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Abstract: A new family of chemical cross-linked ionogel is successfully synthesized by
photopolymerization of hyperbranched aliphatic polyester with acrylate terminal groups in an
ionic liquid of 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4). The microstructure,
viscoelastic behavior, mechanical property thermal stability, and ionic conductivities of the ionogels
are investigated systematically. The ionogels exhibit high mechanical strength (up to 1.6 MPa) and
high mechanical stability even at temperatures up to 200 ◦C. It is found to be thermally stable up
to 371.3 ◦C and electrochemically stable above 4.3 V. The obtained ionogels show superior ionic
conductivity over a wide temperature range (from 1.2× 10−3 S cm−1 at 20 ◦C up to 5.0× 10−2 S cm−1

at 120 ◦C). Moreover, the Li/LiFePO4 batteries based on ionogel electrolyte with LiBF4 show a
higher specific capacity of 153.1 mAhg−1 and retain 98.1% after 100 cycles, exhibiting very stable
charge/discharge behavior with good cycle performance. This work provides a new method for
fabrication of novel advanced gel polymer electrolytes for applications in lithium-ion batteries.

Keywords: ionogels; hyperbranched polymers; ionic liquid; chemical cross-linking; lithium-ion
batteries

1. Introduction

Recent years have witnessed a great deal of attention on the development of gel polymer
electrolytes (GPE) in many various electrochemical devices [1–3]. Commonly, GPE is composed of
host polymers and conducting salts dissolved in organic solvents [4,5]. However, some disadvantages
include low ionic conductivities and narrow electrochemical windows, especially, the flammability
and toxicity of the volatile solvents limits its application [6–8]. Ionogels, based on ionic liquids
with three-dimensional networks, are promising new GPE materials and have received considerable
attention owing to their attractive properties such as high ion mobility, high thermal stability, safety,
and nonflammability [9–15]. These characteristics of ionogels allow them to be considered as attractive
candidates for many applications in energy storage devices, actuators, and flexible electronics [16–20].
To our knowledge, currently, the investigation of ionogels has mainly focused on the electrolyte
based on the linear polymer as a homopolymer/copolymer matrix; however, the high crystallization
or glass transition temperature (Tg) makes it difficult to match well with ionic conductivity and
modulus [21–23]. On the other hand, the networks of noncovalent associations (hydrogen bonding,
host-guest interaction, phase separation or crystallization) for many physical cross-linked ionogels can
be easily broken and show weak mechanical stability at higher temperatures [24–26]. Therefore, it is
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both desirable and challenging to solve the breakage problem and prepare high-performance chemical
cross-linked ionogels from the functional polymer with low crystallinity or Tg.

Highly branched polymers, as one of the fastest growing polymers in function macromolecular
materials, have captured more and more attention because of their unique structural characteristics
and properties such as low crystallinity, controlled flexibility, and various functionalities [27–34].
Hyperbranched polymers (HPs), a unique class of branched polymer with a large number of terminal
groups, have been used as hot hosts for use in ion-conductive polymer electrolytes due to their
completely amorphous and low glass transition temperatures [35–39]. Commonly, most hyperbranched
polymers contain heteroatoms and the branches show high segmental motion ability, resulting in
a relatively high room temperature ionic conductivity [40]. For example, Lee et al. found that
poly(ethylene oxide)s with varying degrees of hyperbranching were effective at preventing the
crystallization of PEO and led to approximately a 100-fold increase in the Li-ion conductivity below
50 ◦C as compared with linear PEO. Moreover, a large number of functionalized terminal groups
make hyperbranched polymers improve the mechanical properties of the polymer electrolytes by
introducing crosslinking [41]. Itoh et al. found that the cross-linked composite polymer electrolytes of
cross-linkable hyperbranched polymer capped with acryloyl group showed higher tensile strength
than the non-cross-linked composite polymer electrolyte. Importantly, lots of the hyperbranched
polymers can be easily dissolved in ionic liquids due to many kinds of polar groups in its side
chain, such as acrylate (the hyperbranched star polymer with hyperbranched polystyrene as the
core and polymethyl methacrylate block poly(ethylene glycol) methyl ether methacrylate) and amino
end groups (hyperbranched polyamidoamine) [42]. Therefore, the unique branched architectures of
hyperbranched polymers make it one of the most polymer matrixes for preparing high performance
ionogels with high ionic conductivity and high mechanical properties.

In this paper, we synthesized a novel chemical cross-linked ionogel for the first time by
photopolymerization of hyperbranched aliphatic polyester with terminal acryloyl groups in ionic
liquid BMIMBF4. Microstructure, viscoelastic behavior, mechanical properties, thermal stability, and
ionic conductivities for these ionogels have been comprehensively studied. Additionally, a Li battery
cell was successfully fabricated by using the obtained ionogels as electrolytes and was found to display
excellent, highly specific capacity and good cycle stability.

2. Experimental Methods

2.1. Materials

2-ethyl-2-(hydroxymethyl)-l,3-propanediol (TMP), p-toluene sulfonic acid (PTS), acrylic acid,
2, 2-bis(hydroxymethyl)propionic acid (DMPA), 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF4) (Ionic liquid), 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator),
lithium borofluoride (LiBF4), N,N-dimethylformamide (DMF), and poly(vinylidene fluoride) (PVDF,
Mw = 534,000) were purchased from Sigma-Aldrich (Shanghai, China) and used as received.

