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A B S T R A C T

The rapid development of next-generation flexible electronics stimulates the growing demand for
flexible and wearable power sources with high energy density. Li metal capacitor (LMC), combining with
a Limetal anode and an activated carbon cathode, exhibits extremely high energy density and high power
density due to the unique energy storage mechanism, thus showing great potential for powering
wearable electronic devices. Herein, a flexible LMC based on an in situ prepared PETEA-based gel polymer
electrolyte (GPE)was reported for the first time. Owing to the high ionic conductivity of PETEA-based GPE
(5.75�10�3 S/cm at 20 �C), the assembled flexible LMC delivers a high capacitance of 210 F/g at 0.1 A/g
within the voltage range from 1.5 V to 4.3 V vs. Li/Li+, a high energy density of 474Wh/kg at 0.1 A/g and a
high power density of 29 kW/kg at 10 A/g. More importantly, PETEA-based GPE endows the LMC with
excellent flexibility and safety, which could work normally under abuse tests, such as bending, nail
penetration and cutting. The in situ prepared PETEA-based GPE simplifies the fabrication process, avoids
the risk of leakage and inhibits the growth of Li dendrite,making LMC a promising flexible energy storage
device for the flexible electronic field.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

With the increasing demand for electric devices, developing a
safe and flexible energy storage and conversion system with high
energy density has become the focus of attention [1–4]. In recent
years, lithium-ion capacitors (LICs) have attracted great attention
because they simultaneously inherit the advantage of Lithium-ion
batteries (LIBs) with high energy density and the merit of
supercapacitors with excellent power characteristic [5,6]. Most
of the current research focuses on neutralizing the positive and
negative reaction kinetics and improving the energy density of the
device via developing dynamics-led battery-type anodes and high-
performance capacitive cathodes [7–10]. Even so, the energy
density of LICs is much lower than that of LIBs. Very recently, a
lithium metal capacitor (LMC) was reported to solve these
problems by combining a lithium metal anode and a three-
dimensional scaffold activated carbon (3D-SAC) cathode with high
surface area and wide pore size distribution in LiPF6/(EC/DEC)
electrolyte. In this combination, Li metal anode exhibits extremely

high theoretical specific capacitance (3860mAh/g), low reduction
potential (�3.040 V vs. SHE) and improved reaction kinetics
between the electrodes [11–13], therefore greatly broadening
the voltage window and increasing the capacitance of LMC.
Meanwhile, the use of Li metal anode induces the multiple EDLC
mechanism of 3D-SAC, which remarkably increases the capaci-
tance and energy density of LMC. Besides, the rapid plating/
stripping of Li+ occurring on the surface of the lithiummetal anode
eliminates the kinetic difference between the anode and cathode
of LMC. The appearance of LMC further improves the energy
density of LICs, showing great potential in powering electronic
devices.

Although LMC exhibits excellent electrochemical performance,
the use of liquid electrolytes causes potential safety hazards,
hindering the practical application of LMC in electronic devices
[14–18]. In LMCs and LIBs, volatile and flammable organic
carbonate electrolytes are usually combined with porous polyole-
fin separators. There is a risk of leakage in abusive environments
since the separators cannot fix electrolyte molecules in the matrix
[19]. Gel polymer electrolytes (GPEs), owing to their high ionic
conductivity and good security, have proven to be the best choice
for flexible LIBs, such as a 3D cross-linked network GPE through in
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situ polymerizationMMA and ETPTAmonomers on PAN nanofibers
[20] and an efficient GPE composed of PVDF-HFP, LiFSI:Pyr13FSI
and a Li-MMT clay [21]. The polymer matrix in GPEs immobilizes
electrolyte molecules, reducing their reactivity with Li metal and
electrolyte consumption [22]. The flexibility of the GPEs exhibits
good contact with the electrode and provides energy storage
devices with great flexibility and adjustable shapes [23–25]. More
importantly, the elasticity of GPE canwithstand the volume change
of Li anode and inhibit the growth of lithiumdendrites [11]. Among
numerous GPEs, in situ prepared GPEs have attracted more and
more attention due to their high ionic conductivity and simple
preparation process [26–30]. Lu et al. crafted a high-performance
flexible polymer Li-S battery via an in situ prepared PETEA-based
GPE [31]. The Li-S battery exhibited a lowelectrode/GPE resistance,
high rate capacity and improved capacity retention, which are
ascribed to the extremely high ionic conductivity, the immobiliza-
tion of soluble polysulfides and the construction of a robust
integrated GPE/electrode interface. The results show that PETEA-
based GPE is a promising electrolyte to develop flexible LMC.

