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Solid polymer electrolytes have been considered as the promising candidates to improve the safety and
stability of high-energy lithiummetal batteries. However, the practical applications of solid polymer elec-
trolytes are still limited by the low ionic conductivity, poor interfacial contact with electrodes, narrow
electrochemical window and weak mechanical strength. Here, a series of novel block copolymer elec-
trolytes with three-dimensional networks are designed by cross-linked copolymerization of the poly-
ethylene glycol soft segments and hexamethylene diisocyanate trimer hard segments. Their ionic
migration performances and interface compatibilities with Li metal anode have been optimized delicately
by tailoring the ratio of these functional units. The optimized block copolymer electrolyte has shown an
amorphous crystalline structure, a high ionic conductivity of ~5.7 � 10�4 S cm�1, high lithium ion trans-
ference number (~0.49), wide electrochemical window up to ~4.65 V (vs. Li+/Li) and favorable mechanical
strength at 55 �C. Furthermore, the enhanced interface compatibility can well support the normal oper-
ations of lithium metal batteries using both LiFePO4 and LiNi0.8Co0.15Al0.05O2 cathodes. This study not
only paves a new way to develop solid polymer electrolyte with optimizing functional units, but also pro-
vides a polymer electrolyte design strategy for the application demand of lithium metal battery.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

The rechargeable lithium metal batteries (LMBs) are one of the
hot spots of the current research in the electrochemical energy
storage because of their high theoretical specific capacity (3860
mAh g�1) and lowest redox potential (�3.04 V) [1–11]. However,
the unavoidable growth of lithium (Li) dendrite during the
repeated stripping/plating in liquid organic electrolytes could pen-
etrate the separator, which causes the safety issue and prevents
the practical applications of LMBs [12–17]. As one of the promising
solve approaches, solid polymer electrolyte (SPE) has been applied
to improve the safety and stability of LMBs [18–24]. However, the
comprehensive properties of SPE, including the ionic conductivity,
interfacial compatibility with electrode materials, electrochemical
window and mechanical strength have enormous influences on the
further applications [25–29]. For instance, although the poly(ethy-
lene oxide) (PEO) has been explored widely in LMBs, it is still suf-
fered by the low ionic conductivity, narrow electrochemical
window and poor mechanical strength [30-36]. In order to over-
come the above challenges, plenty of modifications have been
explored, including the blend polymer electrolytes [37,38] and
organic–inorganic composite electrolytes [28,39–42], to reduce
the crystallinity of PEO structure, and improve the ionic conductiv-
ity, electrochemical window, and mechanical strength. However,
the homogeneity of mixing two different materials is not easy to
control. The properties of PEO-SPE still cannot meet the require-
ments of LMBs. Different from the blend/composite SPE, the block
copolymer electrolyte (BCPE) has been proposed as homogeneous
conductor from different polymer chains for the Li+ migration.
However, the comprehensive properties of BCPE are still not satis-
factory for LMBs. Even more, there is few systematic study about
the effect of different molecular chains on physical/chemical prop-
erties of BCPE.

In this work, we have designed a series of BCPE by the cross-
linked copolymerization reaction via tailoring the ratio of func-
tional units of polyethylene glycol (PEG) soft segment and Hexam-
ethylene diisocyanate trimer (HDIt) hard segment, which are
named PH-BCPE. As the different functional unit, the PEG soft seg-
ment has plenty of ether bonds in the backbone chains for Li+

