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ining all-solid-state
hyperbranched polymer electrolyte for superior
performance lithium batteries†
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and Liaoyun Zhang *a

Polyether-based materials, especially poly(ethylene oxide) (PEO) and derivatives thereof, have been

extensively studied as Li-conducting all-solid-state polymer electrolytes (SPEs) for Li-based batteries due

to their specific advantages such as easy fabrication, high safety, and outstanding compatibility with

lithium salts. However, PEO-based polymers usually have too strong complexation ability with lithium

ions and high crystallinity, resulting in a low lithium-ion transference number and room temperature

ionic conductivity. In this study, we choose hyperbranched polyethylenimine (HPEI) as the core of a SPE

matrix, while polyester segments as the arms through sequential ring-open polymerization (ROP) of

glycolide (GC) and 3-caprolactone (CL). Specifically, the HPEI core containing N atoms can promote the

dissociation of lithium salts, while the polyester segments can effectively dissolve lithium salts and

transport ions. Furthermore, the SPE (HPEI–PGC–PCL/LiTFSI) is cast onto a ceramic film containing

ceramic nanowires to prepare a composite SPE (CSPE), which can further construct ion transport

channels at the interface of the polymer and nanowires. Synergizing the advantages of HPEI–PGC–PCL

and ceramic nanowires, the CSPE exhibits superior electrochemical performance. Especially, the

LiFePO4/CSPE/Li cell exhibits a discharge capacity of 162 mA h g�1 at the C-rates of 0.2, 0.5 and 1C, and

an average discharge capacity of 158 mA h g�1 with an average coulombic efficiency of 99.8% over 200

cycles at 0.5C. More importantly, the LiCoO2/CSPE/Li cell also shows very good cycling performance

(reaches 130 mA h g�1 at a current density of 0.06 mA cm�2) and rate capacity (reaches 80 mA h g�1 at

a current density of 0.3 mA cm�2). This work highlights a new and novel host material that has the

potential to be used as a high performance all-solid-state electrolyte for solid-state batteries.
Introduction

Polyether-based materials (especially poly(ethylene oxide) (PEO)
and its derivatives) show many advantages when used as an all-
solid-state polymer electrolyte (SPE) matrix, such as good elec-
trochemical stability, low cost, easy fabrication, high safety, and
superior compatibility with lithium salts, which makes them
become one of the most promising candidates of SPE matrices
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hemistry 2019
for next generation high safety and high energy density lithium-
ion batteries (LIBs).1–3 Therefore, a vast majority of studies
about solid-state electrolytes are based on PEO/PEO-based
derivatives.4–7 However, the high crystallinity of PEO usually
results in the low room temperature ionic conductivity of the
related SPE. Furthermore, it is reported that PEO-based SPEs
generally show a low lithium-ion transference number due to
the rather stable coordination structure between PEO and Li+.8,9

Obviously, such problems limit the application of polyether
materials in solid-state LIBs. Therefore, it is very necessary look
for alternative materials as polymer electrolytes. Meanwhile,
development of new solid state electrolytes with excellent elec-
trochemical performance is also very meaningful.10–13

It is suggested that a polymer backbone containing N atoms
can decrease the binding energies of cations/anions, which is
benecial to the dissociation of lithium salts.14,15 Moreover,
compared with O atoms, N atoms generally are a better donor.16

Therefore, electrolytes using polyethyleneimine (PEI, contain-
ing high contents of N atoms) and its derivatives as matrices
have been paid much attention.17–20 Of particular interest,
hyperbranched PEI (HPEI) has more favorable properties when
J. Mater. Chem. A, 2019, 7, 6801–6808 | 6801
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Scheme 1 (a) Schematic diagram of the synthesis route of the all-
solid-state hyperbranched polymer matrix (HPEI–PGC–PCL). (b) The
schematic illustration of the preparation process of the ceramic film
containing ceramic nanowires and the CSPE.

Fig. 1 1H NMR of (a) HPEI, (b) HPEI–PGC and (c) HPEI–PGC–PCL.
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compared with linear PEI because HPEI can form homogeneous
amorphous salt complexes at much lower salt concentrations.21

Moreover, compared with linear polymers, the unique topo-
logical structure itself has the advantages such as higher
mobility in the outer sphere of arms and lower crystallinity of
the branched matrix, which likely can improve the ionic
conductivity of the corresponding SPE.22,23

Based on the advantages of HPEI, we try to use HPEI as the
core of a hyperbranched polymer to construct a novel and high
performance SPE matrix. Then, we need to introduce special
arms at the end of HPEI to further improve the Li+ transport
ability of the SPE. Very recently, we synthesized a hyper-
branched SPE matrix containing polyester segments,24 which
shows a high t+ due to the overall weaker coordinating between
Li+ and carbonyl groups than that of groups in PEO and Li+.9,25

Hence, a novel total polyester chain, namely, poly(glycolide)–
poly(3-caprolactone) (PGC–PCL), attracts our attention.