2.2. Synthesis of Acrylate Terminated Hyperbranched Polymers (HP-A)

Acrylate terminated hyperbranched polymers were synthesized via a two-step process
(Figure 1) [43]. First, hyperbranched aliphatic polyester (HP-OH) was synthesized via a
pseudo-one-step reaction by using 2, 2-bis(hydroxymethyl)propionic acid (DMPA), (9.49 g, 70 mmol),
2-ethyl-2-(hydroxymethyl)-l,3-propanediol (TMP), (1.34 g, 10 mmol) and a catalytic amount of PTS
reacted in an oil bath preheated to 140 ◦C. The mixture was left to react under a stream of nitrogen
within 1 h, removing the water formed during the reaction. Then, the reaction continued under a
vacuum for an additional 2 h. Then, another 8.05 g (60 mmol) of DMPA was added in the reaction
vessel and a vacuum was applied again for 2 h. After the reaction, a white waxy solid product of
HP-OH with 16 hydroxyl was obtained (Figure S1). The molecular weight of HP-OH was measured
to be 1700 g/mol by GPC measurement. Second, HP-A was synthesized by acrylate modification of
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HP-OH [44]. Eight grams of HP-OH (80 mmol OH-groups) was added to a round-bottomed flask
and preheated until it melted in an oil bath preheated to 120 ◦C. Then 2.88 g (40 mmol) of acrylic
acid, catalytic amounts of the inhibitors hydroquinone and nitrobenzene, and 8 g of toluene were
added, and the temperature was set to 110 ◦C. When a homogenous mixture of the added reagents
was obtained, 0.5 g of the catalyst, PTS, was added. The reaction mixture was refluxed for 1 h under
constant stirring and air flow to prevent premature cross-linking. The reaction was then quenched by
immersing the flask into an ice-water bath. The crude sample was poured into a large amount of water.
The precipitate was washed with a large amount of water several times and, after being dried under a
vacuum, brown viscous products of HP-A with eight double bonds were obtained. The substitution
degree of hydroxyl groups by acrylic groups can be calculated from the 1H NMR spectrum; the degree
of acrylation is 50% and HP-A has eight double bonds (Figure S2) [45]. The molecular weight of HP-A
was measured to be 2200 g/mol by GPC measurement.
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Figure 1. Schematic illustration of (a) synthesis of acrylate terminated hyperbranched polymer (HP-A)
and (b) ionogel from acrylate terminated hyperbranched polymer by photopolymerization.

2.3. Synthesis of Ionogels by UV Curing

A certain quality of HP-A (1.0 g, 1.5 g, 2.0 g, 2.5 g and 3.0 g) was dissolved in ionic
liquid of BMIMBF4 (9 g, 8.5 g, 8 g, 7.5 g, and 7 g) under magnetic stirring at 60 ◦C for 2 h to
obtain a homogenous mixture with the weight fractions of 10, 15, 20, 25 and 30 wt % of HP-A,
respectively. To this HP-A/IL mixture, 1 wt % (mass fraction with respect to HP-A content) of
2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (as the initiator) was added and stirred for
1 h at 60 ◦C. The obtained mixers were put into an ultraviolet exposure chamber (SCIENTZ 03-II,
Ningbo Scientz Biotechnology (Co., Ltd., Ningbo, China). After being irradiated with a power of 50 W
and a wavelength of 365 nm for 2 h, the chemical crosslinking ionogels with 10, 15, 20, 25, and 30 wt %
of HP-A were obtained and were named Ionogel-1, Ionogel-2, Ionogel-3, Ionogel-4, and Ionogel-5,
respectively. The chemical structures of ionic liquids and acrylate terminated hyperbranched polymer
(HP-A) and the reaction scheme are given in Figure 1.
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2.4. Preparation of the Ionogel Electrolyte Membranes

The ionogels electrolytes membranes (HP/ionic liquid/PVDF/LiBF4) were prepared by
solution-casting and UV curing techniques. The hyperbranched polymer (HP-A), photoinitiator,
lithium salt, ionic liquid, and poly(vinylidene fluoride) (PVDF) were added to N,N-dimethylformamide
(DMF), and then the solution was poured into Teflon mold. After drying, the obtained mixers were
irradiated with a power of 50 W and a wavelength of 365 nm for 2 h, and the chemical crosslinking
ionogels electrolyte membranes were obtained. In this experiment, the ionogel electrolyte membrane
of 30% HP-A/50% BMIMBF4/10% PVDF/10% LiBF4 was used.

2.5. Characterization

FTIR spectra were recorded in the region of 400–4000 cm−1 for each sample on a Varian-640
spectrophotometer (Varian, CA, USA). The spectrum for each sample was obtained from averaging
32 scans over the selected wave number range. Rheological measurement were performed on
a stress-controlled rheometer (TA-AR2000EX, TA Instruments, Liverpool, UK) equipped with a
parallel-plate geometry (diameter 25 mm). Before the oscillatory shear measurements, a strain sweep
from 0.1 to 100% with a fixed frequency of 6.28 rad/s was performed for each sample to determine the
linear viscoelastic regime. The chosen strains of 1–8% fell well within the linear viscoelastic regime
for the frequency range of 0.01–100% rad/s in the oscillatory shear measurement. The experimental
temperature was mainly set at 25 ◦C. The dynamic temperature sweep measurements at an angular
frequency of 6.28 rad/s were conducted from 25 to 200 ◦C with a heating rate of 1 ◦C/min. For
each sweep measurement, repeat specimens were requested, and the number of repeat specimens
was three in order to examine the data reproducibility. All measurements were conducted under a
nitrogen atmosphere. Ionic conductivities of the ionogels were measured using a Zahner Zennium
pro electrochemical workstation (Zahner, Kronach, Germany) over the frequency range from 1 Hz
to 500 kHz at an AC oscillation of 10 mV. The measurements of the samples, having a diameter of
8 mm and thickness of 2 mm, were carried out in a cell which consisted of a Teflon spacer sandwiched
between two platinum-coated stainless-steel electrodes. The cell constant was determined using a
0.01 M KCl aqueous solution at 25 ◦C as the reference. Ionic conductivities were calculated from
the bulk resistances obtained from the impedance spectra. The minimum in the Nyquist plot of
the negative imaginary part of the impedance versus the real part of the impedance was taken as
the sample resistance, R. The ionic conductivity, σ, was calculated as d/(RS), where d and S are the
thickness and area of the sample, respectively. Scanning electron microscopy (SEM) images of the
samples were obtained on a JEOL SEM 6700 operating at 5 kV, and the ionogel samples were first
surface treated and then coated with platinum before the SEM observation. 1H NMR spectra was
obtained from a 800 MHz Bruker Aspect NMR, using DMSO-d6 and CDCl3 as solvents. Thermal
analysis of ionogels was performed using a Perkin Elmer TGA 6 (Perkin Elmer Instruments, Fremont,
CA, USA) under nitrogen atmosphere. The temperature ranged from 25 to 800 ◦C with a heating rate
of 15 ◦C/min. For TGA measurement, three specimens were analyzed to assess data reproducibility.