Herein, we reported a flexible LMC based on an in situ prepared
PETEA-based GPE for the first time. The GPE is composed of
pentaerythritol tetraacrylate (PETEA), azodiisobutryronitrile
(AIBN) and liquid electrolyte (1mol/L lithium hexafluorophos-
phate (LiPF6) salt in a non-aqueous mixture of ethylene carbonate
(EC)/diethyl carbonate (DEC) (1:1, v/v)). PETEA-based GPE is
formed by the free radical polymerization of PETEA induced by
AIBN in the presence of liquid electrolytes. PETEA-based GPE had
an extremely high ionic conductivity of 5.75�10�3 S/cm at room
temperature and good contact with electrodes, which endowed
the flexible LMCwith a high capacitance of 210 F/g at 0.1 A/gwithin
the voltage range from1.5 V to 4.3 V vs. Li/Li+, a high energy density
of 474.4 Wh/kg at 0.1 A/g and a high power density of 29 kW/kg at
10 A/g. The elasticity of GPE is beneficial to tolerate the volume
change of Li metal anode and suppress the lithium dendrite
growth, thus improving the cycling stability of the LMC. Our results
show that the PETEA-based GPE enabled LMC to work normally

under abuse tests, such as bending, nail penetration and cutting.
The LMC with PETEA-based GPE is expected to be a promising
flexible energy storage device for practical application.

A quasi-solid LMC composed of a Li metal anode and a three-
dimensional scaffold activated carbon (3D-SAC) cathode was
assembled to verify the feasibility of PETEA-based GPE in LMC.
Here, the 3D-SAC was chosen due to its large specific surface and
wide pore size distribution, which is considered as an excellent
capacitive cathode in metal ions capacitor [32]. The as-prepared
3D-SAC showed a typical amorphous characteristic, which could
be proved from the XRD pattern (Fig. S1 in Supporting informa-
tion). The scanning electron microscope (SEM) and transmission
electron microscope (TEM) images reflect the three-dimensional
porous framework structure of 3D-SAC with a large number of
mesopores (Fig. S2 in Supporting information). The nitrogen
adsorption/desorption isotherm of 3D-SAC shows its porous
structure dominated by micropores (Fig. S3a in Supporting
information). The pore size distribution curve shows that the
pore size of 3D-SAC is mainly distributed in 1�6 nm (Fig. S3b in
Supporting information). A large number of micropores endow
3D-SAC with a high surface area of 2584m3/g. The high specific
surface area and micropore-dominated pore size distribution of
3D-SAC endow the LMC with excellent electrochemical perfor-
mance.

The in situ formation of PETEA-based GPE and the assembly of
the quasi-solid LMC are schematically illustrated in Fig.1a. The fine
mixture of azodiisobutyronitrile (AIBN), pentaerythritol tetraa-
crylate (PETEA) and LiPF6/(EC/DEC) as a precursor solution was
heated at 60 �C. As shown in Fig. 1b, AIBN in the solution
decomposed and opened the C¼C bonds of PETEA, leading to the
continuous growth of polymer chains and the formation of GPE
[33]. We chose 3wt% as the concentration of PETEA because the
GPE with 3wt% PETEA showed both high ionic conductivity and
good gelling ability, as shown in Fig. S4 (Supporting information). A
coin cell composed of Li metal anode, 3D-SAC cathode and
separator injected with the precursor solution was heated to

[(Fig._1)TD$FIG]

Fig. 1. (a) Schematic illustration of the in situ formation of PETEA-based GPE and assembly of the [23_TD$DIFF]quasi-solid LMC. (b) The formation mechanism of PETEA-based GPE. (c)
Optical images of the precursor solution and GPE.
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obtain the quasi solid LMC for evaluating the performance of LMC.
The optical images of the obtained PETEA-based GPE are shown in
Fig. 1c. Compared with the transparent and flowable precursor
solution, the GPE became awhite solid after heating, indicating the
polymerization of PETEA monomers.