To obtain a high performance SPE, in addition to the
reasonable design of the structure of the polymer, another
effective way to reach the goal is compositing the SPE with
ceramic nanollers, especially ceramic nanowires because the
interface between the polymer and nanowires can provide fast
ion transport channels for more efficient conduction of ions.26,27

In this study, a novel HPEI-based SPEmatrix containing total
polyester chains (PGC–PCL) is synthesized via sequential ring
opening polymerization (ROP) of glycolide (GC) and 3-capro-
lactone (CL) while using HPEI as the initiator. Specically, the
HPEI core containing N atoms can promote the dissociation of
lithium salts, while the polyester segments also can effectively
dissolve lithium salts and transport ions. To the best of our
knowledge, such a SPE (HPEI–PGC–PCL/LiTFSI) has not been
reported. Moreover, the SPE is cast onto a ceramic lm con-
taining ceramic nanowires to prepare a composite SPE (CSPE),
in which the ion transport channels are further constructed at
the interface between the polymer and nanowires. Synergizing
the advantages of HPEI–PGC–PCL and ceramic nanowires, the
CSPE exhibits excellent comprehensive electrochemical perfor-
mances. As a result, both the LiFePO4 (LFP)/CSPE/Li and LiCoO2

(LCO)/CSPE/Li cells exhibit superior cycling performance and
rate capacity. This work highlights a host material that has the
potential to replace PEO-based polymers for high performance
all-solid-state electrolytes used in LIBs.

Results and discussion

Considering that most of the SPE matrices are PEO-based
polymers, a new polymer using hyperbranched poly-
ethylenimine as the core is designed and synthesized. Scheme
1a shows the synthesis route of HPEI–PGC–PCL. Specically,
HPEI–PGC was obtained via ROP of GC using Sn(Oct)2 as the
catalyst and HPEI as the initiator. Subsequently, HPEI–PGC–
PCL was synthesized via ROP of CL using Sn(Oct)2 as the catalyst
and HPEI–PGC as the initiator. To obtain the CSPE, HPEI–PGC–
PCL/30 wt% LiTFSI was cast on a ceramic lm and dried
(Scheme 1b). We used 1H NMR (Fig. 1) to characterize the series
of the hyperbranched polymers. Fig. 1a presents the 1H NMR of
HPEI, and the peaks between 2.5 and 2.8 ppm belong to the
6802 | J. Mater. Chem. A, 2019, 7, 6801–6808
proton signals of –NH2 and –NH–. Aer ROP of GC, the 1H NMR
of HPEI–PGC in Fig. 1b shows that new peaks at 4.12 ppm (peak
a), 4.63 ppm (peak c), 4.77–4.98 ppm (peak b) and 5.51 ppm
(peak d) appear, suggesting that PGC segments have been
attached to the core of HPEI. Furthermore, the peaks belonging
to the core of HPEI shi from 2.5–2.8 ppm to 2.71–2.95 ppm,
indicating that the attachment of PGC segments onto the HPEI
inuences the chemical shi of protons of the core. In addition,
comparing the integral of methene protons connected to the
terminal –OH of PGC segments (peak c at 4.63 ppm) with those
in the segments of PGC (a and b peaks at 4.12 and 4.77–
4.98 ppm, respectively), the degree of polymerization (DPn(arm),
DPn(arm) ¼ 12) can be obtained using eqn (1):

DPn(arm) ¼ [I(a) + I(b) + I(c)]/I(c) (1)

The 1H NMR of HPEI–PGC–PCL is also exhibited in Fig. 1c.
Specically, the characteristic proton peaks belonging to the
core HPEI appear at 2.85–3.00 ppm, while the proton charac-
teristic peaks at 4.15 ppm (peak a), 4.59 ppm (peak b) and
4.71 ppm (peak c) come from the segments of PGC. Especially,
aer attaching PCL segments onto HPEI–PGC, highly intensive
This journal is © The Royal Society of Chemistry 2019
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characteristic proton peaks arising from the PCL chain well
appear (peaks from 1.71 to 1.30 ppm belong to –CH2–CH2–CH2–,
the peak at 2.29 ppm comes from –CO–CH2– and the peak at
4.05 ppm belongs to –CH2–O–CO–). Thus, the 1H NMR
characterization indicates that HPEI–PGC–PCL has been
synthesized via sequential ROP. Similarly, according to the 1H
NMR of HPEI–PGC–PCL, the DPn(arm) of the PCL segments is
calculated to be 48.

