
window of PEO is lower than 4 V, restricting the selection of
cathode materials.5 Various strategies have been carried out to
improve electrochemical properties of PEO, such as blending,6

copolymerization,7 and crosslinking.8 Among these approaches,
preparing copolymers, especially gra copolymers, can decrease
the crystallinity of a PEO-based solid electrolyte system effec-
tively. As a result, the ionic conductivities are improved and also
the mechanical properties of SPEs are enhanced in some cases.
Ding et al. reported the synthesis of amorphous comb-like SPEs
from methyl vinyl ether/maleic anhydride copolymer with oli-
go(oxyethylene) side chains, which shows a maximum conduc-
tivity of 4.9 � 10�5 S cm�1 at 25 �C.9 Daigle et al. reported a set
of SPEs based on comb-like copolymers originated from styrene
(St), 4-vinylanisole (VA) and PEGMA, which shows good
conductivity (6.8 � 10�5 S cm�1) at room temperature.10 What's
more, preparing multi-arm star-shaped copolymer with both
rigid core and exible segment is another effective way to
suppress crystallinity of SPE matrix, as well as to improve
mechanical properties.11–13 According to the pioneering work,
star-shaped copolymers based SPEs usually show improved
ambient conductivities (�10�5 S cm�1).11–15 As a bonus, the
mechanical performance of the SPE lms can be improved
signicantly by introducing the rigid component.12
RSC Adv., 2018, 8, 6373–6380 | 6373
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Fig. 1 Schematic illustration for the preparation process of PLAHA,
PDLLA-SPEs and the cell.
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Another widely studied polymer matrix for SPE is polyester,
which has wide electrochemical window and high permittivity.
Brandell's group reported a exible poly(trimethylene
carbonate) (PTMC)-based SPE with LiTFSI, of which the elec-
trochemical window is up to 5.0 V (vs. Li/Li+) and the ionic
conductivity is in an order of 10�7 S cm�1 at 60 �C.16 Chai et al.
fabricated a poly(vinylene carbonate) (PVC) based SPE by in situ
polymerization, the electrochemical stability window and the
ionic conductivity can reach 4.5 V (vs. Li/Li+) and 9.8 �
10�5 S cm�1 at 50 �C, respectively.17 Due to its high modulus
and low elongation,18,19 using polylactide as an electrolyte
matrix was seldom reported. Chew et al. rst prepared a poly-
lactide-based gel polymer electrolyte (GPE) with lithium per-
chloride (LiClO4) as a salt, ethylene carbonate (EC) as
a plasticizer and silicon dioxide ceramic (SiO2) as a ller by
typical solution casting technique, but the ambient ionic
conductivity is only 1.29 � 10�5 S cm�1 without any extra elec-
trochemical properties reported.20 Tan et al. developed a SPE
from polylactide–poly(ethylene glycol) (PDLLA–PEG) block
copolymer with lithium iodide as a salt, which achieved an
optimum ionic conductivity of 4.17 � 10�6 S cm�1 at room
temperature.21 PDLLA was selected in his work, rather than
PLLA or PDLA, was due to the highly amorphous nature of
PDLLA, which favors Li+ ionic transportation.22

In this work, a six-arm poly(d,L-lactide) (PDLLA) macro-
monomer that end-capped with vinyl functionalities was
prepared via a ring-opening polymerization (ROP) of D,L-lactide
and an acylation of the hydroxy end-groups. A series of novel
free-standing star-comb PDLLA-based solid polymer electrolytes
(hereaer abbreviated as “PDLLA-SPE”) with six-arm PDLLA as
core, poly(ethylene glycol)methyl ether methacrylate (PEGMA)
as side chains and LiTFSI as conducting salt were prepared
through free radical polymerization under UV radiation. To the
best of our knowledge, this is the rst example of design and
use a star comb-like block copolymer from a multi-arm PDLLA
with branching PEG side chains as SPE for lithium ion batteries.
The multi-arm PDLLA is anticipated to provide with high elec-
trochemical stability and good mechanical properties, and the
PEG side chains enable the block copolymers with a promising
ionic conductivity. The structure of the obtained polymer was
characterized by 1H NMR and FTIR. The thermal and electro-
chemical properties of these electrolytes were systematically
investigated. The results showed that PDLLA-SPEs exhibit good
thermal stability and possess a wide electrochemical window
and a relatively high ionic conductivity. Furthermore, the all-
solid-state LiFePO4/Li cell displayed extraordinary cycling and
rate performances at 60 �C by integrating cathode with PDLLA-
SPE. The as-developed PDLLA-SPE is attractive for using as solid
electrolyte in lithium ion batteries with enhanced ionic
conductivity and long-term durability.

