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Highly-Safe and Ultra-Stable All-Flexible Gel Polymer
Lithium lon Batteries Aiming for Scalable Applications

Wei Shen, Ke Li, Yangyang Lv, Tao Xu, Di Wei,* and Zhongfan Liu*

With the development of flexible electronics, flexible lithium ion batteries
(LIBs) have received great attention. Previously, almost all reported flexible
components had shortcomings related to poor mechanical flexibility, low
energy density, and poor safety, which led to the failure of scalable applica-
tions. This study demonstrates a fully flexible lithium ion battery using LiCoO,
as the cathode, Li Ti;O;, as the anode, and graphene film as the flexible cur-
rent collector. The graphene oxide modified gel polymer electrolyte exhibits
higher ionic conductivity than a conventional liquid electrolyte and improves
the safety of the flexible battery. The optimum design of the flexible graphene
battery exhibits super electrochemical performance, with a 2.3 V output voltage
plateau and a satisfactory capacity of 143.0 mAh g at 1 C. The mass energy
density and power density are both ~1.4 times higher than a standard elec-
trode using metal foils as current collectors. No capacity loss is observed after
100 thousand cycles of mechanical bending. More importantly, even in the clip-

over other rechargeable battery technolo-
gies, including relatively high energy and
power densities, long cycling life, little
memory effect, and low self-discharge.l®®]
When used in flexible electronics, LIBs
need to be flexible, thin, stretchable, and
even foldable.>

So far, flexible LIBs have been investi-
gated for decades. Numerous strategies,
such as fiber-shaped,’ sponge-like,*!
spring-like stretchable,' and paper-like
LIBs!® have been reported, but none has
been successful in real commercial appli-
cations. The reasons may be due to 1) low
energy density, 2) poor mechanical flex-
ibility, 3) poor safety, and 4) not being suit-
able for scalable applications. Presently,

ping state, this flexible gel polymer battery can still demonstrate a stable and
safe electrochemical performance. This work may lead to a promising strategy
of high-performance scalable LIBs for the next-generation flexible electronics.

1. Introduction

Flexible electronics are emerging and promising technolo-
gies for the next generation of deformable functional devices
such as roll-up displays, smart electronics, and wearable elec-
tronic products.'! The invention and applications of LIBs
in the 20th century enabled people to enter a sustainable
and cleaner society. With the 2019 Nobel Prize in Chemistry
awarded to the three inventors of LIBs, it is believed that the
use of LIBs in the field of deformable functional devices will
become more and more popular. As the preferred power source
for deformable functional devices, LIBs have many advantages
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the development in the field of flexible
LIBs is still at the early stage of research in
laboratories, and most of the reports focus
on flexible electrodes based on flexible cur-
rent collectors.>>8 Conventional metal
foils (aluminum [Al] and copper [Cu]) as
current collectors to support active materialsl"! are unfit for
flexible batteries because the active materials (cathode and
anode) are easily delaminated from their smooth surface when
the flexible batteries are bent. In addition, the high-density
characteristics of metal restrict the mass energy density of LIBs.
Therefore, replacing the metal foils with a highly conductive,
light-weight, thin, and flexible current collector could enhance
both the mass energy density and mechanical flexibility.
Recently, carbon-based materials featuring good electrical
conductivity, high mechanical durability and low density are
considered as the promising choice for current collectors in
flexible LIBs.22! The reported carbon based materials include
carbon nanotubes (CNTs),1>227201 carbon cloth,”’] carbon
fibers,?® graphene based film,”%! and foam.P%3! Thanks to
the tremendous research efforts devoted over the past dec-
ades, research on flexible LIBs has made substantial pro-
gress. However, from the perspective of scalable applications,
the above-mentioned carbon based materials still have some
insurmountable problems. First, due to the difficult disper-
sion of CNTs and other nanocarbon materials in solution, the
major challenge is to fabricate CNT films with uniform thick-
ness and mass.?%! Although flexible CNT films can also be
prepared directly through the floating-catalyst chemical vapor
deposition (CVD) method at the high-temperature zone of the
chamber with robustness and high conductivity, the area of
the obtained films is limited by the diameter of the reaction
chamber.}233 Second, for carbon cloth, there are numerous
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visual pores between the carbon fibers. As a result, the active
materials can easily pass through when using the traditional
electrode coating method. Consequently, hydrothermal method
is required to adhere the active material on its surface. Such
method has harsh synthesis conditions and cannot accurately
control mass loading of active material, therefore, cannot be
further scaled up.?’) Third, for carbon fibers, it is usually made
into fiber-shaped LIBs.!2l Because the weight of active mate-
rials supported by carbon fibers is limited, the energy density
of fiber-shaped LIBs is lower than that of other shaped flexible
LIBs. Finally, for graphene foam, the costly CVD method is also
required to grow 3D conductive interconnected graphene net-
work. Moreover, in order to embed active materials inside the
CVD graphene foam, hydrothermal method is again required
to in situ grow the active materials.*) These are not suitable for
scalable applications in the field of LIBs at present. Although
the above-mentioned carbon-based materials showed excel-
lent flexibility as current collectors, they are still not satisfac-
tory enough to meet practical needs and are difficult to achieve
scalable applications. Therefore, developing a solution to realize
scalable production and fabrication of flexible batteries is
urgently desirable.