3. Results and Discussion

3.1. Synthesis and Microstructure of Ionogels

The chemical cross-linked ionogels were synthesized by photopolymerization of acrylate
terminated hyperbranched polymer (HP-A) in ionic liquid BMIMBF4 (Figure 1). HP-A with eight
double bonds was synthesized by acrylate modification of hyperbranched aliphatic polyester HP-OH
which has 16 hydroxyl end groups per molecule. Furthermore, the FTIR spectra were used to confirm
the polymerization, and the results are illustrated in Figure S3. Note that ionogel samples were treated
and clean up the ionic liquid (named as xerogel) to show signals clearly in FTIR experiments. The
FTIR spectrums of HP-OH shows the bands of -OH 3500–3100 cm−1 and the C=O (ester carbonyl)
stretching band at 1721 cm−1. For HP-A, the band of -OH at 3500–3100 cm−1 displays an obvious
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decrease as compared to HP-OH and the percentage reduction is about 50%, indicating that half of
-OH is converted. However, the characteristic bands of C=C peaks at 1637 cm−1 and 1616 cm−1 for
acrylic groups appear. After polymerization, for the obtained ionogels and xerogel without ionic
liquid, the C=C peaks at 1637 cm−1 and 1616 cm−1 are disappeared, indicating that all of the acrylate
terminated hyperbranched polymer has been completely polymerized. More importantly, for the
spectrum of ionogels compared with xerogel without ionic liquid, the characteristic absorption peak of
C=O shifts to a higher wavenumber, which corresponds to the noncovalent interactions among the
polymer matrix and ionic liquids34. Moreover, the glass transition temperature (Tg) at −7.5 ◦C for
HP-A can be observed in DSC curves (Figure S4). Note that the obtained ionogels show no Tg in a
wide temperature range from −50 to 100 ◦C, suggesting that it can be used as a good electrolyte for
low-temperature electronic devices.

The samples of the ionic liquid solution before curing exhibit good transmittance and fluidity
for molding; therefore, the obtained ionogels have light transmission and are easy to process into a
round shape (Figure 2a,b). Moreover, the self-supporting ionogel film can be bent (Figure 2c), which
demonstrates that the ionogel has flexibility. To study the microstructure of ionogels in detail, SEM
measurements were carried out. Figure 2d,e presents typical SEM images, showing the morphologies
of the freeze-dried samples. It can be seen from Figure 2d that the cross section surface is extremely
rough and contains lots of holes. In Figure 2e, at a higher magnification, the nanometer-sized pores
with sizes about 100 nm are observed. Interestingly, the pore wall has a beads-shaped network
structure which is constructed from cross-linked spherule particles of HP-A, and the particle size is
about 20 nm in diameter. It is known that the size of the ions of [BMIM]+ and [BF4]− for ionic liquid
BMIMBF4 is less than 1 nm [46], which is far smaller than the size of the hole and interior cavities of
hyperbranched polymer, making it possible for ions to move freely and quickly, and, therefore, the
ionogels will possess superior ionic conductivity.
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3.2. Viscoelastic and Mechanical Properties of Ionogels

The dynamic viscoelasticity of ionogels with different contents of HP-A were measured. The
changes of storage modulus (G′) and loss modulus (G”) as a function of angular frequency for
ionogels are shown in Figure 3a. For all ionogels, the typical rubberlike behavior is observed, as
G′ is always higher than G”, and G′ becomes independent of frequency over the entire investigated
frequency range. It is also clearly seen from Figure 3a that the storage modulus increases as polymer
loading increases, which is due to the fact that network densities increase with increasing polymer
concentration. Furthermore, these ionogels have good modulus up to 105 Pa, indicating the appropriate
mechanical strengths of these ionogels for applications. Commonly, temperature can negatively
impact the performance and stability of electrolytes, especially for the physical cross-linked gel
polymer electrolytes [11,14]. However, these chemical cross-linked ionogels display high mechanical
stability, and the solid state structure is not destroyed even at temperatures up to 200 ◦C (Figure 3b).
Therefore, the obtained ionogels can be used as high performance electrolytes in high-temperature
electronic devices.
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with increasing temperature at an angular frequency of 6.28 rad/s for ionoge-5; (c) twisted rectangular
shape ionogel; (d) stress-strain curves of ionogels with different content of HP-A.

Mechanical strength is an important property for gel polymer electrolytes when used and
assembled in an electronic device. It can be seen from Figure 3c that the rectangular shape ionogel
can be twisted, which demonstrates the ionogel has good mechanical properties. The tensile property
tests were performed and the stress–strain curves are shown in Figure 3d. It can be seen that the
tensile strength increases with increasing HP-A content, while the elongation at the break decreases
with increasing HP-A content. The tensile strength for Ionogel-2 with 15% hyperbanched polymer
is 0.3 ± 0.1 MPa, while the tensile strength for Ionogel-5 with 30% hyperbranched polymer sharply
increases to 1.6 ± 0.2 MPa and has about a 500% enhancement. These data suggest that the obtained
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ionogels with high modulus and mechanical strength are desirable as new electrolytes for preparing
high performance devices.