Experimental
Materials

d,L-Lactide (DLLA, 99.0%, J&K), methacryloyl chloride (97.0%,
Aldrich), triethylamine (>99.5%, Aladdin), methanol ($99.5%,
Aladdin), inositol (99.0%, Macklin), 4-dimethylaminopyridine
6374 | RSC Adv., 2018, 8, 6373–6380
(DMAP, 99.0%, Macklin), Irgacure 1173 (photoinitiator, BASF),
PEGMA (Mn ¼ 500 g mol�1, Sigma-Aldrich) and PEO (Mn ¼
600 000 g mol�1, Sigma-Aldrich) were used as received without
further purication, unless stated otherwise. Dichloromethane
(CH2Cl2, $99.5%, Aladdin) and acetonitrile (ACN, $99.5%,
Aladdin) were dried with CaH2 and distilled under reduced
pressure prior to use. Lithium bis(triuoromethanesulfonyl)-
imide (LiTFSI, 99%, Shenzhen Capchem Technology Co., Ltd.)
was dried under vacuum at 80 �C for 24 h before use. LiFePO4

(LFP), Super P and other battery accessories were purchased
from Shenzhen Kejing.
Synthesis of six-arm star PDLLA macromonomer

PDLLA was synthesized by ring-opening polymerization (ROP)
of D,L-lactide (DLLA) according to literature.23 Typically, the bulk
polymerization of DLLA was conducted at 160 �C, using inositol
as the initiator and DMAP as the organo-catalyst under
a nitrogen atmosphere. Subsequently, methacryloyl chloride
was utilized to prepare the vinyl-functionalized PDLLA. The as-
prepared vinyl end-functionalized PDLLA macromonomer was
hereaer labeled as PLAHA (as shown in Fig. 1).
Preparation of PDLLA-SPE and PEO-SPE membranes

The fabrication of PDLLA-SPE and PEO-SPE membranes were
conducted as follows and all operations were carried out in
a glove box under an argon atmosphere (H2O <1 ppm).

PDLLA-SPE membranes were fabricated via a facile in situ
solvent-free radical polymerization method (shown in Fig. 1).
The as-prepared polymer PLAHA and lithium salt (LiTFSI) were
added to PEGMA in sequence under intense stirring to form
a homogeneous solution. The weight ratio of PLAHA to PEGMA
was set to 1 : 4 in order to obtain a solution with proper
viscosity. The concentration of LiTFSI was controlled by varying
EO/Li+ molar ratios from 8 to 24. Then the photoinitiator (1 wt%
to the monomer mixtures) was added to the solution, followed
by pouring the homogeneous solution onto different substrates
of stainless steels, Li metal anodes or cathode layers, depending
on the different characterization requirements. The PDLLA-SPE
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 1H NMR spectra of DLLA, PDLLA and PLAHA.
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membranes were obtained by in situ radical polymerization
under UV irradiation for 20 minutes. Finally, the prepared
PDLLA-SPE membranes were dried under vacuum at 60 �C for
48 h prior to use. The average thickness of the membranes is
approximately 500 mm. To conrm the cross-linking density,
PDLLA–PEG copolymer was immersed in dichloromethane for 3
days. Subsequently, the undissolved solid was dried under
vacuum at 60 �C for 24 h. The cross-linking density is about
95%, as calculated by the weight ratio of the sample before and
aer immersion.