Safety is always a critical concern for LIBs, and it becomes
even more challenging for flexible LIBs. Presently, most
reported flexible LIBs employ organic carbonate solvent and
polyolefin-based separators. In the bending process of the flex-
ible battery, the liquid electrolyte has strict requirements on the
packaging material due to its fluidity. Once the packaging mate-
rial is broken, the leakage of electrolyte and short circuit of the
battery will result in a huge safety hazard. Some catastrophic
accidents have happened owing to using liquid electrolyte and
the polyolefin-based separators, such as spontaneous combus-
tion of Samsung Note 7 and Tesla Model S in 2019.3431 On the
other hand, gel polymer electrolyte (GPE) is attracting strong
interests and regarded as a promising candidate to solve the
potential safety issues of LIBs.*® Compared with liquid electro-
lytes, GPEs have several advantages as a membrane in terms
of no internal shorting, no leakage of liquid electrolytes, and
nonflammability.’”3¥ As GPEs, poly(ethylene oxide) (PEO),*"]
poly(acrylonitrile) (PAN),*! poly(vinyl chloride) (PVC),I* poly
(methyl methacrylate) (PMMA),*1 and polyvinylidene dif-
luoride (PVDF)! have been studied extensively. However,
some shortcomings such as relatively low ionic conductivity,
poor mechanical strength and narrow electrochemical window
limit their further applications.[***! In order to address above-
mentioned issues, there has been an ongoing research to
improve the overall performance of GPEs. Despite the great
efforts in the past few decades, the overall performance is still
not satisfactory. Therefore, it is very important to exploit a new
type of GPE with satisfactory comprehensive performance.

In this study, we demonstrate a flexible rechargeable LIB
designed for future scalable applications using flexible graphene
film as a current collector and a new GPE made of graphene
oxide (GO)-modified poly(vinylidene fluoride-tri-fluoroethylene-
chlorofluoroethylene) (PTC). The graphene electrode exhibits
excellent flexibility and is resistant to delamination of active
materials even when the battery is folded repeatedly. Further-
more, to the best of our knowledge, LIBs using PTC-based
GPE as a new type of material have so far been barely reported.
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Compared with the dielectric constant of previously reported
PE (2.3), PP (2.2-2.3), PEO (=5), PAN (5.5), PMMA (3.0), and
PVDF (8.15-10.46), the higher dielectric constant of PTC (50-57)
is critical to GPE through improving dissociation degree of
LiPF¢.*! Increasing dissociation degree of LiPFg can further
increase ionic conductivity of GPE. Only if the ionic conduc-
tivity of GPE is comparable to that of liquid electrolyte, it is
possible to make it have a commercial application prospect. In
this study, it is demonstrated that after further modification of
GO, PTC-based GPE exhibits superior ionic conductivity than
liquid electrolytes. Moreover, strong absorption of liquid elec-
trolyte, superior mechanical strength, and high electrochem-
ical stability have also been achieved. Finally, according to the
above components, we show a full cell using GO-modified PTC
based GPE and graphene film as a current collector for both
LCO cathode and LTO anode. The flexible LIBs not only exhibit
high electrochemical stability even after 100 thousand times
mechanical bending, but also still work even under the condi-
tion of a corner being cut away.

2. Results and Discussion

2.1. Flexible Current Collectors

The method of coating slurry of active materials on current
collectors is the simplest and most effective way for electrode
preparation and has been widely used in the preparation of
commercial LIBs. The adhesion between the active material
layer and the current collector is important to structural stability
of electrode when the battery is mechanically bent.?* The adhe-
sion is influenced by the morphology of active materials and
surface characteristics of current collectors. The scanning elec-
tron microscopy (SEM) of the active materials (LCO and LTO)
is shown in Figure S1, Supporting Information. Figure Sla,b,
Supporting Information, shows the morphology of LCO is
single crystal and the average particle size is in the range of
5-15 um. The wide particle size distribution could improve the
compaction density of the electrode and therefore could con-
tribute strong adhesion to graphene film. Similar to LCO, LTO
consisted of spherical secondary particles, which had a wide
particle size distribution in the range of 10-40 pm.