3.3. Thermal Stability of Ionogel

It is known that the thermal stability of the electrolytes is of great importance for securing device
safety. Thermogravimetric analysis (TGA) and differential thermal gravimetric (DTG) curves of ionic
liquid BMIMBF4, HP-A and ionogels are shown in Figure 4. For ionic liquid BMIMBF4, the TGA
shows a noticeable change only above 400 ◦C and the DTG curve shows only a single peak at 457.9 ◦C,
demonstrating the good thermal stability for BMIMBF4 as an electrolyte. The hyperbranched polymer
of HP-A undergoes a noticeable weight loss process from 385.3 ◦C, while the DTG curve shows a
single peak at 463.5 ◦C. For the ionogels, the initial thermal decomposition temperature is 371.3 ◦C,
and the DTG curve shows that the tiptop temperature of pyrolysis is 463.5 ◦C. These results reveal that
the obtained ionogels with excellent thermal stability can be highly useful as a gel polymer electrolyte
for fabricating high-temperature electrolyte devices.
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3.4. Ionic Conductivity of Ionogels

The electrochemical properties of these ionogels were measured and the impedance spectra
of ionogels with different contents of hyperbranched polymer at room temperature are shown in
Figure 5a. The minimum in the Nyquist plot of the negative imaginary part of the impedance versus
the real part of the impedance is taken as the sample resistance. It can be seen that the resistance of the
ionogels increases with increasing the contents of the hyperbranched polymer. Ionic conductivities can
be calculated from the bulk resistances, and the results are shown in Figure 5b. The ionic conductivity
of the ionogels decreases with increasing the contents of the hyperbranched polymer, which is due
to the decrease of ion concentration. Note that the room temperature ionic conductivity of all the
ionogels is still more than 1 mS cm−1, even the polymer content is up to 30%. The main reason for
this is ascribed to the porous structure with beads-shaped networks and the hyperbranched polymers
are completely amorphous with nanocavities, which makes ions move freely. The electrochemical
stability of the ionogel was also characterized by linear sweep voltammetry. As shown in Figure S5,
the ionogel-5 displays good electrochemical stability and the electrochemical window is 4.3 V, which
can meet the demand of the application for lithium-ion batteries.
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The Arrhenius plots for the temperature dependence of ionic conductivity of ionic liquid BMIMBF4

and ionogels with different contents of hyperbranched polymer over the temperature range of
20–120 ◦C is also shown in Figure 6. It clearly shows that for all the samples, the ionic conductivity
monotonously increases along with increasing temperature. Furthermore, the ionic conductivity of the
ionogels decreases with increasing the contents of the hyperbranched polymer. The ionic conductivities
of all the ionogels are between 1.2 × 10−3 S cm−1 and 5.0 × 10−2 S cm−1, which completely satisfies
the requirement for the practical application in Li batteries as gel polymer electrolytes.
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3.5. Charging/Discharging Performance of Li/LiFePO4 Cells

To characterize the electrochemical performance of the obtained ionogels, we fabricated cells
using LiFePO4 as the cathode and metallic lithium counter electrodes assembled with ionogels (30%
HP-A/50% BMIMBF4/10% PVDF/10% LiBF4). Figure 7a shows that the pouch cell assembled with the
obtained ionogels can successfully light up a yellow LED lamp. Typical charge and discharge profiles
of the cells at room temperature at a charge-discharge rate of 0.1 C are displayed in Figure 7b. A higher
specific capacity of 153.1 mAhg−1 is obtained, which is comparable to the literature results [23,38].
The Li/ionogels/LiFePO4 cell has been evaluated for cycle ability with a constant charge/discharge
current density (0.1 C/0.1 C) at room temperature, and the results are shown in Figure 7c,d. The
discharge capacity is maintained at a value of 147.2 mAhg−1 after 100 cycles, which is 96.1% of its
largest discharge capacity. The columbic efficiency, determined by the ratio between the discharge and
charge capacity, is found to be 98.1%, which is very close to 100%, suggesting that the cell exhibits very
stable charge/discharge behavior with good cycle performance.
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Figure 7. (a) A photograph showing a yellow LED lamp (~2.0 V) connected to the cell assembled
with the ionogels; (b) charge and discharge profiles at room temperature for LiFePO4/30% HP-A/50%
BMIMBF4/10% PVDF/10% LiBF4/Li cells (with a charge-discharge rate of 0.1 C); (c) and (d) cycling
performance of the cell at room temperature for 100 cycles.

Figure 8a shows the typical charge/discharge profiles of the cells under different temperatures
at 0.1 C. It can be seen that the discharge capacity at 80 ◦C is 201.5 mAhg−1, which is much higher
than that at 50 ◦C (179.2 mAhg−1) and 25 ◦C (153.1 mAhg−1). Such an improvement in capacity
might be related to the increased movement of the polymer chain segment as well as high ion mobility
at an elevated temperature. Surprisingly, the values at 50 ◦C and 80 ◦C are even in excess of the
theoretical value of 170 mAhg−1 for LiFePO4. Similar results have also been observed in lithium ion
batteries based on LiFePO4 and other anodes, which was mainly ascribed to the special nanostructure
of the interface and the reversible redox reaction between the lithium ions and the oxygenic groups
(–C=O) at the interface [47–50]. For our system, the ionogel electrolyte with a special beads-shaped
network structure and nanometer-sized pores was wrapped around the cathode material LiFePO4,
which could cause the interface to have a special nanostructure. Meanwhile, the polymer matrix of the
hyperbranched polymer contains lots of oxygenic groups (–C=O). Therefore, a highly-specific capacity
beyond theoretical capacity was obtained for the system with special ionogel based on a hyperbranched
polymer. The rate performances of the fabricated Li/ionogel/LiFePO4 cell are shown in Figure 8b,c.
Note that the cell was charged at a constant charge current density of 0.1 C and discharged at various
current densities ranging from 0.1 to 1 C. The specific discharge capacities of the cell at 0.1, 0.2, 0.5,
and 1 C are 153.1, 141.1, 124.5, and 104.6 mAhg−1, respectively (Figure 8b). Interestingly, the original
capacity is largely recovered while the C-rate is switched abruptly from 1 C to 0.1 C again (Figure 8c),
indicating that the cell is robust and highly stable. As a result, cells with these chemical cross-linked
ionogel electrolytes based on a hyperbranched polymer are practical both in the common and high
temperature environment.
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Figure 8. (a) Charge and discharge profiles under 25 ◦C, 50 ◦C, and 80 ◦C at a current rate of 0.1 C;
(b) discharge profiles at various C-rates from 0.1 to 1 C (25 ◦C); (c) rate performances of the cell at 25 ◦C,
where discharge current densities are varied from 0.1 to 1.0 C at a constant charge current density of
0.1 C.