migrations (similar to the molecular structure of PEO) [43,44],
reserved.
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while the glassy HDIt with hexamethylene unit possesses a good
mechanical strength [45,46]. More importantly, the comprehen-
sive properties of amorphous PH-BCPE with three-dimensional
(3D) network structure can be optimized by tailoring the ratio of
these functional units. It has been verified that the ionic conductiv-
ity of PH-BCPE and interfacial compatibility with Li metal anode
can be enhanced by increasing the proportion of PEG functional
unit, while the electrochemical window and mechanical property
can be enlarged and improved respectively by increasing the pro-
portion of HDIt functional unit. Furthermore, by optimizing the
ratio of functional units, the PH-BCPE shows a high ionic conduc-
tivity of ~5.7 � 10�4 S cm�1, high lithium ion transference number
(~0.49), stable electrochemical window up to ~4.65 V (vs. Li+/Li),
and good interfacial compatibility with electrode at 55 �C. Accord-
ingly, with the enhanced interface contact, the LiFePO4/PH-BCPE/Li
battery delivers a high discharge capacity of ~162 mAh g�1 at 0.1C
(1C = 170 mA g�1). Even with the LiNi0.8Co0.15Al0.05O2 cathode, the
LMBs can offer the high discharge capacity of ~205 mAh g�1 at 0.1C
when the charge potential is up to 4.6 V (vs. Li+/Li). Therefore, the
PH-BCPE reported in this study has proved the design strategy of
SPE with comprehensive properties optimization, which can be
achieved by tailoring the ratio of different functional units, and
to be a promising candidate for the practical application in solid
polymer LMBs.
2. Experimental

2.1. Fabrication of block copolymer electrolyte

The polyethylene glycol (PEG, Mw = 800 g mol�1, 1500 g mol�1,
10,000 g mol�1), hexamethylene diisocyanate trimer (HDIt),
aetonitrile (AN) and dibutyltin dilautrate (DBTDL) were purchased
from Aldrich. The lithium bis(trifluoromethane sulfonyl imide)
(LiTFSI) were supplied from Macklin. The PH-BCPE was fabricated
by a solution-casting method. Firstly, HDIt (2.5 g), LiTFSI (5 g)
and AN (20 mL) were added into the glass bottle under stirring
to form a homogeneous solution in glove box. Then, PEG with dif-
ferent ratio with HDIt was added into the glass bottle to form a
homogeneous solution under stirring. Subsequently, the DBTDL
(2 wt%) as the catalyst was added into the solution and stirred
for 3 h. Finally, the homogeneous solution was poured into the
Whatman� filter (100% borosilicate glass fiber) on the Polytetraflu-
oroethylene (PTFE) plate followed by the polymerization in a vac-
uum at 60 �C for 12 h and then 80 �C for 6 h.
2.2. Characterization

The Fourier transform infrared spectroscopy (FT-IR) was carried
out using a Nexus 870 FTIR spectrometer with the ATR instrument
to distinguish the structures of PEG, HDIt, and PH-BCPE. The
mechanical property of sample was investigated by an UTM4304
universal testing machine at a stretching speed of 1 mm min�1

and the hardness was checked by a shore durometer at 25 �C.
The morphology and thickness of the samples were characterized
by a field emission scanning electron microscope (SEM, Hitachi
S-4800). The crystal structure of the PH-BCPE was characterized
via XRD (Bruker D8 Advance) with range of 10�-80�. The high-
resolution solid-state Magic Angle Spinning Nuclear Magnetic Res-
onance (MAS-NMR) spectra were obtained from on a Bruker
400 MHz spectrometer equipped with a Bruker 4.0 mm double res-
onance MAS probe at the 1H and 13C Larmor frequencies of 400.17
and 100.62 MHz, respectively. All samples were packed into
4.0 mm zirconia rotors with Kel-F drive caps in an Argon-filled
glovebox, and were then spun at 6.0 kHz ± 3 Hz using a Bruker
pneumatic MAS unit. The 90� pulse for 1H excitation was deter-
mined as 2.9 ms and total 4 scans were accumulated for one spec-
trum. Longitudinal relaxation (T1) measurements were performed
using inversion recovery pulse sequence. For 13C NMR measure-
ments, all signals were recorded under the irradiation of single
pulse length of 3.6 ls. High power decoupling was applied on 1H
during 13C acquisition. For signal-averaging, total 512 transitions
were accumulated for all samples. The 1H and 13C chemical shifts
were referenced to the proton and the secondary carbon atom in
adamantane at 1.8 and 38 ppm, respectively.