PEO-SPE membranes were prepared by conventional
solution-casting technique.24 PEO and LiTFSI were dissolved in
acetonitrile with EO/Li+ ¼ 16. A homogeneous solution was
obtained aer intense stirring, which was casted into a Teon
plate and the solvent was allowed to evaporate slowly for 24 h in
a desiccator. Finally, the prepared PEO-SPE membranes were
dried under vacuum at 60 �C for 48 h and then punched into
circles with diameters of 17 mm for further measurements. The
average thickness of the membranes was measured to be �500
mm.

Assembly of all-solid-state cells

The LFP cathode was prepared by automobile doctor blade from
a mixture composted of 70 wt% LFP, 20 wt% SPE as a binder
and 10 wt% Super-P in acetonitrile. The SPE used here was
prepared by dissolving a lithium salt (LiClO4) in the as-prepared
block copolymer at an EO/Li+ ratio of 16 : 1. LiClO4 was used
instead of LiTFSI, is due to its much lower hydroscopicity. CR-
2025 coin cells with the LFP/SPE/Li were assembled for
further test.

Characterization and measurements

Structure, morphology and thermal property. The structures
of PDLLA and PDLLA-SPEs were characterized by nuclear
magnetic resonances (1H NMR) and Fourier transformation
infrared spectroscopy (FTIR). 1H NMR were recorded on
a Bruker Ascend™ 400 MHz nuclear magnetic resonance
spectrometer at room temperature using deuterochloroform
(CDCl3) as solvent and tetramethylsilane (TMS) as the internal
standard. FTIR analysis was performed on a Bruker Vector 333
FTIR spectrometer using infrared spectrum analyzer over the
range of 4000–500 cm�1 at room temperature. The surface
morphology was studied using a TESCAN MIRA3 eld emission
scanning electron microscopy.

The thermal property of the as-prepared PDLLA-SPEs was
characterized by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). DSC was performed using
a Mettler-Toledo differential scanning calorimetry at tempera-
tures ranging from �60 to 100 �C with a heating/cooling rate of
10 �C min�1 under a nitrogen atmosphere. TGA was carried out
on a Mettler-Toledo thermogravimetric analyzer from 30 to
600 �C with a heating rate of 10 �C min�1 under a nitrogen
atmosphere. The crystallization behavior was examined by
a Bruker Eco D8 X-ray diffractometer (XRD). The degree of
crystallinity (%) was calculated from the ratio of the integrated
intensity of the crystal peaks to the total integrated intensity.
This journal is © The Royal Society of Chemistry 2018
Electrochemical properties. All electrochemical measure-
ments were carried out on a Solartron 1260 multi-channel
potentiostat electrochemical workstation. The ionic conductiv-
ities of SPEs were measured by electrochemical impedance
spectroscopy (EIS) with AC amplitude of 10 mV over a temper-
ature range from 30 to 100 �C and a frequency range of 106 to
0.01 Hz. The SPE membranes were sandwiched between two
stainless-steel plate electrodes (SS) to assemble symmetrical SS/
PDLLA-SPE/SS cells. The ionic conductivity (s, S cm�1) was
calculated using eqn (1):

s ¼ L

RbS
(1)

where L (cm), Rb (U) and S (cm2) represent the thickness of the
SPEs, the impedance of the bulk electrolyte and the contacting
area between SPEs and stainless steel, respectively. The elec-
trochemical stability window of the SPEs were studied by liner
sweep voltammograms (LSV) over a voltage range of 0 to 7 V (vs.
Li+/Li) at a scanning rate of 1 mV s�1, using coin cells of SS/SPE/
Li under ambient temperature.