We used IR spectra (Fig. 2) to further characterize the
structural information of the series of the topological polymers.
As shown in Fig. 2a (spectrum of HPEI), the stretching vibration
at 3300 cm�1 belongs to the group of –NH2/–NH–. The saturated
–CH2– shows stretching vibration peaks in the range of 2990 to
2753 cm�1. Meanwhile, the characteristic absorption peaks at
1596 and 1341/1286 cm�1 come from –NH– and –C–N–,
respectively. Fig. 2a also shows the IR spectrum of HPEI with
30 wt% LiTFSI. In the IR spectra, the obvious difference between
the spectra of HPEI and HPEI/LiTFSI is that the two character-
istic absorption peaks belonging to –C–N– in the spectrum of
HPEI change to only one peak in the spectrum of HPEI/LiTFSI.
Meanwhile, the peak shis to 1352 cm�1 in the IR spectra of
HPEI/LiTFSI, strongly demonstrating that N atoms in –C–N–
have effective interaction with Li+.

Aer attaching PGC segments onto HPEI (Fig. 2b, spectrum
of HPEI–PGC), new peaks such as –C(O)– (carbonyl group of the
ester) and –C–O–C– appear at 1746–1650 and 1181 cm�1,
respectively. The IR spectrum of HPEI–PGC–PCL also shows the
–C(O)– (ester group) and –C–O–C– peaks at 1721 and 1181 cm�1,
respectively. Interestingly, the characterize peak belonging to
–NH–/–OH shows relatively low intensity at 3489 cm�1, which is
likely due to the high contents of PGC–PCL segments. The
characterize peak belonging to –NH–/–OH shows higher inten-
sity aer adding LiTFSI into the hyperbranched polymer elec-
trolyte matrix (HPEI–PGC–PCL). Moreover, compared with the
polymer electrolyte matrix, a new peak arises at 1669 cm�1 due
to the interaction of the ester group with lithium ions.28,29 Such
interaction is benecial to the dissociation of LiTFSI. In addi-
tion, it is also observed that the peak belonging to –C–N– at
1365 cm�1 shis to 1352 cm�1 aer adding the lithium salt into
HPEI–PGC–PCL, indicating that the core still has interaction
with the lithium salt. According to the IR spectra, it is demon-
strated that both the HPEI core and the polyester segments have
strong interaction with the lithium salt, which is benecial to
the dissociation of LiTFSI. Thus, the ionic transport performance
Fig. 2 (a) IR spectra of HPEI and HPEI/LiTFSI (30 wt%). (b) IR spectra of
HPEI–PGC, HPEI–PGC–PCL and the SPE.

This journal is © The Royal Society of Chemistry 2019
can likely be improved. From the 1H NMR and IR characteriza-
tion, it is also safe to conclude that the HPEI–PGC–PCL has been
successfully synthesized.

To replace organic liquid electrolytes and separators, the
dried solid electrolyte needs to have good thermal performance.
The thermal properties of the series of the topological polymers
were further evaluated based on TGA (Fig. S2a and b†) and DSC
(Fig. S2c†). As shown in Fig. S2a,† the Tonset of HPEI–PGC–PCL
is 324 �C, indicating the very good thermal stability of the
hyperbranched polymer electrolyte matrix. The DSC curves of
the series of the polymers are presented in Fig. S2c.† Compared
with the Tg (�51 �C) of HPEI, HPEI–PGC has a much higher Tg
of �9 �C, which is likely because PGC segments are more rigid
than PEI segments (the ability of the segments to move is
reduced). A much high melting peak at 51 �C is observed in the
DSC curve of HPEI–PGC–PCL due to the characteristic of easy
crystallization of PCL segments. Addition of the lithium salt
(LiTFSI) causes the obvious decrease of the melting peak. This is
because a specic concentration of the lithium salt has a plas-
ticizing effect, which is consistent with our previous reports.22