2.3. Electrochemical evaluation

The ionic conductivity of the PH-BCPE was tested by EIS using
Versa STAT 3 system at various temperatures ranging from 25 �C
to 85 �C. The PH-BCPE membranes were sandwiched between
two stainless-steel (SS) plate electrodes and the spectra were
recorded in the frequency range of 106 to 0.1 Hz with an AC ampli-
tude of 10 mV. The bulk resistance (Rb) of PH-BCPE was determined
from the impedance spectrum. The ionic conductivity was calcu-
lated from equation: r = L/RbS, where L and S are the thickness
and area of the PH-BCPE, respectively. The electrochemical win-
dow was investigated by linear sweep voltammetry (LSV) per-
formed from SS/PH-BCPE/Li battery at scan rate of 1.0 mV s�1

between 3 and 5.5 V (vs. Li+/Li). The interface stability between
Li anode and PH-BCPE was investigated by Cyclic Voltammograms
(CV) that performed on SS/PH-BCPE/Li battery at scan rate of
1 mV s�1 from �1 to 2 V (vs. Li+/Li). The lithium-ion transference
number (tLi+ ) was calculated by the Chronoamperometry test on
the Li/PH-BCPE/Li battery with an applied voltage of 0.01 V, and
was determined by equation: tþLi ¼ Iss

I0
� V�I0R0

V�IssRss
, where I0 and Iss are

the initial and steady-state currents, and R0 and Rss are the first
and last resistances, respectively. The tests were completed by
EIS measurements that taken before and after the polarization
scans over a frequency range of 106 to 0.1 Hz with a 10 mV ampli-
tude at 55 �C.

2.4. Battery test

The LiFePO4 or LiNi0.8Co0.15Al0.05O2 (NCA) cathode was prepared
by pasting the mixture of 80 wt% LiFePO4 /NCA, 10 wt% carbon
black, and 10 wt% binder (PVDF:PH-BCPE = 7:3) on the Al current
collector. The loading mass of active materials was controlled with
areal density of 2.0–3.0 mg cm�2. The CV test of LiFePO4/PH-BCPE/
Li battery was conducted at scan rate of 0.1 mV s�1 between 2 and
4.25 V (vs. Li+/Li). The LiFePO4/PH-BCPE/Li battery was charged and
discharged between 2.5 and 4.0 V at different current densities.
The C rates are defined based on 1C = 170 mA g�1. The NCA/PH-
BCPE/Li battery was charged and discharged between 2.8 and
4.3 V or 4.6 V at 0.1C (1C = 200 mA g�1). The galvanostatic
charge/discharge tests of coin-type batteries (CR2032) were con-
ducted on LAND testing system (Wuhan LAND Electronics Co.,
Ltd.) at 55 �C.

3. Results and discussion

A series of PH-BCPE have been fabricated by cross-linked
copolymerization reaction from different ratio of functional units
of PEG soft and HDIt hard segments, in which the proportion can
be tailored with nPEG/nHDIt as R value. Fig. 1(a) shows the typical
copolymerization process from the PEG and HDIt precursors, and
the corresponding cross-linked 3D network structure of PH-BCPE.
For the detail, the PEG has the polyether backbone with hydroxies
on both terminals, while the HDIt has the hexamethylene units
with isocyanate on three terminals. For the R = 1.5, the PH-BCPE
with cross-linked 3D network structure can be obtained after the



Fig. 1. (a) The molecular structures of PEG and HDIt functional units, and the PH-BCPE with cross-linked 3D network structure by the copolymerization with R = 1.5. (b) The
FT-IR spectra of PEG, HDIt and PH-BCPE with R = 1.5. (c) The 13C MAS NMR spectra of PEG, HDIt and PH-BCPE with different R value. (d) The schematic diagram of PH-BCPE
with different ratios of functional units.
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full copolymerization of hydroxy (�OH) from PEG soft segment
and isocyanate (–N–C@O) from HDIt hard segment, in which the
new [�N�(C@O)–O–] bond as the cross-linking part (the lower
part in Fig. 1a), without any change of the backbone chain.