In addition to the wide particle size distribution of LCO and
LTO, the rough surface of graphene film also contributed to
increased contact area between the electrode and the current
collector, and therefore significantly increased adhesion, as
shown in Figure 1a.1”! Figure 1b shows the cross-sectional SEM
images of the graphene film. Graphene sheets tend to orderly
stack to form an electrically conductive structure, which is gen-
erally higher than the electrical conductivity of the reported
CNT film,*8! with unilateral electrical conductivity and rGOM
material. This ordered stacking helps to make the thickness and
weight of graphene film more uniform, as shown in Tables S1
and S2, Supporting Information. The uniformity of thickness
and weight for current collector is the foundation of scalable
applications. Thickness tests by digimatic indicator were per-
formed at random locations on the graphene film, Al foil, and
Cu foil (Table S1, Supporting Information). As can be seen, the
thickness of graphene film is relatively uniform compared to
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Figure 1. a) SEM image of surface morphology and b) cross-sectional SEM image of graphene film. c) Schematic diagram of flexible electrode bending.
Picture of electrode bending for d) LCO/AI Foil and e) LCO/graphene Film. Cross-sectional SEM images of crease for f) LCO/AI Foil and g) LCO/
graphene Film electrodes.

Al foil and Cu foil, and the average thickness is about =11 um.  with graphene film as the current collector both for the cathode
Compared with Al foil and Cu foil, graphene film shows a  and the anode, the LIBs will exhibit a higher volume energy
lower thickness (=11 pm) than Al foil (=16 pm) and a similar  density. Furthermore, the densities of graphene film, Al foil,
thickness to Cu foil (=10 um). When replacing the metal foils  and Cu foil were also calculated and the values were 2.19, 2.66,
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and 8.85 g cm™3, respectively. The lower density of graphene
film contributes to the enhancement in mass energy density
of LIBs. The mass energy density and power density of the as-
fabricated flexible electrodes using graphene film in this study
were 108 Wh kg™! and 143 W kg™, respectively, far more than
the values of 79 Wh kg™ and 105 W kg~! when using charge
collectors of metal foils. Moreover, the mass energy densities
for flexible LIB full cells were 68.8 and 59.9 Wh kg™! when
using graphene film and metal foils as the current collectors,
respectively.

The photographs of flexibility comparison for LCO cathode
coated on both Al foil (LCO/Al Foil) and graphene film (LCO/
Graphene Film) with the bending radius of 0.5 mm are pre-
sented in Figure 1d,e. As can be seen, LCO/Graphene Film
electrode shows more deformable capability than LCO/Al Foil
electrode. Moreover, in order to further explore the morpho-
logical characteristics of the flexible electrodes, SEM images on
the region of electrodes under stress were taken, as displayed in
Figure 1f,g. As can be seen, no delamination occurred on LCO/
Graphene Film but it is clearly shown on LCO/Al Foil, demon-
strating its superior mechanical flexibility when using gra-
phene film as current collector. Such enhancement in flexibility
and strong adhesion will stabilize electrochemical performance
during bending tests.

The electrochemical performances of all electrodes were
investigated using a half-cell configuration with lithium metal
as the counter electrode in a coin cell in Figure S2, Supporting
Information. The charge/discharge curves of LCO and LTO
electrodes at 0.2 C are shown in Figure S2a,d, Supporting
Information. In this work, 1 C = 163.3 mA g for LCO elec-
trode and 1 C = 170 mA g! for LTO electrode. The LCO elec-
trode was cycled in the voltage window of 3.0-4.4 V (vs Li/Li*)
and the LTO electrode was cycled in the voltage window of 1.0—
2.5 V (vs Li/Li*). Apparently, the charge/discharge curves, rate
performance, cycle performances, and coulombic efficiency of
LCO and LTO electrodes using graphene current collectors well
matched the results using metal current collectors, indicating
comparable conductivity of the graphene film with metals.
Therefore, based on the sufficient conductivity, strong adhe-
sion, and strong mechanical flexibility, it is easy to understand
why graphene film will exhibit superior electrochemical per-
formance in flexible LIBs. The graphene films could be mass
produced with low cost, which is critical for the scalable appli-
cations of flexible batteries in the future.