The microtopography of a ceramic lm is exhibited in Fig. 3a
(the ceramic lm was prepared via electrostatic spinning, see
the method in the ESI†). It is seen that the lm is composed of
equally distributed ceramic nanowires, while the nanowires
have a diameter of about 300 nm (Fig. 3b). The surface micro-
topography of the CSPE is further presented in Fig. 3c and d at
different magnications. The SEM images of the CSPE indicate
that the polymer electrolyte is uniformly coated on the surface
of the ceramic lm. In addition, Fig. 3e, f and g show the
elemental distribution mappings of Al, O, and S of the CSPE,
respectively (the inset of Fig. 3e presents the original SEM image
Fig. 3 (a) The SEM image of alumina ceramic nanowires. (b) A single
ceramic nanowire with a diameter of �300 nm. (c) The surface
morphology of the alumina electrostatic spinning film/hyperbranched
polymer electrolyte (HPEI–PGC–PCL/LiTFSI) composite electrolyte,
which indicates that the alumina film is uniformly coated by the SPE. (d)
SEM image of the composite electrolyte film at a higher magnification
(compared with (c)). (e), (f) and (g) show the elemental distribution
mappings of Al, O, and S of the CSPE, respectively. Especially, the inset
of (e) presents the original SEM image that is used to obtain the
mappings. (h) and (i) show the cross section of the CSPE at different
magnifications.

J. Mater. Chem. A, 2019, 7, 6801–6808 | 6803
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that is used to obtain the mappings). The elemental mappings
further demonstrate that the HPEI-based polymer is compos-
ited with the ceramic lm very well and the lithium salt is well
embedded in the polymer matrix. To further conrm the above
conclusions, the cross section of the CSPE is presented in
Fig. 3h. Obviously, the polymer electrolyte uniformly lls the
spaces between the nanowires. At a higher magnication
(Fig. 3i), it can be clearly seen that the ceramic nanowires are
uniformly lled by the HPEI-based polymer electrolyte on the
cross section. Therefore, a new composite polymer electrolyte
with the hyperbranched polyethylenimine-based polymer elec-
trolyte containing total polyester segments is fabricated.

For all-solid-state electrolytes, one of the crucial parameters
which needs to be evaluated is the ionic conductivity. Fig. 4a
presents the ionic conductivity of the CSPE from 30 to 80 �C. As
predicted, the ionic conductivity increases with the increase of
temperature due to the stronger movement ability of the poly-
mer segments and higher dissociation degree of the lithium
salt.30 Especially, the ionic conductivity of the CSPE reaches 2.66
� 10�5 and 5.36 � 10�4 S cm�1 at 30 �C and 80 �C, respectively.
Here, we try to understand the ion transport mechanism of the
CSPE. First, we compared the ionic conductivity of the CSPE and
HPEI-based polymer electrolyte (without ceramic nanowires
and the other conditions were the same) at 30 �C. As shown in
Fig. 4b (the insets also show the impedance spectra of the two
samples), it is found that the CSPE shows a much higher ionic
conductivity (1.85 times) than the sample without ceramic
Fig. 4 (a) Ionic conductivity of the CSPE film at a given temperature
(from 30 to 80 �C). (b) Comparison of the room temperature ionic
conductivity of the CSPE and HPEI–PGC–PCL/30 wt% LiTFSI. The
insets show the corresponding impedance spectra. (c) XRD profiles of
the polymer matrix (HPEI–PGC–PCL), polymer electrolyte (HPEI–
PGC–PCL/30wt% LiTFSI) and CSPE. (d) Chronoamperometry of the Li/
CSPE/Li symmetric cell at a potential step of 10 mV (conducted at 60
�C). The inset presents the AC impedance spectra before and after
polarization at 60 �C. (e) Linear sweep voltammogram of a Li/CSPE/SS
cell. (f) Impedance spectra of the CSPE after different storage times. (g)
The potential profiles of repeated Li plating and striping using the CSPE
with a current density of 0.5 mA cm�2 at 60 �C. The inset presents the
selected potential profiles.

6804 | J. Mater. Chem. A, 2019, 7, 6801–6808
nanowires, indicating the positive effect of ceramic nanowires
on improving the ionic conductivity of the HPEI-based polymer
electrolyte. It is believed that addition of ceramic nanollers can
reduce the crystallization of the polymer, resulting in the
improvement of ionic conductivity.31 However, comparing the
XRD pattern of HPEI–PGC–PCL/LiTFSI with that of the CSPE,
the crystalline peaks of the CSPE at 21–24� do not decrease,
suggesting that the ceramic nanowires have no obvious inu-
ence on HPEI–PGC–PCL crystallinity. Therefore, the improved
ionic conductivity of the CSPE should not belong to nanowire
reduced crystallization. It is reported that a fast ion transport
pathway can be constructed using ceramic nanowires, which
likely is the reason for the improved ionic conductivity of the
CSPE.26,27