The copolymerization mechanism of PH-BCPE from different
functional units of PEG soft and HDIt hard segment has been veri-
fied by Fourier Transform Infrared Spectroscopy (FT-IR). When the
value of R is 1.5, both of the typical absorption peak of –OH bond in
PEG at ~3400 cm�1 and –N–C@O bond in HDIt at ~2276 cm�1 dis-
appeared, following by the formation of new peak of –NH bond at
~3500 cm�1 (Fig. 1b). It has indicated the polymerization of PH-
BCPE between –OH from PEG soft segment and –N–C@O from HDIt
hard segment. Meanwhile, there was no obvious shift of peak posi-
tion of C-O bond (~945 cm�1) and C@O bond (~1700 cm�1), indicat-
ing the stability of –C–O in PEG and –C@O in HDIt before and after
the copolymerization process, which is beneficial for the Li+ migra-
tion inside PH-BCPE. From the scanning electron microscopy (SEM)
image of PH-BCPE with R = 1.5 (Fig. S1a), it is clear that the surface
of PH-BCPE is smooth with homogeneity, which is favorable for the
strong adhesion to the electrode with good interface compatibility.
From the cross-sectional SEM image of PH-BCPE, the homogeneous
structure with the thickness of ~150 mm has been achieved, which
can effectively prevent the possible inner short-circuit and
improve the safety and stability of LMBs (Fig. S1b). Furthermore,
the PH-BCPE has good flexibility with favorable mechanical prop-
erty (insert in Fig. S1c), which are suitable for making the flexible
batteries or electronic device with variable shape.

In order to detect the local structure of PH-BCPE copolymer and
understand the copolymerization process from PEG and HDIt func-
tional units, the well-resolved solid state MAS-NMR spectra have
been conducted and analyzed (Fig. 1c). Obviously, high-
resolution peaks for the samples before and after the copolymer-
ization are well assigned to the correlated carbons. At the bottom
of Fig. 1(c), two resonances at 62 ppm and 70 ppm can be clearly
seen for the sorts of carbons in PEG functional unit, and a series
of peaks between 20 and 45 ppm are from the typical aliphatic car-
bons in HDIt functional unit. After copolymerization, a new peak at
158 ppm appears no matter the variation of R value, indicating the
formation of –NH–CO–O– bond between –OH in PEG and –N@C@O
in HDIt. Furthermore, with the R value increase, the intensities of
characteristic peaks in PEG increases, while the intensities of char-
acteristic peaks in HDIt decreases simultaneously. It has demon-
strated that the microstructures of PH-BCPE can be designed and
adjusted by tailoring the ratio between PEG and HDIt functional
units to achieve optimized properties of PH-BCPE. Moreover, the
1H NMR studies in Fig. S2 can also consolidate the results obtained
from the 13C NMR study. The 1H longitudinal relaxation rates (1/t1)
increase significantly (~5 times) from pure PEG (t1 = 3.33 s) to PH-
BCPE (t1 ~0.60 s), reflecting the enhanced mobility of protons
attached to PH-BCPE chain, which is probably beneficial for
improving the ionic conductivity [47-49]. The differences observed
for 1H relaxation times should be attributed to different R value for
PH-BCPE. Therefore, the microstructure design of PH-BCPE can be
improved by tuning of PEG soft segment and HDIt hard segments.
Fig. 1(d) shows the schematic diagram of the corresponding
microstructure of PH-BCPE with different ratio of functional units.
It has been pointed out that the PEG with polyether backbone is
beneficial for Li+ migration, while the HDIt with glassy state has
a good mechanical strength. Furthermore, with high fraction of
PEG functional unit, the interfacial contact with electrodes can also
be improved. Therefore, it can be estimated that the Li+ migration,
interfacial compatibility, and mechanical strength of PH-BCPE can
be optimized by tailoring the ratio of functional units of PEG soft
and HDIt hard segments.

Accordingly, the fundamental properties of PH-BCPE with dif-
ferent ratio of functional units have been systematically explored.
The ionic conductivity (r) of SPE has a critical role for improving
the performances of polymer LMBs. Thus, r of PH-BCPE has been
evaluated firstly with different ratio of functional unit by ranging
R value from 1.25 to 2.14 at 25 �C (Fig. 2a), and the results have
been obtained by the bulk resistance (Rb) of SPE film (insert in
Fig. 2a) from the electrochemical impedance spectra (EIS) of SS/
PH-BCPE/SS (SS: stainless steel) symmetrical battery. It can be
found that the Rb decreases gradually with the increase of R value,
indicating that the r of PH-BCPE increase simultaneously (Fig. 2a).
More importantly, the r of PH-BCPE can be increased from