Cell performance. All the cells were tested on a Land charge/
discharge instrument (Wuhan Rambo Testing Equipment Co.,
Ltd.). The rate and cycling performance at 0.1C of the all solid-
state cells were performed within a voltage range of 2.8–3.8 V at
60 �C. And the C-rate in both of the two measurements were
dened based on 1C ¼ 150 mA h g�1.
Results and discussion
Structure of six-arm star PDLLA macromonomer

The synthesis of PDLLA macromonomer (PLAHA) that end-
capped with –C]C– double bonds follows two steps: the prep-
aration of hydroxyl-terminated PDLLA by ring-opening poly-
merization (ROP) of DLLA and acylation of the terminal
hydroxyl functionalities.
RSC Adv., 2018, 8, 6373–6380 | 6375
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Fig. 4 (a) Photograph of PDLLA-SPE; (b) typical SEM image of PDLLA-
SPE; (c) typical SEM image of PEO-SPE.
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To demonstrate the successful synthesis of PLAHA, the 1H
NMR spectras of DLLA, PDLLA and PLAHA are shown in Fig. 2.
The resonance a (chemical shi d ¼ 1.45–1.55 ppm) and b (d ¼
5.10–5.35 ppm) are assigned to the proton of –CH3 and –CH at
the PDLLA backbone, respectively. The resonance a0 (d ¼ 1.30–
1.35 ppm) and b0 (d¼ 4.35–4.39 ppm) are assigned to the proton
of –CH3 and –CH at the chain end of the PDLLA backbone.23,25,26

The appearance of the peak c at 3.35–3.40 ppm (terminal –OH of
PDLLA) and peak f at 3.75–4.80 ppm (the characteristic –CH– of
the six-membered ring of inositol) in NMR spectrum of PDLLA
conrms the inositol-initiated ring-opening polymerization of
DLLA. Comparing the 1H NMR spectrum of PLAHA with that of
PDLLA, the characteristic resonance of –OH at 3.35–3.40 ppm
decreased dramatically, together with the arising of the new
peaks d and e assigned to the protons on the –C]C– double
bond, clearly prove that –C]C– was successfully induced into
PDLLA by acylation reaction.

To further conrm the structure of the synthesized polymers,
the FTIR spectra of PEGMA, DLLA, PDLLA, PLAHA and PDLLA-
SPE are shown in Fig. 3. Characteristic absorption peaks at
3038–2793 cm�1 and 1459 cm�1 that attributed to the stretching
vibration and bending vibration of CH3 and CH, respectively,
are observed in all of the spectra, as reported previously.27 The
strong peaks at 1760 cm�1 are attributed to the stretching
vibration of C]O. The symmetrical and antisymmetric
stretching vibration peaks of C–O locate at 1102 and 1260 cm�1,
respectively. Comparing the spectrum of DLLA with that of
PDLLA, a new characteristic peak shows up at 3500 cm�1 of the
stretching vibration of terminal hydroxyl O–H in PDLLA. The
ring skeleton vibration peaks of DLLA at 960 and 650 cm�1 (ref.
28) decrease dramatically. From the analysis of FTIR spectra,
one can conclude that PDLLA was synthesized successfully via
ring-opening polymerization of DLLA. Aer acylation, the cor-
responding characteristic peak of –OH from PDLLA decrease
dramatically and the characteristic vibration of –C]C–
stretching emerges at 1638 cm�1 for PLAHA, indicating that the
Fig. 3 FTIR spectra of PEGMA, DLLA, PDLLA, PLAHA and PDLLA-SPE.

6376 | RSC Adv., 2018, 8, 6373–6380
–C]C– terminated PLAHA was successfully synthesized. The
FTIR results are in consistent with the 1H NMR results and all
these results clearly conrm the successful synthesis of the
PLAHA polymer.

Morphology of PDLLA-SPE membranes

The macro and micro morphologies of PDLLA-SPE membranes
are shown in Fig. 4. The PDLLA-SPE membrane is a uniform,
transparent, self-standing lm with good exibility, as shown in
Fig. 4a. The thickness is approximately 500 mm, and can be
adjusted by tuning the dosage of precursor solution. The tensile
strength is about 109 kPa as detected by tensile experiment as
shown in Fig. S1.† The SEM analysis indicates that the surface
of PDLLA-SPE membrane is smooth and homogenous, without
any visible porous or crystal structure (Fig. 4b). As a sharp
contrast, the SEM image clearly shows a typical semi-crystalline
phase and porous morphology at the surface of PEO-SPE
membrane, as shown in Fig. 4c. This is highly in agreement
with literature.29,30 The much smother surface of PDLLA-SPE
membrane may have a strong effect in battery performance.