2.2. PTC-Based Gel Polymer Electrolyte

Thermal shrinkage of the separator is a vital aspect to evaluate
safety characteristics of the LIBs. The dimensional changes of
Celgard separator, pristine PTC/PEO gel polymer electrolyte
(P-GPE), and GO-modified PTC/PEO gel polymer electrolyte
(GO-GPE) before and after thermal treatment at 140 °C for
1h are shown in Figure 2 insets, and the surface structure and
morphology are shown in Figure 2. It can be easily found that
Celgard separator suffered a drastic dimensional reduction,
and the pore diameter significantly reduced after the thermal
treatment. Compared with the Celgard separator, the 3D porous
structure and the pore diameter of P-GPE and GO-GPE almost
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had no significant change after thermal treatment (Figure 2c—f).
In addition, the dimension of P-GPE and GO-GPE still
remained unchanged after thermal treatment (insets of
Figure 2c—f). Moreover, the higher temperature of 160, 180, and
200 °C treatments for 1 h were also carried out for GO-GPE.
When the treatment temperature is not higher than 160 °C, the
pore diameter and dimension of PTC membrane are stable;
otherwise, the pore diameter will contract sharply as shown in
Figure S3b,c, Supporting Information. The excellent thermal
stability of the porous PTC membrane was due to that PTC has
a higher softening temperature than polyethylene (PE), which
is the main constituent substrate of the Celgard separator. In
addition, GO could also effectively enhance the mechanical
property and thermal stability of the polymer.©’!

In order to further investigate the thermal stability of various
membranes, burning experiments were carried out and shown
in Figure S4, Supporting Information. GO-GPE exhibits excel-
lent flame retardancy; in contrast, the commercial Celgard sepa-
rator is easily burnt. This is because GO-GPE contains halogen
atoms (F and Cl) which have effective flame retardancy. More-
over, the addition of GO also can enhance flame retardancy of
polymer-based composites to some extent and has been proved
in some recent work.>52 Furthermore, it should be noted
that after the addition of GO, the distribution of the pores
becomes more uniform with higher density, and the pore size
becomes smaller as shown in Figure 2c. The smaller pore size
contributes to prevent the direct passage of the electrode par-
ticles and thus to avoid the micro-short circuit between anode
and cathode. The improvement of pore configuration may be
due to the following factors: First, as shown in Figure S5, Sup-
porting Information, GO contains a large number of oxygen-
containing functional groups, such as C—0O (286.4 eV), C=0
(2877 eV), and O—C=0 (288.8 eV). Among them, the peak area
of C—O is the largest, indicating C—O is the majority of oxygen-
containing groups in GO. The —OH (C—0) and —COOH
(O—C=O0) can easily produce intermolecular hydrogen bonding
with polymer matrices, resulting in more disordered polymer
chains in the composites, which helps to form a 3D porous
polymer network.l3l Second, polymer molecular chains could
be immobilized easily by hydrogen bonding and the 3D skel-
eton of GO to form uniform pore structures during phase
inversion,> which is due to the homogeneous dispersion of
GO in the slurry of GO-GPE.

The smaller pores of GO-GPE compared to P-GPE could
remarkably enhance specific surface area, as shown in Figure S6a,
Supporting Information. The specific surface area for P-GPE is
4.04 m? g7! and it increases to 5.28 m? g~! for GO-GPE. This
contributes to increase in the liquid electrolyte uptake when
using GO-GPE (Figure S6b, Supporting Information). Com-
pared with the electrolyte uptake (186%) of the P-GPE, the elec-
trolyte uptake of GO-GPE increases to 277%. This means that
GO-GPE could wet more easily in liquid electrolytes and retain
the electrolytes more permanently than those of P-GPE, which
can facilitate the improvement in ionic conductivity and cycle
stability of batteries.

Ionic conductivity is considered as a key factor of GPEs.
According to Equation (1), the ionic conductivities of Celgard
separator, P-GPE, and GO-GPE are calculated and the values of
1.25 x 1073, 2.03 x 1073, and 2.28 x 103 S cm™! are shown in
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Figure 2. SEM images of commercial Celgard separator (a,b), P-GPE (c,d), and GO-GPE (e,f), before (a,c,e) and after (b,d,f) thermal treatment at

140 °C for 1 h (inset: corresponding photographs).

Figure 3a. It is observed that PTC-based GPE exhibits higher
ionic conductivity than Celgard separator. The reasons may
be due to : 1) PTC has a high dielectric constant (50-57)“¢!
than polyethylene of Celgard separator (2.26-2.4).>°! This can
generate a large quantity of charge carriers by effectively dis-
sociating LiPFg,*® thus improving the ionic conductivity of
PTC-based GPE. 2) The Li* can only be transported in the