Fig. 2. (a) The relationship between ionic conductivity of PH-BCPE and functional unit with different R values. The insert is the EIS of SS/PH-BCPE/SS symmetric battery with
different R values. (b) The EIS (insert) and interfacial resistance of Li/PH-BCPE/Li symmetric battery with different R values. (c) The electrochemical window of PH-BCPE with
different R values. (d) Shore hardness and (e) stress–strain curves of PH-BCPE with different R values.
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2.1 � 10�5 S cm�1 with R = 1.25 to 7.8 � 10�5 S cm�1 with R = 2.14
at 25 �C. It has demonstrated that the r of PH-BCPE can be
enhanced by increasing the ratio of PEG functional unit. The inter-
actions between Li+ and ether bonds comprising oxygen in the
backbone chains of PEG soft segment are favor for the fast ions
migrations. In addition, the –C–N and –C@O bonds in hexagonal
ring structure of HDIt hard segment and the cross-linking part of
[�N�(C@O)–O–] bond may also be useful for the Li+ migrations
[50,51].

The structure of PH-BCPE with different ratio of functional unit
has been detected by X-ray diffraction (XRD). As seen in Fig. S3, dif-
ferent from the high crystallinity of PEO [52], there is only a broad
peak of PH-BCPE, indicating the amorphous structure, which is
beneficial for the Li+ migration [53]. Furthermore, the interfacial
compatibility between PH-BCPE and electrodes could also be
enhanced by the amorphous structure, which is important for
the practical applications of LMBs. Besides the structure of func-
tional unit, the effect of length of PEG segment with different
molecular weight on the framework and ionic conductivity of
PH-BCPE has been explored (Fig. S4), indicating that the length of
molecular chain in PEG can also influence the ions migration abil-
ity. Furthermore, the interfacial resistance (Ri) of Li/PH-BCPE/Li
symmetrical battery with different R value has been compared.
From the EIS of Li/PH-BCPE/Li symmetrical batteries with different



Z. Lin et al. / Journal of Energy Chemistry 52 (2021) 67–74 71
R values at 55 �C (inset in Fig. 2b), there is an obvious decrease of Ri

with the increase of R value in Fig. 2(b), similar to the tendency in
SS/PH-BCPE/SS battery (insert in Fig. 2a). It can be found that the Ri

of Li/PH-BCPE/Li battery for R = 1.25 (~270 X) is much higher than
that of Ri for R = 2.14 (~135X). Thus, similar to the increase of ionic
conductivity, the significant reduction of interfacial resistance
between PH-BCPE and Li metal anode can be achieved via increas-
ing the fraction of PEG functional unit, which can further improve
the electrochemical performances of polymer LMBs.

The electrochemical window of SPE is also one of the crucial
parameters for practical application in LMBs. By a linear sweep
voltammetry (LSV) of an asymmetrical battery of Li/PH-BCPE/SS
at 55 �C (Fig. 2c), it can be seen that the PH-BCPE is stable up to
~5.15 V (vs. Li+/Li) for R = 1.25, which is favorable for the promising
application for high-potential cathode material in solid polymer
LMBs. However, the electrochemical window of PH-BCPE decreases
greatly with the increase of R value, and still be close to ~4.5 V (vs.
Li+/Li) for R = 2.14. Therefore, it has revealed that the electrochem-
ical window of PH-BCPE can be enlarged by increasing the fraction
of HDIt functional unit.