Ionic conductivity of SPEs

The ionic conductivity of the as-obtained PDLLA-SPEs were
investigated systematically, to study the effects of lithium salt
concentration (EO/Li+) and temperature. It was reported that
the concentration of lithium salt in a polymer electrolyte plays
a critical role in its ionic conductivity.31 In order to nd
a preferred EO/Li+ ratios for high ionic conductivity, the
conductivity plot for PDLLA-SPE as a function of the EO/Li+

ratios is presented in Fig. 5a. The ionic conductivity of SPE
showed an increase with the EO/Li+ ratio was raised from 8 to 16
Fig. 5 (a) The ionic conductivity of PDLLA-SPEs as a function of molar
ratio of EO/Li+ at 25 �C and 60 �C. Inset shows the AC impedance
spectra of symmetrical battery when EO/Li+ is 16 : 1; (b) Arrhenius
plots for SPEs with the molar ratio of EO/Li+ ¼ 16 : 1.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 The thermal property of the prepared PDLLA-SPEs with
different lithium salt concentrations: (a) DSC curves, (b) TGA
thermograms.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 3
:3

8:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and followed by a decrease while the EO/Li+ value was increased
further to 24. This is mainly because that the free Li+ carrier
increases with the rising of lithium salt concentration at the low
concentration range, resulting in a gradual improvement in
conductivity. However, with the further increase of lithium salt
concentration, the formation of ion pairs lowers the Li+ carrier
concentration.29 The highest conductivity of SPE was achieved
at a EO/Li+ ratio of 16 and the optimal values are 9.7� 10�5 and
8.0 � 10�6 S cm�1 at 60 and 25 �C, respectively.

To further understand the conductivity trend as a function of
temperature, the solid electrolyte with an EO/Li+ ratio of 16 was
studied. In general, the conductivity of the SPE increases with
rising temperature from 30 to 100 �C. It is well known that the
mobility of polymer chain is enhanced at higher temperatures,
which favors the complexation and dissociation of Li+ with
polymer segments and accelerates the transfer rate of Li+. In
addition, the lithium salt, LiTFSI, has a higher degree of
dissociation, resulting in a further improvement of ionic
conductivity.32 As a control, the temperature-dependent ionic
conductivity of PEO-SPE with the same lithium salt concentra-
tion was also tested, as presented in Fig. 5b. It is obvious that
the PDLLA-SPE has a higher conductivity than that of PEO-SPE
in the temperature range of 25 to 50 �C. This is most likely due
to the non-crystalline structure of PDLLA-SPE, as illustrated by
the results of DSC and XRD. The higher conductivity of PEO-SPE
over that of PDLLA-SPE at 60 �C is attributed to the melting of
PEO crystals at elevated temperature, resulting in an amor-
phous morphology and an enhanced ionic conductivity. The
classical Arrhenius theory30,33,34 was used to t the polymer
electrolyte conductivity by eqn (2):

s ¼ s0 exp(�Ea/kT) (2)

where the s0 is the pre-exponential factor; Ea is the activation
energy for Li+ conduction and the k represents the Boltzmann
constant. The Arrhenius plots is shown in Fig. 5b. The activa-
tion energy is the essential condition for ions to migrate in
SPEs, as described previously.34,35 The calculated Ea of PDLLA-
SPE is 0.22 eV, much lower than that of PEO-SPE. This result
implies that Li+ transport through the PDLLA-SPE membrane is
easier than in PEO-SPE at the same conditions.