On the other hand, we also tried to explore the important
role of the HPEI core in improving the ionic conductivity.
Therefore, we compared the ionic conductivity of CSPE with
that of PGC–PCL/ceramic lm/30 wt% LiTFSI (see the 1H NMR
of PGC–PCL in the ESI†). As shown in Fig. S4,† the composite
electrolyte based on PGC–PCL shows obviously low ionic
conductivity in the whole temperature range compared with the
CSPE, suggesting that HPEI also has a crucial role in improving
the ionic conductivity. This is because the HPEI backbones
contain high contents of N atoms that can promote ion-pair
dissociation (this is also conrmed by the IR spectra in
Fig. 2).15,32 Moreover, compared with O atoms of PEO, the
interaction between N atoms of HPEI and Li+ is lower, which is
more benecial to the transport of carriers.

In addition, lithium ions usually hop in the polymer elec-
trolytes decoupled with the movement of polymer segments at
a temperature below the melting point, which can be described
by using the Arrhenius model. However, lithium ions generally
migrate along polymer chains at a temperature above the
melting point, which obeys the Vogel–Tammann–Fulcher (VTF)
model.33 In this study, the experimental data in Fig. 4a are tted
via the Arrhenius model and VTF model at low temperature
(crystalline phase) and high temperature (amorphous phase),
respectively. Table S1† also shows the related tting parameters
of the models. As predicted, the activation energy (Ea VTF ¼
4.16 kJ mol�1) of the VTF model is much lower than that of the
Arrhenius model (Ea Arrhenius¼ 34.53 kJ mol�1) due to the higher
chain motion ability and dissociation degree of LiTFSI at higher
temperature. According to the two tting curves, a crossing
point can be obtained, which corresponds to a temperature of
the crystalline transition temperature (57 �C). Meanwhile, the
phase transition temperature is �50 �C according to the DSC
test (Fig. S2b†), which is generally consistent with the tting
result.

Ionic conductivity is determined by both anion and cationic
conduction. It is very crucial whether or not it is cationic
conduction. One effective method is to evaluate the lithium-ion
transference number (t+) of the CSPE. The t+ for the CSPE was
tested and calculated using the following equation

tþLi ¼
IsðDV � I0Rl0Þ
I0ðDV � IsRlsÞ (2)
This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta00180h


Fig. 5 (a) Charge–discharge curves of a LFP/CSPE/Li cell at different
current densities. (b) Cycling performance of the all-solid-state LFP/Li
cell using the CSPE film at C-rates from 0.2 to 2C. (c) Long-term
cycling performance of the LFP/CSPE/Li cell at 0.5C after the high rate
cycling (continuation of (b)). The experiment was conducted at 60 �C.
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where Is and I0 represent the steady and initial-state currents.
Rl0 and Rls are the initial and steady resistances (U) of the
passivation layer, respectively. DV is the voltage applied across
the Li/CSPE/Li cell. The inset of Fig. 4d shows the impedance
spectra before and aer polarization of the CSPE while the
current–time curve is also presented in Fig. 4d (Table S2† shows
the related parameters). Subsequently, a t+ of�0.57 is obtained,
which is very high compared with most of the reported SSEs.34–37

Three reasons can explain the high t+ of the CSPE. First, it has
been recognized that the hyperbranched structure of polymer
electrolyte matrices with exible terminal segments have better
ability to promote the transport of ions (compared with linear
polymers).22,38 Second, it should be noted that the polymer
matrix we used is a hyperbranched polyethylenimine-based
polymer. The high contents of N atoms in the polymer back-
bone can reduce the anion/cation binding energies, promoting
dissociation of the lithium salt,15 which likely can promote the
transport of lithium ions. Furthermore, it has been demon-
strated that addition of ceramic nanollers can increase the t+

because of the surface interactions between the polymer/
lithium salt and ceramic llers.27 Specically, the ceramic
nanowires help to dissociate LiTFSI and then more free lithium
ions are released.26 Synergizing the interaction of nitrogen
atoms and ceramic nanowires with the lithium salt results in
high t+ (the generally weaker coordinating between Li+ and
carbonyl groups than that of groups in PEO and Li+ might also
be a very crucial factor).

It is also signicantly important to assess the electro-
chemical stability of a SSE. Fig. 4e shows the linear sweep vol-
tammogram (LSV) of the Li/CSPE/SS cell at a scan rate of 5 mV
s�1. According to the LSV, the electrochemical window of the
CSPE is 4.9 V, which is high enough to match various cathodes
such as LFP and LCO-based cathodes.