It has been proved that the mechanical strength plays an impor-
tant role in the application of polymer electrolyte, especially for
the suppression of Li dendrite in polymer LMBs. The mechanical
property of PH-BCPE with different ratio of functional units was
investigated by tensile and hardness testing. Fig. 2(d) exhibits
the relationship between Shore hardness of PH-BCPE and func-
tional units with various R value ranging from 1.25 to 2.14. Obvi-
ously, the hardness of PH-BCPE is ~42 HA for R = 1.25, which is
much higher than that of ~17 HA for R = 2.14. More importantly,
there is an approximately linear relationship between hardness
and R value at the testing range, indicating the enhancement of
Shore hardness of PH-BCPE with the increase of HDIt functional
unit. Furthermore, from the stress–strain curves of the PH-BCPE
with different R value in Fig. 2(e), it can be found that the stress
is ~2.1 MPa for R = 1.25. However, when the R increases to 2.12,
the stress of PH-BCPE is only ~0.2 MPa, which was not favorable
for the safety and reliability of solid polymer LMBs. Similar to that
of Shore hardness, the stress of PH-BCPE has increased greatly by
increasing the proportion of HDIt functional unit. Thus, besides
the electrochemical window adjustment, the mechanical property
of PH-BCPE can also be tailored by increasing the fraction of HDIt
functional unit, which can further improve the safety and reliabil-
ity of polymer LMBs by alleviating the possible short circuit inside
the batteries.

As discussed above, if R value is equal to 1.5, the –OH from PEG
soft segment and –N–C@O from HDIt hard segment can be fully
copolymerized for the PH-BCPE formation. More importantly, it
has been sufficiently confirmed that the comprehensive properties
of PH-BCPE could be optimized by tailoring the ratio of functional
units of PEG soft and HDIt hard segments. For instance, the ionic
conductivity and interfacial contact can be enhanced by increasing
the proportion of PEG soft segment (R > 1.5) in PH-BCPE, which
may be beneficial for improving the rate performance and reducing
the interfacial resistance of solid polymer LMBs. In contrast, with
the increase of proportion of HDIt hard segment (R < 1.5), the elec-
trochemical window and mechanical property of PH-BCPE can be
enlarged and improved respectively, which can be available for
high-potential cathode material in solid polymer LMBs with
improved safety and reliability. Therefore, the design of PH-BCPE
can be achieved by tailoring the ratio of functional units of PEG soft
and HDIt hard segments.

For the application of SPE in polymer LMBs, the optimized fea-
tures with high ionic conductivity and small interface resistance
need to be mainly considered, and the relative high electrochemi-
cal window andmechanical strength should also be suitable for the
assembling of solid battery. Thus, the optimized PH-BCPE with
high proportion of PEG soft segment (R = 1.87) has been systemat-
ically explored in the following polymer LMBs. Firstly, the temper-
ature dependency of the ionic conductivity of PH-BCPE at
temperature range of 25 to 85 �C has been evaluated in Fig. 3(a),
in which the result has been calculated by the Rb that obtained
from the EIS of SS/PH-BCPE/SS symmetrical battery at different
temperature (Fig. S5). It can be found that the ionic conductivity
of PH-BCPE increase simultaneously with the increase of tempera-
ture, that is, from 6.51 � 10�5 S cm�1 at 25 �C, to 5.7 � 10�4 S cm�1

at 55 �C, and then 1.12 � 10�3 S cm�1 at 85 �C. It has been illus-
trated that the fast ions migrations can be achieved by the interac-
tions between Li+ and different chemical bonds, including the ether
bonds comprising oxygen in the backbone chains of PEG segment,
the –C–N and –C@O bonds in hexagonal ring structure of HDIt seg-
ment, and the cross-linking part of [�N�(C@O)–O–] bond. Further-
more, the ionic conductivity of PH-BCPE depending on
temperature can be fitted by the Arrhenius plot, and the low acti-
vation energy of 0.208 eV can be obtained, indicating the low
energy barrier that is beneficial for Li+ migration. Moreover, the
linear relationship between logr and 1000/T has revealed the
structural stability of PH-BCPE within the temperature range,
which has been further confirmed by the partially increase of Rb

with the aging time of 21 days (Fig. S6).
The Li+ transference number (tLi+ ) is also one of the important

parameters for determining the side reaction on the surface of
electrodes and the polarization of LMBs. As shown in Fig. 3(b), from
the direct current polarization and EIS tests, it can be calculated
that the tLi

+ of PH-BCPE is ~0.49 at 55 �C, which is higher than that
of the common liquid electrolyte. The high tLi

+ of PH-BCPE should be
attributed to the strong inhibiting effect of anoins (TFSI�) move-
ment by the 3D cross-linked network structure in PH-BCPE, which
is favorable for increasing the Li+ migration, reducing the concen-
tration polarization and improving the rate performance of LMBs
[45]. Furthermore, from the EIS of Li/PH-BCPE/Li symmetrical bat-
tery before and after polarization test (inset in Fig. 3b), there is no
obvious change of Rb and Ri, indicating the stable bulk structure
and interfacial contact with Li metal anode. Therefore, the PH-
BCPE has an enhanced interface contact with small resistance
toward Li metal anode, which is helpful for improving the electro-
chemical performances of polymer LMBs.