We further evaluated the ionic conductivity of PETEA-based
GPE via the EIS impedance in a stainless symmetrical coin cell, as
shown in Fig. 2a. The ionic conductivity was calculated according
to the equation [34]:

s ¼ d
Rb � S

ð1Þ

and the results are shown in Fig. S5 (Supporting information). The
temperature-dependent ionic conductivity curve of PETEA-based
GPE is shown in Fig. 2b. The results indicated thatwith the increase
of temperature, the internal impedance of PETEA-based GPE
decreased, along with the improvement of its ionic conductivity.
The PETEA-based GPE exhibited a high ionic conductivity of
3.11mS/cm at 0 �C and 13.46mS/cm at 80 �C. It is worth noting that
even at 80 �C, the in situ prepared GPE remained solid without
melting, indicating its good thermal stability. To investigate the
electrochemical stability of the PETEA-based GPE, we tested the
linear sweep voltammograms (LSV) of liquid electrolyte (LiPF6 in
EC/DEC) and PETEA-based GPE as shown in Fig. 2c. It shows that
the PETEA-based GPE could remain stable even at 4.4 V compared
with the 4.25 V decomposition voltage of the liquid electrolyte,
indicating that the GPE network inhibit the decomposition of
liquid electrolyte. A Li-Li symmetrical cell was assembled to verify
the stability of PETEA-basedGPEwith Limetal anode. It can be seen
in Fig. 2d that the Li-Li symmetrical cell with PETEA-based GPE
showed a more stable polarization voltage curve compared with
liquid electrolyte, indicating its good stability with Li metal anode.
With high ionic conductivity, great electrochemical and excellent
stability with Li metal anode, the PETEA-based GPE proves to be a
promising electrolyte candidate for LMC.

A coin cell was assembled to verify the feasibility of PETEA-
based GPE in LMC. As shown in Figs. 3a and b, the assembled LMC
exhibited nearly rectangular cyclic voltammetry (CV) curves at
different scan rates from 5mV/s to 100mV/s and triangular
galvanostatic charge-discharge (GCD) curves at different current
densities from 1 A/g to 10 A/g, indicating its approximately
capacitive energy storage mechanism. The specific capacitances at

different current densities were calculated according to the GCD
curves, and the results are shown in Fig. 3c. The assembled LMC
exhibited a high capacitance of 230 F/g at 0.1 A/g and a capacitance
of 72.5 F/g even at 10 A/g, showing its great rate performance. As
shown in Fig. S6d (Supporting information), the LMC with GPE
showed capacitance comparable with liquid electrolyte at low
current densities. However, the capacitance difference of LMCs
with two different electrolytes increased with the increase of
current densities due to the limited ion transfer in the gel polymer
network. The Ragone plots in Fig. 3d show that the assembled LMC
exhibited a high energy density of 513 Wh/kg at 0.1 A/g and a high
power density of 29 kW/kg at 10 A/g. More importantly, the LMC
delivered a high energy density of 265 Wh/kg and a high power
density at 14.5 kW/kg at 5 A/g, indicating a great combination of
high energy density and high power density.

We verified whether the charge storage mechanism of LMC in
PETEA-based GPE was the same as that in liquid electrolyte
according to the ideal electrical double layer model proposed by
Kim et al. [35]. In liquid electrolyte and PETEA-based GPE, there are
two charge carriers involving solvated Li+ cation clusters and PF6�

anions which may move in the solvents. But different from liquid
electrolytes, the solvents in PETEA-based GPE are fixed by the
polymer network, which will limit the ions transportation in GPE.
As shown in Figs. 3e and f, the assembled LMC exhibited
rectangular CV curves in different voltage ranges from 1.5 V to
4.3 V and from 4.3 V to 1.5 V. The specific capacitances calculated
from the CV curves are shown in Fig. 3g. The capacitance in the
higher voltage area is larger than that in the lower voltage area. As
the voltage range increases, the capacitance gap between the
opposite charging directions decreases and finally reaches the
same value. The voltage dependence of specific capacitance reveals
the complex charge storage mechanism of 3D-SAC. The size of
Li+[EC]m[DEC]n cation clusters is much larger than PF6�, so it has a
lower charge density than PF6� on per unit area, leading to the
obvious capacitance hysteresis. This difference in size results in
voltage-dependent charge storage behavior. As illustrated in
Fig. 3h, in the voltage range of 1.5�3 V, the charge is stored
mainly through the adsorption/desorption of Li+[EC]m[DEC]n; in
the voltage range of 3–4.3 V, the charge is stored mainly through
the adsorption/desorption of PF6�. The results indicate that PF6�

can move freely in the GPE, which is necessary for the GPE in LMC.
To investigate the electrochemical stability of PETEA-based GPE

in the long-term cycle, we tested the cycling performance of the
quasi-solid LMC within the voltage range from 1.5 V to 4.3 V at
different current densities. Fig. 4a shows the cycling performance
of LMC with GPE and liquid electrolyte at 1 A/g. The LMC with
PETEA-based GPE delivered an initial capacitance of 160mAh/g,
close to the capacitance of that with liquid electrolyte. After 5000
cycles, the capacitance retention rate of LMC with PETEA-based
GPE was 68%, which is far beyond that of liquid electrolyte (54%).
The cycling performance of them at 2 A/g is shown in Fig. 4b. LMC
with GPE showed a capacity retention of 73% after 5000 cycles,
while that of LMCwith liquid electrolytewas only 68%.With nearly
100% coulomb efficiency and higher capacitance retention, the in
situ prepared PETEA-based GPE shows better cycling stability.

To explore the reason for the better cycling stability of PETEA-
based GPE, we analyzed the morphology of Li metal anode after
3000 cycles at 1 A/g from the surface and cross-section SEM images
in Figs. 4c–f. During cycling, the uneven Li+ deposition will induce
the continuous growth of Li dendrite, which may puncture the SEI
layer and the separator, leading to the short circuit of batteries [36].
After 3000 cycles, the Li metal anode in liquid electrolyte exhibited
large dendrites, which passivated Li metal anode and may cause
safety hazards. By contrast, the surface of the Li metal anode in GPE
was relatively flat and shows a complete structure. The results
indicate that the PETEA-based GPE could inhibit the growth of Li

[(Fig._2)TD$FIG]

Fig. 2. (a) Impedance plots of a stainless steel symmetrical cell with PETEA-based
GPE at the temperature range from 0 �C to 80 �C. (b) The temperature-dependent
ionic conductivity curve of PETEA-based GPE. (c) Linear sweep voltammograms of
PETEA-based GPE and liquid electrolyte at the scan rate of 1mV/s. (d) Polarization
voltage curves of Li-Li symmetrical cells with liquid electrolyte and PETEA-based
GPE at the current density of 1mA/cm2 with the capacity of 1 [24_TD$DIFF]mAh/cm2.
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dendrite and reduce the safety concerns. After 3000 cycles, the Li
metal in liquid electrolyte showed a Li dendrite layer of more than
310mm, while that of Li anode in PETEA-based GPE was 299 um.
Since the Li dendrites near the substrate are easier to strip during
cycling, part of the layer away from the substrate will lose its
electrochemical activity and become “dead Li”, leading to the decay
of capacitance. The Li metal in PETEA-based GPE showed a smaller
increased thickness, which is responsible for its higher capacitance
retention. Besides, the gel polymer network reduces the contact
between Li metal and liquid electrolyte and inhibits the growth of
Li dendrite, thus reducing the consumption of lithium metal
and electrolytes due to SEI rupture/regeneration, which also

contributes to the higher capacitance retention rate. The EIS
impendence plots of LMC with PETEA-based GPE and liquid
electrolyte were shown in Fig. S9 (Supporting information). The
contact resistance of LMC with GPE after 1000, 2000, 3000, 4000
cycles were 6.9, 8, 10.2, 12.3V respectively, while that of LMCwith
liquid electrolyte after 1000, 2000, 3000, 4000 cycles were 7, 12,
18.7, 23.8 V respectively. The results show that compared with
LMC with liquid electrolyte, the LMC with PETEA-based GPE
exlibited a smaller contact resistence after the same number of
cycles. It indicates that PETEA-based GPE has an effective
inhibition on the “dead Li”, which is consistent with the SEM
results above.