Thermal property and crystallization behavior of PDLLA-SPEs

Thermal property of the PDLLA-SPE plays an important role in
the practical application of SPE in lithium ion batteries, which
was characterized by DSC and TGA. Fig. 6a shows the DSC
curves of SPEs as a function of lithium salt concentrations. The
PDLLA-SPEs show nomelting peak in the scanning temperature
range, which implies the PDLLA-SPEs are amorphous. The glass
transition temperatures (Tg) at 40–50 �C are obviously attributed
to PDLLA, as reported in literature.18 Notably, the Tgs of the PEG
segments were elevated by the increase of the lithium salt
concentration, to the values of �48, �46, �42, �36 and �34 �C,
respectively. This is attributed to the formation of complex
between Li+ and polymer chains when the van der Waals
interactions increase with lithium salt concentration.14,29,36,37

According to the free-volume transport mechanism,38 the
This journal is © The Royal Society of Chemistry 2018
mobile of the polymer segments favors the transport of free
ion.39 In other words, polymers with higher Tg would restrict the
migration of carriers. Thus, a lower Tg (or a lower lithium
concentration) is more favorable for Li+ transport in SPEs. It is
noteworthy that when EO/Li+ is greater than 16, although the Tg
is lower, a satised conductivity cannot be achieved due to the
low the carrier concentration resulting from the barren lithium
salt concentration. As a consequence, there must be an optimal
EO/Li+ ratio for PDLLA-SPE, at which the inuence from Tg and
carrier concentration can be balanced. In our case, the
optimum value of EO/Li+ of PDLLA-SPE is 16, which was proved
by EIS (as shown in Fig. 5a).

The thermal stability of the PDLLA-SPEs was investigated by
TGA, as shown in Fig. 6b. The TGA curves of SPE membranes
with different lithium salt concentrations show basically the
same trend. All samples show a common rst stage of weight
loss at about 270 �C, due to the decomposition of polymer
matrix, slightly higher than the reported value of 240 �C of
PDLLA-b-PEG copolymers.18 The second stage of weight loss at
approximately 360–450 �C is attributed to the decomposition of
LiTFSI.40 In summary, the SPE in this work is thermal stable,
and are capable to fully meet the demands of practical appli-
cation of solid state lithium ion battery.

X-ray patterns depicted in Fig. S2† were employed to identify
the phases of PDLLA-SPE and PEO-SPE with the molar ratio of
EO/Li+ ¼ 16 : 1. The XRD pattern of PEO-SPE shows strong
crystalline peaks at 19.1� and 23.4�, as reported elsewhere.41–44

The degree of crystallinity of PEO-SPE was calculated to be
approximately 25%. The high degree of crystallinity leads to
a poor ionic conductivity of PEO-SPE at room temperature.4 In
sharp contrast to PEO-SPE, only a broad peak located at around
20� is observed in the XRD curves of PDLLA-SPE, implying that
the PDLLA-SPE is totally amorphous and meanwhile the added
LiTFSI is completely dissolved in the polymer matrix.45 The
obtained result corroborate very well with the DSC results. The
highly amorphous nature of PDLLA-SPE contributes signi-
cantly in ionic conductivity.
Electrochemical stability of SPEs

The electrochemical stability of the polymer electrolyte probed
by linear voltammetry scan is depicted in Fig. S3.† As
a comparison, the PEO-SPE prepared by traditional solution
RSC Adv., 2018, 8, 6373–6380 | 6377
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Fig. 8 The cycling performance of PDLLA-SPE and PEO-SPE with the
molar ratio of EO/Li+ ¼ 16 : 1 at 60 �C at the current density of 0.2C.

Fig. 7 The rate performance of LFP/PDLLA-SPE/Li battery with the
molar ratio of EO/Li+¼ 16 : 1 at 60 �C: (a) the rate capability and (b) the
charge/discharge profiles of LFP/PDLLA-SPE/Li at different current
densities (0.1C, 0.2C, 0.5C and 1.0C).
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casting method (EO/Li+ ¼ 16) was used as a control at the same
condition. As shown in Fig. 8, the current density shows a steep
increase at 4.7 V versus Li/Li+ at 60 �C for PEO-SPE, which
represents the oxidative decomposition of electrolyte.46

However, the LSV curve of PDLLA-SPE is signicantly smoother
and no oxidation is observed below 5.1 V. Clearly, PDLLA-SPE
has a wider electrochemical window and higher electro-
chemical stability. This is mostly likely due to the existence of
ester groups in PDLLA which shows good electrochemical
stability, as reported previously.16,47
Cell performance