Besides the interfacial contact, the electrochemical stability
between PH-BCPE and Li metal anode has also been explored by
the Cyclic Voltammograms (CV) test of Li/PH-BCPE/SS battery in
a voltage range of �1.0 to 2.0 V (vs. Li+/Li) at 55 �C (Fig. S7). There
is only a lithium plating peak at �0.86 V (vs. Li+/Li) and reversible
stripping peak at 0.45 V (vs. Li+/Li) in a scan cycle, indicating the
electrochemical interface stability of PH-BCPE toward Li metal
anode. Furthermore, the stable interfacial contact between PH-
BCPE and Li metal anode has been investigated by the polarization
test of Li/PH-BCPE/Li symmetric battery at 0.1 mA cm�2 for 1 h at
55 �C (Fig. 3c). It can be found that the battery can work for 300 h
without short circuiting, which shows high cycling reversibility
and stability for lithium plating/stripping in PH-BCPE based LMBs.
In detail, there is a slight increase of the plating voltage from
~50 mV at the initial cycle to ~60 mV after 300 h in the symmetric
battery. The low voltage polarization of Li plating/stripping in Li/
PH-BCPE/Li symmetric battery should be attributed to the excel-
lent interfacial compatibility between amorphous PH-BCPE and Li
metal anode. Even more, the morphologies of Li deposits in PH-
BCPE and liquid electrolyte have been recorded by SEM after 300
cycles with the same current density (Fig. 3d–f). Compared to the
smooth surface of pristine Li metal in Fig. 3(d), the porous Li den-
drite on the surface of metal anode can be found for the liquid elec-
trolyte based battery, and much easier to lose contact with
electrons among deposits (Fig. 3e), which should be caused by
the unstable interface contact between liquid electrolyte and Li



Fig. 3. (a) The temperature dependency of ionic conductivity of PH-BCPE with R = 1.87. (b) The chronoamperometry profile of symmetric Li/PH-BCPE/Li battery, and the EIS
before and after the polarization (insert). (c) The potential profiles of repeated Li plating/striping using PH-BCPE at 0.1 mA cm�2 over 300 h. The SEM images of the surfaces of
Li metal at different states: (d) pristine, (e) cycled in liquid electrolyte, and (f) cycled with PH-BCPE.

72 Z. Lin et al. / Journal of Energy Chemistry 52 (2021) 67–74
metal anode. On the contrast, there is no obvious Li dendrite on the
surface of metal anode for the PH-BCPE based symmetric battery
(Fig. 3f). The obvious suppression of Li dendrite should be attribu-
ted to the enhanced interface contact between PH-BCPE and Li
metal anode, and the favorably mechanical strength that provided
by the functional unit of HDIt hard segment. Therefore, the inti-
mately interfacial compatibility with low interfacial resistance
and high stability between PH-BCPE and Li metal anode are bene-
ficial for enhancing the electrochemical performances of polymer
LMBs.

The solid polymer LMBs based on PH-BCPE and LiFePO4 (LFP)
cathode have been assembled and the electrochemical perfor-
mances have been explored. Fig. 4(a) shows the typical charge–dis-
charge curves of LFP/PH-BCPE/Li battery between 2.5–4.0 V at the
current density of 0.1C (1C = 170 mA g�1) at 55 �C. It can be seen
that the discharge capacity is ~162 mAh g�1 with the Coulombic
efficiency of 98.6%, which should be attributed to the high ionic
conductivity of PH-BCPE, and the excellent interface compatibility
with electrodes. Besides, the battery exhibits the stable potential
plateaus with low over-potential between charge/discharge
curves, which has been further proved by the CV test (Inset in
Fig. 4a). Moreover, the cycling stability of LFP/PH-BCPE/Li battery
is obtained at 1C under the same condition (Fig. 4b). The reversible
capacity is ~141 mAh g�1 for the initial cycle and decreases to ~120
mAh g�1 over 100 cycles, while the Coulombic efficiency is near
99%. The obvious variation of over-potentials between charge
and discharge curves (insert in Fig. 4b) as well as the capacity fad-
ing after hundreds of cycles should be caused by the polarization
effect of polymer LMBs at the high current density for long time,
which has been confirmed by the EIS of LFP/PH-BCPE/Li battery
at different cycles. From Fig. S8, the interfacial resistances of LFP/
PH-BCPE/Li battery keep increasing with the increase of cycles,
which should be caused by the aging of interface contact between
PH-BCPE and electrodes that accelerated at high temperature dur-
ing charging and discharging, consisting with the increase of over-
potentials for long cycling.