amorphous region of GPE but not in the crystallization zone.
The addition of PEO could reduce the crystallinity of PTC
due to the hydrogen bond interaction effect between PTC and
PEO.®! Therefore, the ionic conductivity of PTC-based GPE
increases. Furthermore, the ionic conductivity of GO-GPE
achieved the highest value among all the samples. The further
improvement in ionic conductivity by GO additives may be due
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Figure 3. a) lon conductivity of Celgard separator and various GPEs. b) Chronoamperometry profiles of Li|P-GPE|Li and Li|GO-GPE|Li cells at 25 °C;
the inset is electrochemical impendence spectrum at 25 °C. c) The linear sweep voltammograms (LSV) curves of Celgard separator and various GPEs.
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to the following aspects: 1) The increase in the liquid electrolyte
uptake in the pores of GO-GPE could enable liquid electrolyte
to penetrate into the polymer chains to swell the amorphous
domains.’7%8 2) The electrostatic interaction between the
oxygen-containing functional groups with unshared electron
pairs on GO and Li* are supposed to facilitate desolvation of
Li*.’% 3) The electron deficiency of the carbon grid in GO
could attract and immobilize PF,~ anions. Moreover, —OH and
—COOH groups of GO can also immobilize the PF¢~ anions by
the hydrogen bonding, resulting in the destruction of the ion-
solvent clusters and the formation of space charge layers, thus
promoting the transport of Li*.’>%% 4) The possible interactions
between GO and the fluorine functionalities in PTC that will
further increase the degree of the electron deficiency in the
carbon grid.[*0)

In addition, the lithium ion transference number (t;;*) rela-
tive to ionic conductivity is critical for electrochemical perfor-
mance of GPEs. The t;;* was tested by assembling the coin cell
with a symmetrical structure of Li|GPE|Li and further charac-
terized by chronoamperometry and EIS tests (Figure 3b).[°Y
The t;;* value of P-GPE is 0.459, which can be calculated by
the Equation (2). Meanwhile, the GO-GPE achieved a more
satisfactory t;;* value of 0.599, which is obviously larger than
P-GPE without GO. The improvement in ionic conductivity and
t;;" can ensure better electrochemical performance of the bat-
tery. Furthermore, Figure 3c shows the electrochemical stability
window of Celgard separator, P-GPE, and GO-GPE evaluated by
a linear sweep voltammetry (LSV) method, which used stain-
less steel (SS)|GPE|Li and SS|Celgard|Li cell. No anodic currents
were observed below 5 V versus Li*/Li for Celgard separator,
P-GPE, and GO-GPE. The results indicate that PTC-based GPE
possesses wide electrochemical stability window and can be
applicable to LIBs.

In order to further prove the electrochemical stability of
PTC-based GPE, CV was also performed in the voltage window
of 3.0-4.3 V at the scanning rate of 0.1 mV s by using LCO
and lithium foil as the cathode and the anode, respectively
(Figure S7, Supporting Information). It can be seen that there
is no excess redox peak in GPEs compared to Celgard separator,
which further proved the stability of PTC-based GPE in LIBs.

The electrochemical performances of as-fabricated LCO-Al
Foil half cells using Celgard separator, P-GPE, and GO-GPE
in the voltage window of 3.0-4.3 V (vs Li/Li*) are shown in
Figure 4. Before electrochemical experiments, Celgard separator

140
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and GPEs were both heated at 25 and 140 °C for 1 h, and then
the half cells were assembled and tested at 25 °C. Under 25 °C,
the half cells of various membranes all exhibit excellent rate per-
formance at 0.4, 2, and 4 C (inset in Figure 4a) and stable cycle
performance at lower current density of 1 C (Figure 4b). The
capacity retention of Celgard separator, P-GPE, and GO-GPE
are 95.2%, 95.6%, and 97.6%, respectively. However, when the
current density increases to 4 C, the cycle performances of
PTC-based GPEs are obviously better than Celgard separator,
as shown in Figure 4a. Moreover, GO-GPE exhibits the best
cycle stability. The initial discharge capacity of 1179 mAh g is
obtained. After 170 cycles, the discharge capacity is still as high
as 1044 mAh g7, and the capacity retention is approximately
88.5%. However, the capacity retentions of Celgard separator
and P-GPE are only 49.5% and 76.9%, respectively. When the
heat treatment temperature increases to 140 °C, the Celgard
separator suffers a drastic dimensional reduction, resulting in
short circuit and the half cell cannot work. In contrast, the rate
performances of PTC-based GPEs after the heat treatment of
140 °C barely changes. Moreover, the GO-GPE exhibits excellent
cycle stability at 4 C with capacity retention of 74.3% at the heat
treatment at 140 °C. The above results indicate that GO-GPE
plays an important role in improving the safety and cycle sta-
bility of LIBs, which are attributed to the high thermostability,
improved electrolyte uptake, excellent ionic conductivity, and
lithium ion transference number mentioned earlier.