4. Conclusions

In summary, the chemically cross-linked ionogels based on an acrylated hyperbranched polymer
and ionic liquid of BMIMBF4 were synthesized by photopolymerization. The ionic conductivity of the
ionogels decreased with increasing the contents of hyperbranched polymer, but the ionic conductivities
of all the ionogels were between 10−3 S cm−1 and 10−1 S cm−1, which completely satisfied the
requirements for the practical application in Li batteries. The modulus and mechanical strength
of the ionogels increased with increasing the contents of the polymer. Importantly, these chemical
cross-linked ionogels showed high mechanical stability and the solid state structure was not destroyed
even at temperatures up to 200 ◦C. The obtained ionogels had very high thermal stability, which could
sustain 371.3 ◦C thermal treatments. Moreover, the Li/ionogel/LiFePO4 batteries showed a higher
specific capacity of 153.1 mAhg−1 and exhibited very stable charge/discharge behavior with good
cycle performance, for which the capacity could retain 98.1% after 100 cycles. Therefore, the studies
suggest that the obtained ionogels based on a hyperbranched polymer are promising candidates for
stable and high performance energy storage and conversion devices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/3/444/s1,
Figure S1: 1H NMR spectra of HP-OH; Figure S2: 1H NMR spectra of HP-A; Figure S3: (a) FTIR patterns of neat
HP-OH, HP-A, BMIMBF4, Xerogel, and ionogels. (b) The right pattern is the magnified FTIR patterns from 1400
to 1900 cm−1; Figure S4: The melting DSC curves of HP-A and Ionogel-3 at a heating rate of 20 ◦C/min; Figure S5:
Linear sweep voltammograms of ionogel-5 at room temperature.

Author Contributions: H.S. and X.B. supervised the experiments, reviewed and revised the manuscript; K.Z.
performed the experiments and wrote the manuscript. X.D., Z.W., and J.L. analyzed some results and took an
active role in the preparation of the manuscript. All authors have read and approved the final manuscript.

Funding: This research received no external funding.

http://www.mdpi.com/2073-4360/11/3/444/s1


Polymers 2019, 11, 444 11 of 13

Acknowledgments: The authors acknowledge the financial supports acknowledge the financial supports from
the National Science Foundation of China (Grant No. 21274037 and 21304029), the Natural Science Foundation of
Hebei Province (Grant No. B2017201019).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, M.; Zhou, D.; He, Y.-B.; Fu, Y.; Qin, X.; Miao, C.; Du, H.; Li, B.; Yang, Q.-H.; Lin, Z.; et al. Novel gel
polymer electrolyte for high-performance lithium-sulfur batteries. Nano Energy 2016, 22, 278–289. [CrossRef]

2. Shi, J.; Yang, Y.; Shao, H. Co-polymerization and blending based PEO/PMMA/P(VDF-HFP) gel polymer
electrolyte for rechargeable lithium metal batteries. J. Membr. Sci. 2018, 547, 1–10. [CrossRef]

3. Yang, X.; Zhang, F.; Zhang, L.; Zhang, T.; Huang, Y.; Chen, Y. A High-Performance Graphene Oxide-Doped
Ion Gel as Gel Polymer Electrolyte for All-Solid-State Supercapacitor Applications. Adv. Funct. Mater. 2013,
23, 3353–3360. [CrossRef]

4. Li, Q.P. Multifunctional Ionogels Incorporated with Lanthanide (Eu3+, Tb3+) Complexes Covalently Modified
Multi-Walled Carbon Nanotubes. Polymers 2018, 10, 1099. [CrossRef]

5. Song, H.; Zhao, N.; Qin, W.; Duan, B.; Ding, X.; Wen, X.; Qiu, P.; Ba, X. High-performance ionic liquid-based
nanocomposite polymer electrolytes with anisotropic ionic conductivity prepared by coupling liquid crystal
self-templating with unidirectional freezing. J. Mater. Chem. A 2015, 3, 2128–2134. [CrossRef]

6. Lewandowski, A.; Swiderska-Mocek, A. Ionic liquids as electrolytes for Li-ion batteries-An overview of
electrochemical studies. J. Power Sources 2009, 194, 601–609. [CrossRef]

7. Ye, Y.-S.; Rick, J.; Hwang, B.J. Ionic liquid polymer electrolytes. J. Mater. Chem. A 2013, 1, 2719–2743.
[CrossRef]

8. Chen, N.; Xing, Y.; Wang, L.; Liu, F.; Li, L.; Chen, R.; Wu, F.; Guo, S. “Tai Chi” philosophy driven rigid-flexible
hybrid ionogel electrolyte for high-performance lithium battery. Nano Energy 2018, 47, 35–42. [CrossRef]

9. Le Bideau, J.; Viau, L.; Vioux, A. Ionogels, ionic liquid based hybrid materials. Chem. Soc. Rev. 2011, 40,
907–925. [CrossRef] [PubMed]

10. Yuen, A.; Porcarelli, L.; Aguirresarobe, R.; Sanchez-Sanchez, A.; Del Agua, I.; Ismailov, U.; Malliaras, G.;
Mecerreyes, D.; Ismailova, E.; Sardon, H. Biodegradable Polycarbonate Iongels for Electrophysiology
Measurements. Polymers 2018, 10, 989. [CrossRef]