To verify the application of the PETEA-based GPE in flexible
devices, a flexible pouch LMC was assembled as shown in Fig. 5a.
As shown in Figs. 5b–d, the flexible LMC showed rectangular CV
curves at the scan rates from 5mV/s to 100mV/s and approxi-
mately triangular GCD curves at the current densities from 0.1 A/g
to 10 A/g. It is shown in Fig. 5e that the pouch LMC exhibited a good
rate performance with a high specific capacitance of 210 F/g at 0.1
A/g and 85.4 F/g at 10 A/g. As shown in Fig. 5f, the pouch LMC with
PETEA-based GPE exhibited a high energy density of 474.4 Wh/kg
at 0.1 A/g and a high power density of 29 kW/kg at 10 A/g calculated
based on the mass of cathode active materials. After that, the
flexibility of the pouch LMCwith PETEA-based GPEwas verified. As
shown in Fig. 5g, under different bending angles of 0�, 45�, 90�,135�

and 180�, the LMC based on PETEA-based GPE showed nearly
coincident CV curves, indicating that the LMC could normallywork
without being affected by shape changes. The safety of the pouch
LMCwas checked by nail penetration and cutting tests as shown in
Fig. 5h. The device could light a LED bulb after nail penetration and
cutting in half, indicating its great safety. Also, the pouch LMC
could power a small fan after bending, nail penetration and cutting
(Video S1 in Supporting information), proving its great safety in
practical application.

In summary, a flexible and safe LMC was reported for the first
time. The in situ prepared PETEA-based GPE exhibited a high ionic
conductivity of 5.75�10�3 S/cm at 20 �C and good contact with
electrodes, endowing the LMC with a high specific capacitance
210 F/g at 0.1 A/g within the voltage range from 1.5 V to 4.3 V vs.
Li/Li+, a high energy density of 474 Wh/kg at 0.1 A/g and a high
power density of 29 kW/kg at 10 A/g. The elasticity of GPE helped
tolerate the volume change of Li metal anode and suppress the

[(Fig._3)TD$FIG]

Fig. 3. (a) CV curves of LMCwith PETEA-basedGPE at the scan rate from5mV/s to 100mV/s. (b) GCD curves of LMCwith PETEA-based GPE at the current density from1 A/g to
10 A/g. (c) Rate performance of LMC with PETEA-based GPE at various current densities. (d) Ragone plots of LMC with PETEA-based GPE at different current densities. (e) CV
curves of LMCwith PETEA-based GPE at the voltage range from1.5 V to 4.3 Vwith an interval of 0.2 V at the scan rate of 10mV/s. (f) CV curves of LMCwith PETEA-based GPE at
the voltage range from4.3 V to 1.5 Vwith an interval of 0.1 V at the scan rate of 10mV/s. (g) Specific capacitances of LMCwith PETEA-based GPE in different voltage ranges. (h)
The working mechanism of the LMC with PETEA-based GPE during charging.

[(Fig._4)TD$FIG]

Fig. 4. Cycling performance of LMC with liquid electrolyte and PETEA-based GPE
electrolyte at (a) 1 A/g and (b) 2 A/g. (c) Surface SEM images and (d) cross-sectional
SEM images of Li metal anode in liquid electrolyte after 3000 cycles at 1 A/g. (e)
Surface SEM images and (f) cross-sectional SEM images of Li metal anode in PETEA-
based GPE after 3000 cycles at 1 A/g.
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lithium dendrite growth, thus improving the cycling stability of
LMCs. The PETEA-based GPE enabled the LMC to work normally
under abuse tests, such as bending, nail penetration and cutting.
Besides, the in situ formation of GPE simplifies the preparation
process and facilitates large-scale preparation. The LMC with
PETEA-based GPE is expected to be a promising flexible energy
storage device for practical application.
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Fig. 5. (a) Schematic illustration of the soft pouch LMC composing of Li metal anode, gel polymer electrolyte and 3D-SAC cathode. (b) CV curves of the device at different scan
rates from5mV/s to 100mV/s. (c,d) GCD curves of the device at the current densities from0.1 A/g to 10 A/g. (e) Rate performance of the device at different current densities. (f)
Ragone plots of the device at different current densities. (g) CV curves of the device at different bending angles of 0� , 45�, 90�, 145� and 180� at 10mV/s. (h) The device lighting
up an LED bulb in abuse tests of nail penetration and cutting in half.
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