2.3. Flexible Lithium lon Batteries

After studying the half cell performance, the electrochem-
ical study of pouch-type flexible full cells were also investi-
gated. The flexible full cell, denoted as LIB-Graphene Film,
was assembled using graphene film as current collector and
optimal GO-GPE. For comparison, a controlled full cell,
denoted as LIB-Metal Foil, was also assembled using standard
current collectors (Al foil and Cu foil) and GO-GPE. Nickel
and aluminum tabs were used to make electric contact to the
current collector.

In order to further analyze the effect of mechanical flexibility
on the structural changes within the reinforced electrodes, elec-
trochemical impedance spectroscopy (EIS) measurements were
performed, as shown in Figure 5. Figure 5a,b shows the Nyquist
plots, which were collected in a 5 mV AC potential signal in the
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Figure 5. EIS measurements of a) LIB-Metal Foil and b) LIB-Graphene Film at different bending states. c) Equivalent circuit used for simulating the

experimental impedance data.

frequency range of 10° Hz to 10 mHz at the full charge state
(2.8 V). EIS measurements were carried out on the cell at flat,
bent, and reverse bent state with a bending radius of 1 mm. All
curves included two semicircles, one from high frequency to
mid-frequency and the second from mid-frequency to low fre-
quency and a straight line in low frequency. The equivalent cir-
cuit is shown in Figure 5c.[6263 R, is the electrolyte resistance.
The first semicircle denoted as R; is due to multiple interfacial
resistance within the active layers, which includes the current
collector/active layer interface,® active material/passivation
layer interface,®®) and particle-to-particle interface.l®®! Constant
phase element (CPE) somehow represents the double-layer
capacitance. The second semicircle denoted as R, is related to
the charge transfer processes between the active particle and
the electrolyte. The straight line toward the end of the curve is
due to solid state diffusion of lithium ions within the electrode
and is represented by R,,.

The comparison of EIS spectroscopies for the cells at flat,
bent, and reverse bent state shows that the electrolyte resist-
ance (R) and the charge transfer resistance (R;) are almost con-
stant with continuous bending. However, the first semicircle of
LIB-Metal Foil increases after the battery undergoes mechanical
bending and reverse bending, which relates to an increase in
the interfacial resistance (R;) within the electrode. As men-
tioned earlier, R; includes the current collector/active layer
interfacial resistance. The delamination of active layer from
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metal foils as shown in Figure 1f could lead to a significant
increase in interfacial resistance. Furthermore, it is worthwhile
to note that the interfacial resistance (R;) of LIB-Graphene Film
is almost constant under flat, bent, and reverse bent states, fur-
ther indicating the strong adhesion between the active layer
and graphene film. This also exhibits a high consistency with
the cross-sectional SEM images of Figure 1g.

The flexibility of LIB-Graphene Film full cell was tested at a
speed of 200 mm s~! with bending radius of 1 cm by a specially
designed stepper motor (Video S1, Supporting Information).
After every 10 000 times mechanical bending, a charge and dis-
charge cycle was tested at 1 C between 1.5 and 2.8 V. Figure 6b
shows the discharge-specific capacity of the battery after dif-
ferent bending times. Obviously, no capacity loss was observed
after the LIB-Graphene Film was bent up to 100 thousand
times. These observations demonstrate an excellent electro-
chemical stability and mechanical robustness for LIB-Graphene
Film. To further investigate flexibility of LIB-Graphene Film, an
in situ bending test was carried out at a low speed of 5 mm s,
Approximately 90 times bending were carried out on one elec-
trochemical cycle and the charge/discharge curves are shown
in Figure 6¢. Overall, there is almost no shift in the charge/dis-
charge curve, further indicating excellent flexibility of LIB-Gra-
phene Film. In earlier reports of literature, the flexible batteries
were bent hundreds of times at most and the electrochemical
performances had significantly decreased. The comparison of
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Figure 6. a) Schematic picture of the flexible battery using graphene film as current collector and optimal GO-GPE. b) Cycle performance of the flexible
battery cycled at 1C after different bending times. Temperature: 25 °C. Inset: Photographs of the flexible battery before and after bending. c) The charge/
discharge curves of flexible battery with in situ =90 times mechanical bending.

electrochemical performance with literature reports are exhib-
ited in Table S3, Supporting Information.>?26267-71 To our
knowledge, flexible batteries that could bend so many times
have not been reported.