11. Ueki, U.T.; Usui, R.; Kitazawa, Y.; Lodge, T.P.; Watanabe, M.Y. Thermally Reversible Ion Gels with
Photohealing Properties Based on Triblock Copolymer Self-Assembly. Macromolecules 2015, 48, 5928–5933.
[CrossRef]

12. Zhao, N.; Liu, Y.; Zhao, X.; Song, H. Liquid crystal self-assembly of halloysite nanotubes in ionic liquids:
A novel soft nanocomposite ionogel electrolyte with high anisotropic ionic conductivity and thermal stability.
Nanoscale 2016, 8, 1545–1554. [CrossRef] [PubMed]

13. Wang, S.; Hsia, B.; Alper, J.P.; Carraro, C.; Wang, Z.; Maboudian, R. Comparative studies on electrochemical
cycling behavior of two different silica-based ionogels. J. Power Sources 2016, 301, 299–305. [CrossRef]

14. Lodge, T.P.; Ueki, T. Mechanically Tunable, Readily Processable Ion Gels by Self-Assembly of Block
Copolymers in Ionic Liquids. Acc. Chem. Res. 2016, 49, 2107–2114. [CrossRef] [PubMed]

15. Chen, B.; Lu, J.J.; Yang, C.H.; Yang, J.H.; Zhou, J.; Chen, Y.M.; Suo, Z. Highly Stretchable and Transparent
Ionogels as Nonvolatile Conductors for Dielectric Elastomer Transducers. ACS Appl. Mater. Interfaces 2014, 6,
7840–7845. [CrossRef] [PubMed]

16. Chang, L.; Zhang, X.; Ding, Y.; Liu, H.; Liu, M.; Jiang, L. Ionogel/Copper Grid Composites for
High-Performance, Ultra-Stable Flexible Transparent Electrodes. ACS Appl. Mater. Interfaces 2018, 10,
29010–29018. [CrossRef] [PubMed]

17. Thiemann, S.; Sachnov, S.J.; Pettersson, F.; Bollstrom, R.; Osterbacka, R.; Wasserscheid, P.; Zaumseil, J.
Cellulose-Based Ionogels for Paper Electronics. Adv. Funct. Mater. 2014, 24, 625–634. [CrossRef]

18. Guo, S.; Zhao, K.; Feng, Z.; Hou, Y.; Li, H.; Zhao, J.; Tian, Y.; Song, H. High performance liquid crystalline
bionanocomposite ionogels prepared by in situ crosslinking of cellulose/halloysite nanotubes/ionic liquid
dispersions and its application in supercapacitors. Appl. Surf. Sci. 2018, 455, 599–607. [CrossRef]

http://dx.doi.org/10.1016/j.nanoen.2016.02.008
http://dx.doi.org/10.1016/j.memsci.2017.10.033
http://dx.doi.org/10.1002/adfm.201203556
http://dx.doi.org/10.3390/polym10101099
http://dx.doi.org/10.1039/C4TA05720A
http://dx.doi.org/10.1016/j.jpowsour.2009.06.089
http://dx.doi.org/10.1039/C2TA00126H
http://dx.doi.org/10.1016/j.nanoen.2018.02.036
http://dx.doi.org/10.1039/C0CS00059K
http://www.ncbi.nlm.nih.gov/pubmed/21180731
http://dx.doi.org/10.3390/polym10090989
http://dx.doi.org/10.1021/acs.macromol.5b01366
http://dx.doi.org/10.1039/C5NR06888F
http://www.ncbi.nlm.nih.gov/pubmed/26681209
http://dx.doi.org/10.1016/j.jpowsour.2015.09.121
http://dx.doi.org/10.1021/acs.accounts.6b00308
http://www.ncbi.nlm.nih.gov/pubmed/27704769
http://dx.doi.org/10.1021/am501130t
http://www.ncbi.nlm.nih.gov/pubmed/24758275
http://dx.doi.org/10.1021/acsami.8b09023
http://www.ncbi.nlm.nih.gov/pubmed/30080390
http://dx.doi.org/10.1002/adfm.201302026
http://dx.doi.org/10.1016/j.apsusc.2018.06.026


Polymers 2019, 11, 444 12 of 13

19. Zhong, Y.; Nguyen, G.T.M.; Nesse, C.; Vida, F.; Jager, E.W.H. Highly Conductive, Photolithographically
Patternable Ionogels for Flexible and Stretchable Electrochemical Devices. ACS Appl. Mater. Interfaces 2018,
10, 21601–21611. [CrossRef] [PubMed]

20. Wang, S.; Hsia, B.; Carraro, C.; Maboudian, R. High-performance all solid-state micro-supercapacitor based
on patterned photoresist-derived porous carbon electrodes and an ionogel electrolyte. J. Mater. Chem. A
2014, 2, 7997–8002. [CrossRef]

21. Osada, I.; de Vries, H.; Scrosati, B.; Passerini, S. Ionic-Liquid-Based Polymer Electrolytes for Battery
Applications. Angew. Chem. Int. Ed. 2016, 55, 500–513. [CrossRef] [PubMed]

22. Marr, P.C.; Marr, A.C. Ionic liquid gel materials: Applications in green and sustainable chemistry. Green Chem.
2016, 18, 105–128. [CrossRef]

23. Que, M.; Tong, Y.; Wei, G.; Yuan, K.; Wei, J.; Jiang, Y.; Zhu, H.; Chen, Y. Safe and flexible ion gel based
composite electrolyte for lithium batteries. J. Mater. Chem. A 2016, 4, 14132–14140. [CrossRef]

24. Zhang, X.; Kar, M.; Mendes, T.C.; Wu, Y.; MacFarlane, D.R. Supported Ionic Liquid Gel Membrane
Electrolytes for Flexible Supercapacitors. Adv. Energy Mater. 2018, 8, 1702702. [CrossRef]