Fig. 4(c) exhibits the rate performances of LFP/PH-BCPE/Li bat-
tery with the current densities increase from 0.1C to 2C at 55 �C.
With the improved interface compatibility, the battery shows a
high specific capacity of ~153 mAh g�1 at low current density of
0.5C, and ~133 mAh g�1 at current density of 1C. Even at a higher
current density of 2C, the specific capacity is still keeps at ~78 mAh
g�1. The increase of over-potential and fading of capacity with the
increase of current density should originated from the limited Li+

migration rate in the solid electrolyte (inset in Fig. 4c). Further-
more, it has been pointed out that the PH-BCPE (R = 1.87) with
the electrochemical window of ~4.65 V (vs. Li+/Li) can be used
for high-potential cathode material. Thus, the polymer LMBs based
on LiNi0.8Co0.15Al0.05O2 (NCA) with higher charge potentials have
been investigated. Obviously, the NCA/PH-BCPE/Li battery shows
a high initial discharge capacity of ~188 mAh g�1 with the Coulom-
bic efficiency of ~90.7% at the current density of 0.1C (1C = 200 m
A g�1) under the terminal charge potential of 4.3 V at 55 �C
(Fig. 4d). Furthermore, the higher discharge capacity of ~205



Fig. 4. (a) The initial charge and discharge curves of LiFePO4 cathode with PH-BCPE at 0.1C. The inset is the corresponding CV curve for the battery. (b) Cycling performance of
LiFePO4/PH-BCPE/Li battery at 1C. The inset is the selected charge–discharge curves with different cycles. (c) Rate performances of LiFePO4/PH-BCPE/Li battery. The inset is
the selected charge–discharge curves with different rates. (d) The initial charge and discharge curves of LiNi0.8Co0.15Al0.05O2/PH-BCPE/Li battery at 0.1C with different charge
potentials. All of the batteries are tested at 55 �C.
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mAh g�1 can be obtained when the charge potential up to 4.6 V.
Therefore, with the high ionic conductivity and good interface con-
tact between SPE and electrodes that offered by the high propor-
tion of functional unit of PEG soft segment, and the high
electrochemical window and favorable mechanical strength by
the functional unit of HDIt hard segment, the PH-BCPE can be
applied in the high-energy polymer LMBs.
4. Conclusions

In summary, we have designed a series of block copolymer elec-
trolytes (PH-BCPE) by the cross-linked copolymerization reaction
from different functional units of PEG soft and HDIt hard segments.
It has been verified that the comprehensive properties of the amor-
phous PH-BCPE with 3D network structure can be optimized deli-
cately by tailoring the ratio of functional units, in which the ionic
conductivity of PH-BCPE and interfacial compatibility with Li metal
anode can be enhanced by increasing the proportion of PEG soft
segment, while the electrochemical window and mechanical prop-
erty can be enlarged and improved respectively by increasing the
proportion of HDIt hard segment. By using the optimized PH-
BCPE with enhanced interface contact, the solid polymer LMBs
composed of LiFePO4 cathode can deliver highly reversible capacity
and good rate performances, even can be charged to 4.6 V with the
LiNi0.8Co0.15Al0.05O2 cathode. Therefore, this study not only demon-
strates a new way to develop solid polymer electrolyte with opti-
mizing functional units, but also provides a polymer electrolyte
design strategy for the application demand of LMBs.
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