Next, we present the AC impedance spectra of Li/CSPE/Li
aer different storage times in Fig. 4f. The diameter of capaci-
tive arcs (at the real part) in the impedance spectra at high
frequency represents the bulk resistance of the CSPE lm.
Meanwhile, the semicircle at intermediate frequency signies
the interface resistance (Ri) of the CSPE with electrodes. It is
seen that Ri increases and then decreases to a stable value (�4
kU aer storage for 18 days) with the increase of storage time,
conrming that the compatibility of the CSPE with Li electrodes
is good and also a stable passivation lm has been constructed
on the Li electrodes.39

The lithium plating/stripping experiments were conducted
at a current density of 0.5 mA cm�2 with a charge/discharge
time of 2 h at 60 �C to explore the ability of CSPE to inhibit
lithium dendrites. As shown in Fig. 4g, the average over-
potential of the Li/Li cell using the CSPE is�90mV and remains
relatively stable aer 60 h of cycling, suggesting that the CSPE
has the ability to resist the growth of lithium dendrites.

Up to date, it should be noted that the widely used cathode of
solid LIBs (especially PEO-based solid LIBs) has been based on
LFP due to its relatively low charging voltage (4 V). It is still
a great challenge to match SPEs with high-voltage cathodes
such as LCO-based cathodes. Fortunately, the as-prepared CSPE
with the above superior comprehensive electrochemical
This journal is © The Royal Society of Chemistry 2019
performance should be able to pair with high-voltage cathodes
and lithium metal anodes to obtain LIBs with excellent perfor-
mance (see below for the cell properties of the LFP/Li and LCO/
Li cells using the CSPE).

To conrm that the CSPE can be applied to LIBs in practice,
rst, we assembled a LFP/CSPE/Li coin cell to evaluate the
performance of the solid-state cell. Specically, Fig. 5a exhibits
the charge–discharge curves of the cell at C-rates from 0.2 to 2C.
It is amazing to nd that the discharge capacity is kept at
162 mA h g�1 at the C-rates of 0.2, 0.5 and 1C with only slightly
increased overpotential with the increase of current density due
to the polarization effect. Upon further increasing the current
density to 2C, the discharge capacity still can reach
�140 mA h g�1, further demonstrating the excellent rate
property of the HPEI-based composite all-solid-state polymer
electrolyte. The cycling performance of the solid-state cell at the
corresponding C-rate (from 0.2 to 2C) is presented in Fig. 5b. It
is clearly seen that charge and discharge capacity values are
almost coincident, indicating the extremely high coulombic
efficiency of the solid-state cell at different C-rates. Further-
more, once the C-rate is changed from 2 to 1C, the capacity is
almost the same as the original 1C, conrming the superior
reversibility of the cell.

Long-term cycling stability as well as high coulombic effi-
ciency is also very crucial for a solid-state cell to be practically
used. Aer the high C-rate cycling (0.2 to 2C), the cell is
continuously used to evaluate the long-term cycling perfor-
mance and coulombic efficiency at 0.5C (Fig. 5c, continuation of
Fig. 5b). It is clearly seen that the cell has an average discharge
capacity of 158 mA h g�1 with an average coulombic efficiency of
99.8% over 200 cycles, highlighting the excellent cell perfor-
mance using the HPEI-based CSPE.

For all-solid-state electrolytes, it is well known that the cor-
responding solid-state LCO/Li cell cannot have good cycling
J. Mater. Chem. A, 2019, 7, 6801–6808 | 6805
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performance and rate capacity due to the less stability of the
LCO-based cathode than that of the LFP-based cathode. In the
next step, we focused our attention on the cell performance of
the LCO/CSPE/Li cell and the voltage range was set from 3 to
4.3 V because of the high electrochemical window of the CSPE
(4.9 V). On the other hand, for the practical use of SSEs, the
active substance content of the cathode needs to be increased,
so the energy density of the cell can be increased. Therefore, in
this study, the active substance content of the LCO-based
cathode was increased to �4.5 mg cm�2 (the active substance
contents are usually limited to 1–2 mg cm�2). Fig. 6a shows the
charge–discharge curves of the LCO/CSPE/Li cell at different
cycles, and the rst discharge capacity reaches 130 mA h g�1