25. Tamate, R.; Hashimoto, K.; Horii, T.; Hirasawa, M.; Li, X.; Shibayama, M.; Watanabe, M. Self-Healing Micellar
Ion Gels Based on Multiple Hydrogen Bonding. Adv. Mater. 2018, 30, 1802792. [CrossRef] [PubMed]

26. Yang, H.M.; Kwon, Y.K.; Lee, S.B.; Kim, S.; Hong, K.; Lee, K.H. Physically Cross-Linked Homopolymer Ion
Gels for High Performance Electrolyte-Gated Transistors. ACS Appl. Mater. Interfaces 2017, 9, 8813–8818.
[CrossRef] [PubMed]

27. Sen, S.; Jayappa, R.B.; Zhu, H.; Forsyth, M.; Bhattacharyya, A.J. A single cation or anion dendrimer-based
liquid electrolyte. Chem. Sci. 2016, 7, 3390–3398. [CrossRef] [PubMed]

28. Niu, Y.; Qu, R.; Sun, C.; Wang, C.; Chen, H.; Ji, C.; Zhang, Y.; Shao, X.; Bu, F. Adsorption of Pb(II) from
aqueous solution by silica-gel supported hyperbranched polyamidoamine dendrimers. J. Hazard. Mater.
2013, 244, 276–286. [CrossRef] [PubMed]

29. Huang, J.F.; Luo, H.M.; Liang, C.D.; Sun, I.W.; Baker, G.A.; Dai, S. Hydrophobic bronsted acid-base ionic
liquids based on PAMAM dendrimers with high proton conductivity and blue photoluminescence. J. Am.
Chem. Soc. 2005, 127, 12784–12785. [CrossRef] [PubMed]

30. Liu, Y.; Xu, L.; Liu, J.; Liu, X.; Chen, C.; Li, G.; Meng, Y. Graphene oxides cross-linked with hyperbranched
polyethylenimines: Preparation, characterization and their potential as recyclable and highly efficient
adsorption materials for lead(II) ions. Chem. Eng. J. 2016, 285, 698–708. [CrossRef]

31. Sakae, H.; Nagatani, H.; Imura, H. Ion transfer and adsorption behavior of ionizable drugs affected by
PAMAM dendrimers at the water vertical bar 1,2-dichloroethane interface. Electrochim. Acta 2016, 191,
631–639. [CrossRef]

32. Qu, R.; Sun, C.; Ma, F.; Zhang, Y.; Ji, C.; Yin, P. Removal of Fe(III) from ethanol solution by silica-gel supported
dendrimer-like polyamidoamine polymers. Fuel 2018, 219, 205–213. [CrossRef]

33. Ma, F.; Qu, R.; Sun, C.; Wang, C.; Ji, C.; Zhang, Y.; Yin, P. Adsorption behaviors of Hg(II) on chitosan
functionalized by amino-terminated hyperbranched polyamidoamine polymers. J. Hazard. Mater. 2009, 172,
792–801. [CrossRef] [PubMed]

34. Zhao, X.; Guo, S.; Li, H.; Liu, J.; Liu, X.; Song, H. In Situ Synthesis of Imidazolium-Crosslinked Ionogels via
Debus-Radziszewski Reaction Based on PAMAM Dendrimers in Imidazolium Ionic liquid. Macromol. Rapid
Comm. 2017, 38, 1700415. [CrossRef] [PubMed]

35. Chen, S.; Feng, F.; Yin, Y.; Che, H.; Liao, X.-Z.; Ma, Z.-F. A solid polymer electrolyte based on star-like
hyperbranched beta-cyclodextrin for all-solid-state sodium batteries. J. Power Sources 2018, 399, 363–371.
[CrossRef]

36. Wang, A.; Xu, H.; Liu, X.; Gao, R.; Wang, S.; Zhou, Q.; Chen, J.; Liu, X.; Zhang, L. The synthesis of a
hyperbranched star polymeric ionic liquid and its application in a polymer electrolyte. Polym. Chem. 2017, 8,
3177–3185. [CrossRef]

37. Zhou, D.; Xiong, S.; Chen, L.; Cheng, X.; Xu, H.; Zhou, Y.; Liu, F.; Chen, Y. A green route to a
novel hyperbranched electrolyte interlayer for nonfullerene polymer solar cells with over 11% efficiency.
Chem. Comm. 2018, 54, 563–566. [CrossRef] [PubMed]

38. Wang, A.; Xu, H.; Zhou, Q.; Liu, X.; Li, Z.; Gao, R.; Liu, X.; Zhang, L. Electrochemical performances of a new
solid composite polymer electrolyte based on hyperbranched star polymer and ionic liquid for lithium-ion
batteries. J. Solid State Electr. 2017, 21, 2355–2364. [CrossRef]

http://dx.doi.org/10.1021/acsami.8b03537
http://www.ncbi.nlm.nih.gov/pubmed/29856596
http://dx.doi.org/10.1039/C4TA00570H
http://dx.doi.org/10.1002/anie.201504971
http://www.ncbi.nlm.nih.gov/pubmed/26783056
http://dx.doi.org/10.1039/C5GC02277K
http://dx.doi.org/10.1039/C6TA04914A
http://dx.doi.org/10.1002/aenm.201702702
http://dx.doi.org/10.1002/adma.201802792
http://www.ncbi.nlm.nih.gov/pubmed/30066342
http://dx.doi.org/10.1021/acsami.6b12283
http://www.ncbi.nlm.nih.gov/pubmed/28155274
http://dx.doi.org/10.1039/C5SC04584C
http://www.ncbi.nlm.nih.gov/pubmed/29997834
http://dx.doi.org/10.1016/j.jhazmat.2012.11.042
http://www.ncbi.nlm.nih.gov/pubmed/23270951
http://dx.doi.org/10.1021/ja053965x
http://www.ncbi.nlm.nih.gov/pubmed/16159256
http://dx.doi.org/10.1016/j.cej.2015.10.047
http://dx.doi.org/10.1016/j.electacta.2016.01.122
http://dx.doi.org/10.1016/j.fuel.2018.01.131
http://dx.doi.org/10.1016/j.jhazmat.2009.07.066
http://www.ncbi.nlm.nih.gov/pubmed/19665293
http://dx.doi.org/10.1002/marc.201700415
http://www.ncbi.nlm.nih.gov/pubmed/28898505
http://dx.doi.org/10.1016/j.jpowsour.2018.07.096
http://dx.doi.org/10.1039/C7PY00499K
http://dx.doi.org/10.1039/C7CC08604K
http://www.ncbi.nlm.nih.gov/pubmed/29297519
http://dx.doi.org/10.1007/s10008-017-3582-7