Furthermore, to check the effect of folding on the battery
performance, the LIB-Graphene Film flexible battery was tested
100 cycles at 1 C, that is, in the flat state for the first 30 cycles, in
the folded state (R = 1 mm) for another 40 cycles, and then the
flexible battery was unfolded and tested in the flat state in the
remaining 30 cycles. The flexible battery exhibited an exciting
folding and stability performance, as shown in Figure S8, Sup-
porting Information. A specific capacity of =140.4 mAh g~! was
obtained after the first cycle, and the capacity retention was
=98.1% after 100 cycles (Figure S8a, Supporting Information).
The specific capacity of the flexible battery was quite insensi-
tive to the folding and unfolding of the battery. Moreover,
the charge/discharge curves in the flat state well matched
the results in the folded state, including specific capacity and
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voltage platform (Figure S8b, Supporting Information). These
results indicate that the battery performance is mostly unaf-
fected by the folding process.

Figure 7a—c shows optical images of flexible battery connected
in series with a green light-emitting diode (LED) (Video S2,
Supporting Information). The battery can light the LED con-
tinuously under flat state, and still work well under external
bended condition with a bending radius of 1 mm. When recov-
ered to the flat state, it was found that the brightness of the
LED was constant during this period and could still last for sev-
eral hours. Moreover, the change in the open circuit voltage of
the full cell at charge state was tested under in situ bending
conditions (Figure 7d). When using graphene film as current
collector, the voltage of LIB-Graphene Film barely dropped
under in situ 800 times bending; however, the voltage of LIB-
Metal Foil dropped significantly. Therefore, the full cell of LIB-
Graphene Film could supply power continuously and steadily
without brightness change under bended condition. It is well
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Figure 7. Demonstration of the flexible battery connected in series with a green light-emitting diode (LED) a) when flat, b) after one bending, and
c) flattened again and lasting for more than 8 h. d) Plot of open-circuit voltage at full charge state according to bending number in the in situ bending
test. ) A corner of the flexible battery is cut off to power an LED and f) lasting for more than 3 h.

known that the delamination of active layer from current col-
lector could lead to the voltage drop.[?) The comparison of
voltage drop proved again the excellent flexibility of graphene
film and the strong adhesion between the active layer and the
graphene film.

To further test the safety of flexible battery, a corner of the
flexible battery was cut off to power an LED, as shown in
Figure 7e(f. It was observed that the battery can still light an
LED and last for more than 3 h without internal short-circuit
(Video S3, Supporting Information). Here, it is worthwhile to
note that both the reliability and the safety of batteries incorpo-
rating GO-GPE were remarkably improved.

3. Conclusions

In conclusion, the present study demonstrates an extremely
safe and flexible gel polymer LIB for future scalable appli-
cations. Ultra-thin, ultra-light, and highly flexible graphene
films are used as current collectors for the LTO anode and
LCO cathode. The flexible LIB made of graphene films exhib-
ited exceptional stable performance over 100 thousand times
mechanical bending with no capacity loss. The highly flexible
graphene films can be bent tens of thousands of times without
plastic deformation. More importantly, the strong adhesion
between the active layer and the graphene film effectively
restrains delamination of active layer under severe bending
conditions. The freestanding graphene films minimize the
thickness of inactive components within the battery and also
enhance both the mass energy density and the power density
=~1.4 times higher than those from standard battery using metal
foil current collectors. In addition, the GO-GPE exhibited strong
absorption of liquid electrolyte, wide electrochemical window,
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and superior thermal and electrochemical stability. It also has
higher ionic conductivity and higher lithium ion transference
number than the commercial Celgard separator. The flexible
LIBs using GO-GPE in this paper present excellent safety char-
acteristic even in extremely harsh conditions. It is anticipated
that scalable flexible battery with high energy and power den-
sity, superior safety, and excellent reliability will provide energy
for future wearable electronics and many other applications in
extreme and/or conformal conditions.

4. Experimental Section

Sample Collection: Graphene film was purchased from XG Sciences
Inc. (XG LeafB). PTC (M, = 400 000-600 000) was purchased from
Wuhan Methyl Technology Co., Ltd. PEO (M,, = 100 000) was supplied
by Shanghai Macklin Biochemical Co., Ltd. The GO (sheet diameter of
30-50 um, thickness of 1.0-1.77 nm, layer numbers of 1-5) powder was
purchased from Suzhou Tanfeng Graphene Technology Co., Ltd.