and the overpotential remains stable at different cycles. The
corresponding cycling performance of the cell at 0.1C is shown
in Fig. 6b. It can be seen that the discharge capacity is still
higher than 100 mA h g�1 aer 50 cycles and the coulombic
efficiency of the cell is increased from �90% at the rst cycle to
�100% aer 5 cycles. We further evaluated the rate capacity of
the LCO/CSPE/Li cell under different C-rates. Fig. 6c is the
typical charge–discharge curves of the cell at the C-rates of 0.1,
0.2 and 0.5C. With the increase of current density, the over-
potential increases due to the polarization effect. It is clearly
seen in Fig. 6d that the discharge capacity reaches 80 mA h g�1

at 0.5C. However, the discharge capacity slightly decreases once
the current density returns to 0.2 and 0.1C, which is likely
because of the relatively poor cycling stability of the LCO-based
cathode.

Generally, we have conrmed that the HPEI-based CSPE
exhibits excellent cycling performance and rate capacity using
LFP-based and LCO-based cathodes. The superior cell perfor-
mance is attributed to the reasonable ionic conductivity and the
high t+ value, which is obtained by synergizing the effective
dissociation of the lithium salt based on the HPEI core
Fig. 6 (a) Charge and discharge curves of a LCO/CSPE/Li cell at 0.1C
at different cycles. (b) Cycling performance of the LCO/Li cell using the
CSPE film at 0.1C. (c) Charge and discharge curves of a LCO/CSPE/Li
cell at different C-rates. (d) Cycling performance of the LCO/Li cell
using the CSPE film at the C-rates of 0.1, 0.2 and 0.5C.

6806 | J. Mater. Chem. A, 2019, 7, 6801–6808
containing high contents of N atoms, effective transport of Li
ions using polyester segments, and construction of ion chan-
nels at the interface between the polymer matrix and ceramic
nanowires.

Conclusions

Using hyperbranched PEI as the core, we prepared a new
hyperbranched PEI-based all-solid-state polymer electrolyte
matrix containing total polyester segments via sequential ROP
using glycolide and 3-caprolactone as monomers. Specically,
the hyperbranched PEI core containing N atoms could reduce
the anion/cation binding energies and promote the dissociation
of lithium salts. Meanwhile, the polyester segments were
benecial to transporting lithium ions. Addition of ceramic
nanowires further promoted the dissociation of lithium salts,
and the surface interactions between the polymer/lithium salt
and ceramic nanowires could act as ion transport channels. As
a result, the CSPE exhibited superior comprehensive electro-
chemical performance, such as a high room temperature ionic
conductivity (2.66 � 10�5 S cm�1), outstanding t+ (�0.57), wide
electrochemical window (4.9 V), and good compatibility with Li
metal. More importantly, the LFP/Li cell using the CSPE not
only presented superior rate capacity (discharge capacity was
maintained at 162 mA h g�1 at the C-rates of 0.2, 0.5 and 1C) but
also showed excellent long-term cycling performance (average
discharge capacity of 158 mA h g�1 with an average coulombic
efficiency of 99.8% over 200 cycles). Furthermore, the LCO/
CSPE/Li cell also exhibited very good cycling performance and
rate capacity under a high active substance content (�4.5 mg
cm�2) of the cathode. This study provides a new kind of CSPE
(using a nitrogen-containing hyperbranched polymer as
a matrix) for high performance all-solid-state high-voltage
lithium batteries, which has the potential to be applied in
next generation high energy density maintaining power devices.

Experimental
Materials

Hyperbranched polyethylenimine (HPEI, Aldrich, Mn ¼
�10 000 g mol�1), tin(II) 2-ethylhexanoate (95%, Aladdin), gly-
colide (GC, 99%, Macklin) and bis(triuoromethane)sulfoni-
mide lithium (LiTFSI, 99%, Aladdin) were used as received.
N,N0-Dimethyl formamide (DMF, AR, Beijing Chemical Works)
and 3-caprolactone (CL, 99%, Alfa Aesar) were dried with CaH2

and distilled prior to use.

Synthesis of the hyperbranched polymer electrolyte matrix

HPEI–PGC was obtained via ROP using GC as the monomer and
HPEI as the initiator (Sn(Oct)2 used as the catalyst). Subse-
quently, HPEI–PGC–PCL was synthesized by further ROP of
HPEI–PGC and CL while using Sn(Oct)2 as the catalyst.