To verify the feasibility of the as-prepared SPEs, the LFP/SPE/Li
batteries were assembled to test the durable rate capability and
long-term cycling stability. The mass loading of the active
materials was 0.96 mg cm�2 in the LFP/SPE/Li batteries. The
rate performance of LFP/SPE/Li at 60 �C with the current density
of 0.1C to 1.0C is shown in Fig. 7a. It can be found that the
discharge capacities are 145.3, 142.5, 134.3, 120.3 and
142.3 mA h g�1, at various current rates of 0.1C, 0.2C, 0.5C, 1C
and 0.1C, respectively. The discharge capacities are much
higher than those of PEO-SPE reported.48

Fig. 7b presents the charge/discharge performance of
PDLLA-based Li/LiFePO4 cell at 60 �C with different current
densities. The initial specic discharge capacities at different
current density show the same trend compared with the rate
capacity shown in Fig. 7a. With the increase of current density,
the capacity decreases and is maintained at 120.3 mA h g�1 at
1C (82.8% of the capacity at 0.1C). Moreover, the cell exhibits
a low polarization voltage at 0.1C with at voltage plateaus
around 3.4 V, which means a good electrochemical reversibility
for the cell using PDLLA-SPE.49,50 Even though the polarization
voltage gradually enlarges with the rate increasing, the
discharge capacity almost recovers completely when the rate is
nally returned to the initial 0.1C, which conforms the PDLLA-
SPE is structurally and electrochemically stable.

Fig. 8 shows the cycling performance of all-solid-state LFP/
SPE/Li batteries at the current density of 0.2C at 60 �C. The
initial discharge capacity of LFP/PDLLA-SPE/Li is
144.7 mA h g�1 and remains 125.8 mA h g�1 aer 250 cycles.
The capacity retention rate is about 86.9%. The initial
discharge capacity of the conventional LFP/PEO-SPE/Li shows
6378 | RSC Adv., 2018, 8, 6373–6380
a similar value of 140.4 mA h g�1, but with a signicantly lower
capacity retention rate of 77.5% (108.9 mA h g�1) under the
same conditions. It's obvious that the cycling performance of
the integrated LFP/PDLLA-SPE/Li is much better than that of
the conventional one. This superiority is probably ascribed to
the better interfacial compatibility between PDLLA-SPE and
two electrodes.51 Besides, the PDLLA-SPE is entirely amor-
phous as discussed above, which may also contribute to the
improved cycling performance. In addition, the coulombic
efficiency is almost 100% during the long-term cycling
process, further verifying the extraordinary cycling revers-
ibility of PDLLA-SPEs.
Conclusions

In this study, a series of novel SPEs based on a star-comb
PDLLA–PEG copolymer and LiTFSI were prepared through
solvent-free radical polymerization irradiated by UV. The
chemical structure of the obtained polymers was character-
ized by 1H NMR and FTIR. The surface of the free-standing
PDLLA-SPE membranes is smooth and homogenous, as
observed by SEM. The phase of the PDLLA-SPEs is totally
amorphous, as conformed by XRD. The thermal and electro-
chemical properties and cell performance of these electrolytes
were investigated. The PDLLA-SPEs exhibit good thermal
stability with Td

5%s of �270 �C and low Tgs of �48 to �34 �C.
The optimal ionic conductivities are 9.7 � 10�5 S cm�1 and
8.0 � 10�6 S cm�1 at 60 �C and 25 �C, respectively, at an EO/Li+

ratio of 16 : 1. Besides, the PDLLA-SPEs has a wide electro-
chemical window up to 5.1 V, which is much wider than that
of PEO-SPE. Furthermore, the all-solid-state LiFePO4/Li cell
displays extraordinary cycling and rate performance at 60 �C
due to the good interfacial compatibility between PDLLA-SPE
and electrodes. In conclusion, the promising cycling and rate
performance, together with a relatively high ionic conduc-
tivity of the six-arm star-comb PDLLA-SPE make it a attractive
candidate of solid polymer electrolyte for all-solid-state
lithium batteries.
This journal is © The Royal Society of Chemistry 2018
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