Fabrication of Gel Polymer Electrolyte: GO-GPE was prepared by
the means of phase inversion method. First, 0.106 g of GO powder
was dispersed in 35 mL DMF for 30 min under ultrasonic dispersion
to form a suspension solution. Then 10 g of PTC was dissolved in
the obtained suspension solution at 35 °C for 12 h under magnetic
stirring to obtain a homogeneous solution. Subsequently, 1T g of PEO
was dissolved in 40 mL acetonitrile and stirred at 40 °C for 12 h. Next,
the PEO acetonitrile solution was then added into the PTC/GO/DMF
solution to get a homogeneous slurry at 35 °C for 12 h under magnetic
stirring. The slurry was coated on the surface of clean glass plate by a
doctor-blading method, and then transferred into the anhydrous ethanol
bath to produce phase inversion. In this process, rapid interdiffusion
occurred between ethanol and DMF, and the ethanol molecules
gradually occupied the position of DMF solvent molecules to form a wet
GO-GPE membrane. The membrane needed to be continuously soaked
in the anhydrous ethanol for 3 h to ensure thorough removal of the
residual DMF solvent. Finally, the GO-GPE porous membrane was dried
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in a vacuum oven for 24 h at 80 °C to remove the solvent and ethanol.
In this preparation process, for comparison, pristine P-GPE without GO
was also prepared. The as-obtained porous membrane (thickness of
90-110 um) was immersed into the liquid electrolyte (1.0 m LiPFg in EC/
DEC = 1:1, v/v with 5.0% FEC) for 2 h, ultimately obtaining P-GPE and
GO-GPE.

Electrochemical Test for Coin Cell: LiCoO, (Shenzhen Kejing Star
Technology Ltd.) was used as cathode. Li,TisO;, (Shenzhen Kejingstar
Technology Ltd.) was used as anode. The electrode was composed of
LCO (LTO), super P as the conductive additive, and PVDF as the binder
(80:10:10 weight ratio). The LCO slurry was spread onto an Al foil and a
graphene film. The LTO slurry was spread onto a Cu foil and a graphene
film. The electrodes were dried at 100 °C in vacuum for at least 10 h. Coin
cells (2032) were assembled in an Ar-filled glove box using Li foil as the
counter electrode. The cathode and anode material loads in each coin
cell were typically 4-5 and 5-5.5 mg cm2, respectively. The electrolyte
was 1.0 m LiPFg in EC/DEC = 1:1, v/v with 5.0% FEC, and commercial
polypropylene microporous film (Celgard 2300), P-GPE, and GO-GPE
as the separator. The assembled coin cells were cycled at different
charge/discharge rates on a Land battery tester (Wuhan Land Electronic
Co. Ltd.).

Electrochemical Test for Flexible Battery: Flexible lithium ion battery
(full cell) was assembled with LCO as cathode, LTO as anode, graphene
film as current collector, and Al-plastic film as packaging materials. For
comparison, the full cell using Al foil as positive current collector and
Cu foil as negative current collector was also assembled. The anode and
cathode electrode areas were 5 cm x 6 cm. Each electrode had the same
composition as the corresponding coin cell electrode. GO-GPE was
chosen as the separator. The capacity of each full cell was =40 mAh and
the N/P ratio (negative electrode capacity/positive electrode capacity)
was 0.8. The assembled full cells were cycled at different charge/
discharge rates at 25 °C on a Land battery tester (Wuhan Land Electronic
Co. Ltd.). The galvanostatic charge/discharge was carried out in a
voltage window of 1.5-2.8 V.

Electrochemical Evaluation: The ionic conductivity (o) of commercial
Celgard separator and GPEs was characterized by alternating current
(AC) impedance method (Autolab, Metrohm) with a potential amplitude
of 5 mV using the first applied frequency of 10® Hz and the last applied
frequency of 0.1 Hz by assembling a coin cell with a symmetrical
structure SS|GPE|SS. The ionic conductivity (6, S cm™) of commercial
Celgard separator and GPE was calculated according to the following
equation:*%l

o= U

The vertical distance from one electrode to the other is d (cm); S is
the effective area of the commercial Celgard separator and GPEs (cm?);
and the bulk resistance of the Celgard separator and GPEs is R, (Q).
Coin cells were used to test the lithium-ion migration number (t,) of
Celgard separator and GPEs at room temperature with Li|GPE|Li (Li,
lithium metal foil) structures according to Equation (2).5!

_Is(AV —1gRo)

o (AV-IR,)

(2)

where AV is the selected polarization voltage (mV); Iy is the initial
currents (mA), I is the steady-state currents; Ry is the initial resistances
(Q), Ry is the steady-state resistances. The coin cell of Li|PSPE|Li was
used to test cell polarization by charge and discharge tests with the
constant current of 10 mV s

Characterization Methods: The morphology and microstructure of the
samples were examined using SEM (FE-SEM, Zeiss Supra 55). The EIS
measurements, open circuit voltage, and cyclic voltammetry analysis
were carried out using the Autolab (Metrohm). The specific surface
area of the porous membrane was determined from N, adsorption
isotherms (BELSORP-max, MicrotracBEL). The thickness of graphene
film was tested by digimatic indicator (Mitutoyo) with accuracy of
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0.001 mm. The bending test was performed by a specially designed
stepper motor.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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