Synthesis of HPEI–PGC

Typically, HPEI (0.54 g, 9.16 mmol of primary and secondary
amine groups), GC (1.775 g, 15.30 mmol), DMF (10 mL) and
This journal is © The Royal Society of Chemistry 2019
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Sn(Oct)2 (0.24 g, 0.59 mmol) were placed in a dry round-bottom
ask. The reaction unit was degassed by three freeze–pump–
thaw cycles. Then, the polymerization was performed at 135 �C
for 24 h. Aer the reaction, DMF was removed by reduced
pressure distillation. Subsequently, brown HPEI–PGC was ob-
tained by washing the mixture with methanol and drying in
a vacuum oven at 50 �C for 24 h.

Synthesis of HPEI–PGC–PCL

In a typical experiment, HPEI–PGC (0.3 g) and Sn(Oct)2 (0.020 g,
0.050 mmol) were added into a dry round-bottom ask. Toluene
(2 mL) was added into the reaction unit and then distilled
before DMF (10 mL) was added under a N2 atmosphere. Aer
temperature was raised up to 130 �C, CL (5 mL) was slowly
added to the mixture. The mixture was stirred vigorously for
24 h at 130 �C. Aer cooling, the mixture was precipitated in
excess methanol. The product (HPEI–PGC–PCL, a light yellow
powder) was obtained by ltration and dried in a vacuum at
50 �C for 24 h.

Preparation of the HPEI-based composite all-solid-state
polymer electrolyte (CSPE)

LiTFSI (0.3 g) and HPEI–PGC–PCL (3 g) were dissolved in THF (5
mL). The solution was added dropwise on the surface of a free-
standing aluminium oxide ceramic electrostatic spinning lm
containing the ceramic nanowires. Subsequently, the composite
lm was dried at 50 �C under vacuum conditions for 24 h to
obtain the CSPE.

Characterization

The FTIR spectra were obtained using a Thermo Nicolet
AVATAR 360 infrared instrument with an attenuated total
reectance (ATR) attachment, and the range of scanning wave
numbers was from 4000 to 500 cm�1. The structural informa-
tion (1H NMR spectra) of the hyperbranched polymers was
characterized via a JNM-ECZ400S (JEOL, 400 MHz) spectrom-
eter. SEM images and EDX data were obtained using a Hitachi
SU8010 Field Emission Scanning Electron Microscope (FESEM)
with an EDX detector. The samples were sputtered with Au for
30 s. Differential scanning calorimetry (DSC) tests were con-
ducted using a TA Instrument Q2000. During the DSC
measurements, an empty reference aluminum pan and pans
containing samples (�5 mg) with lids were heated from room
temperature to 150 �C at a rate of 10 �C min�1 and then cooled
to �90 �C at a rate of 10 �C min�1 under a N2 atmosphere. The
DSC data used were the second heating traces. A Perkin-Elmer
TGA 1 series instrument was used to analysis the thermal
stabilities of the series of the polymers with a heating rate of
20 �C min�1 from 50 to 600 �C under a N2 atmosphere.

Electrochemical measurements

The CSPE was sandwiched between two stainless steel (SS)
blocking electrodes to measure the ionic conductivity using
electrochemical impedance spectroscopy. The Li-ion transport
number was calculated by alternating current (AC) impedance
This journal is © The Royal Society of Chemistry 2019
and direct-current (DC) polarization measurement using a Li/
CSPE/Li symmetric cell. The electrochemical stability window
of the CSPE was obtained by using a Li/CSPE/SS coin cell using
a Zahner-Zennium electrochemical workstation. The detailed
information can be found in our previous reports.22,24,40

Furthermore, both LFP-based and LCO-based cathodes were
used to evaluate the cell performance of the CSPE. Both LFP and
LCO were kindly provided by Pulead Technology Industry Co.,
Ltd. For the LFP-based cathode, the active substance content
was 1.5–2.5 mg cm�2, while the LCO-based cathode contained
an active substance content of 4–5 mg cm�2.

In addition, the LFP-based cathode consisted of LFP
(70 wt%), super P (20 wt%) and PVDF (10 wt%). The LCO-based
cathode included LCO (90 wt%), super P (5 wt%) and PVDF
(5 wt%). The LFP/CSPE/Li and LCO/CSPE/Li cells were assem-
bled in an Ar-lled glovebox (MB-Labstar 1200/780) with H2O
and O2 contents lower than 0.5 ppm. A LANHE CT2001A battery
testing system was used to measure the cell performances of all
the all-solid-state batteries. Specically, the LCO/CSPE/Li cells
were galvanostatically charged and discharged between 3 and
4.3 V while the cells were run at 60 �C. The charge and discharge
ranges of the LFP/CSPE/Li cells were between 2.5 and 4 V and
the cells were also run at 60 �C.
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