Polymers 2019, 11, 444 13 of 13

39. Li, H.; Wang, C.; Liao, X.; Xie, M.; Sun, R. Hybrid triazolium and ammonium ions-contained hyperbranched
polymer with enhanced ionic conductivity. Polymer 2017, 112, 297–305. [CrossRef]

40. Lee, S.-I.; Schoemer, M.; Peng, H.; Page, K.A.; Wilms, D.; Frey, H.; Soles, C.L.; Yoon, D.Y. Correlations
between Ion Conductivity and Polymer Dynamics in Hyperbranched Poly(ethylene oxide) Electrolytes for
Lithium-Ion Batteries. Chem. Mater. 2011, 23, 2685–2688. [CrossRef]

41. Itoh, T.; Gotoh, S.; Horii, S.; Hashimoto, S.; Uno, T.; Kubo, M.; Fujinami, T.; Yamamoto, O. Polymer electrolytes
based on hyperbranched polymer with cross-linkable groups at the terminals. J. Power Sources 2005, 146,
371–375. [CrossRef]

42. Tigelaar, D.M.; Meador, M.A.B.; Bennett, W.R. Composite electrolytes for lithium batteries: Ionic liquids in
APTES cross-linked polymers. Macromolecules 2007, 40, 4159–4164. [CrossRef]

43. Fogelstrom, L.; Antoni, P.; Malmstrom, E.; Hult, A. UV-curable hyperbranched nanocomposite coatings.
Prog. Org. Coat. 2006, 55, 284–290. [CrossRef]

44. Wei, H.Y.; Kou, H.U.; Shi, W.F.; Nie, K.M.; Shen, X.F. Thermal and mechanical properties of UV-cured
acrylated hyperbranched polyester and its blends with linear polyurethane acrylate. J. Coat. Technol. 2003,
75, 37–40.

45. Asif, A.; Shi, W.F.; Shen, X.F.; Nie, K.M. Physical and thermal properties of UV curable waterborne
polyurethane dispersions incorporating hyperbranched aliphatic polyester of varying generation number.
Polymer 2005, 46, 11066–11078. [CrossRef]

46. Wu, F.; Tan, G.Q.; Chen, R.J.; Li, L.; Xiang, J.; Zheng, Y.L. Novel Solid-State Li/LiFePO4 Battery Configuration
with a Ternary Nanocomposite Electrolyte for Practical Applications. Adv. Mater. 2011, 23, 5081–5085.
[CrossRef] [PubMed]

47. Zhao, Q.; Zhang, Y.; Meng, Y.; Wang, Y.; Ou, J.; Guo, Y.; Xiao, D. Phytic acid derived LiFePO4 beyond
theoretical capacity as high-energy density cathode for lithium ion battery. Nano Energy 2017, 34, 408–420.
[CrossRef]

48. Hu, L.; Wu, F.; Lin, C.; Khlobystov, A.N.; Li, L. Graphene-modified LiFePO4 cathode for lithium ion battery
beyond theoretical capacity. Nat. Commun. 2013, 4, 1687. [CrossRef] [PubMed]

49. Wang, Y.; Huang, Z.X.; Shi, Y.M.; Wong, J.I.; Ding, M.; Yang, H.Y. Designed hybrid nanostructure with
catalytic effect: Beyond the theoretical capacity of SnO2 anode material for lithium ion batteries. Sci. Rep.
2015, 5, 9164. [CrossRef] [PubMed]

50. Chen, K.; Xue, D.; Komarneni, S. Beyond theoretical capacity in Cu-based integrated anode: Insight into the
structural evolution of CuO. J. Power Sources 2015, 275, 136–143. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.polymer.2017.02.023
http://dx.doi.org/10.1021/cm103696g
http://dx.doi.org/10.1016/j.jpowsour.2005.03.039
http://dx.doi.org/10.1021/ma062804q
http://dx.doi.org/10.1016/j.porgcoat.2005.12.003
http://dx.doi.org/10.1016/j.polymer.2005.09.046
http://dx.doi.org/10.1002/adma.201103161
http://www.ncbi.nlm.nih.gov/pubmed/21997646
http://dx.doi.org/10.1016/j.nanoen.2017.03.006
http://dx.doi.org/10.1038/ncomms2705
http://www.ncbi.nlm.nih.gov/pubmed/23575691
http://dx.doi.org/10.1038/srep09164
http://www.ncbi.nlm.nih.gov/pubmed/25776280
http://dx.doi.org/10.1016/j.jpowsour.2014.11.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Methods 
	Materials 
	Synthesis of Acrylate Terminated Hyperbranched Polymers (HP-A) 
	Synthesis of Ionogels by UV Curing 
	Preparation of the Ionogel Electrolyte Membranes 
	Characterization 

	Results and Discussion 
	Synthesis and Microstructure of Ionogels 
	Viscoelastic and Mechanical Properties of Ionogels 
	Thermal Stability of Ionogel 
	Ionic Conductivity of Ionogels 
	Charging/Discharging Performance of Li/LiFePO4 Cells 

	Conclusions 
	References

