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ABSTRACT: For rechargeable lithium−metal batteries (RLBs), gel
polymer electrolytes (GPEs) are a very competitive and pragmatic option
because the special composite structure could restrain the uncontrolled
lithium dendrite in a liquid electrolyte and avoid the poor interface
contact for a solid-state electrolyte. However, the difficulty lies in finding
a delicate balance between ion transport and interface stability. Herein, a
heterostructured GPE, in which a metal−organic framework layer and an
ultrathin Al2O3 deposition are coated on the same side of a polymer
matrix, is fabricated to homogenize lithium ion transport and stabilize the
lithium anode interface. With the heterostructured GPE, the Li+

transference number is improved to 0.74, and the lithium metal electrode
displays an enhanced cycle stability over 1000 h. Moreover, Li-rich Mn-
based layered oxides, the high-capacity cathode material, are matched for
the first time with a lithium−metal anode to assemble a quasi-solid-state RLB, which delivers an initial discharge capacity of
257.5 mAh g−1 with a long-cycle capacity retention of 84.6% after 500 cycles at a rate of 0.2C.

Metallic lithium has attracted extensive research
attention as a promising anode material for
rechargeable lithium−metal batteries (RLBs) with

a large theoretical specific capacity of 3860 mAh g−1 and low
reduction potential (−3.04 V vs standard hydrogen elec-
trode).1−3 It is expected to build RLBs with high energy and
power density to meet the increasing demands of future
electronic equipment and electric vehicles. However, the
lithium anode tends to trigger parasite reactions with the
traditional organic liquid electrolyte due to its excessive
reaction activity during the charge/discharge process.4

Especially, the continuous and nonuniform plating/stripping
characteristics of Li during cycling can result in lithium
dendrite formations. The uncontrolled lithium dendrites cause
not only a reduction of the Coulombic efficiency but also
serious safety hazards.5−8 Therefore, numerous attempts are
devoted to the development of new electrolytes such as
inorganic solid electrolytes (ISEs), solid polymer electrolytes
(SPEs), and gel polymer electrolytes (GPEs) in order to solve
the inherent problems of leakage, flammability, and volatiliza-
tion in conventional liquid electrolytes.9−13

GPEs stand out from the choice of solid-state systems due to
their high flexibility, light weight, easy manufacturing, and
superior interface compatibility in contrast to the rigidity and
fragility of ISEs and the nonflowing characteristics of SPEs.14,15

Nevertheless, GPEs usually suffer from poor mechanical
strength and unsatisfactory ionic conductivity, which cannot
completely inhibit the nucleation and growth of lithium
dendrites.16 Generally, the nucleation and growth processes of
lithium dendrites are closely related to the transference
number of lithium ions and anions. A higher Li+ transference
number can prolong the Sand’s time and hinder the free
migration of anions, contributing to homogeneous lithium
deposition.17 Besides, the highly active metallic lithium reacts
with the electrolyte to form a solid electrolyte interface (SEI)
film, and lithium ions can be deposited through the SEI
film.17,18 The interfacial component, structure, and character-
istics will also directly affect the rapid transport of lithium ions
and play an important role in stabilizing the lithium anode.
Thus, optimizing the electrolyte structure with a stable
interface compatibility, high Li+ transference number, and
robust mechanical strength is an effective strategy for achieving
a uniform lithium deposition and constructing high-safety
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RLBs.19−21 At present, the construction of composite electro-
lytes based on the synergy between inorganic ceramic fillers
and polymer components has become a viable strategy for a
comprehensive performance,22−24 whereas an addition of
ceramic fillers to the polymer electrolyte can easily cause
aggregation and phase separation in the matrix, especially when
nanoparticles exceed a certain size and content, thereby
influencing the ionic conductivity and energy density of the
battery.25 Additionally, the latest research shows that ions can
only move along the edge of the polymer matrix and the filler
because ions would not transfer through the bulk phase of the
inorganic filler, which also limits the effect of the composite
polymer electrolyte in improving the ion transport.26−28 In
order to better support the advantages of ceramic fillers and
polymer electrolytes, multilayered structures should be
necessary to build a stable interface with a lower diffusion
barrier while regulating the ion transport.
Herein, a new type of heterostructured GPE is shown, in

which a metal−organic framework (MOF) layer and atomic
layer-deposited Al2O3 are modified on one side of the polymer
matrix to tailor the lithium ion transport and interface stability.
MOFs are widely applied as lithium hosts and electrolyte fillers
to improve ion transport and charge transfer processes due to
their large specific surface area, stable skeletons, well-defined
pore pathways, and abundant Lewis acid sites, thereby
inhibiting the formation of lithium dendrites.29,30 Moreover,
Al2O3 as an electrolyte additive31 and inert ceramic filler32 has
been proven to improve the physical and chemical properties
of electrolytes, while in the heterostructured GPEs, the ZIF-8

and Al2O3 layer will act as a “traffic commander”, which
regulates a uniform lithium ion flux to contribute the ion
transport as well as enables a high mechanical strength to
inhibit the growth of lithium dendrites. It is worth pointing out
that the imidazole molecule of ZIF-8 particles can bind with
Li+ via a nucleophilic effect to prolong the lithium nucleation
time and that defined nanosized channels can restrict the free
migration of anions. Meanwhile, the inert Al2O3 nanocoating
obtained by atomic layer deposition (ALD) can not only
enhance the affinity with the lithium anode but also participate
in the buildup of the solid-electrolyte interface (SEI) film and
lower the diffusion barrier of lithium ions. On the basis of the
synergistic effect, the Li+ transference number increases from
0.35 to 0.74, and the Li symmetric cell with the
heterostructured GPEs exhibits superior plating/stripping
reversibility over 1000 h. Furthermore, for the first time,
solid-state RLBs coupled with Li-rich Mn-based cathode
materials with a wide voltage range of 2.0−4.8 V are reported,
and a capacity retention of 84.6% is realized after 500 cycles at
the rate of 0.2C, showing an outstanding electrochemical
performance among the previous GPEs-based solid-state RLBs.
The schematic diagrams of the fabrication and design

concept of the heterostructured gel polymer electrolytes,
marked as GPE-ZIF8-Al2O3, are shown in Figure S1
(Supporting Information) and Figure 1a, respectively. The
GPE matrix composed of poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-HFP), cellulose acetate (CA), and
succinonitrile (SN) is obtained by an electrospinning method.
Among them, PVDF-HFP owns a relatively higher ionic

Figure 1. (a) Schematic diagram of the heterostructured GPE, increase of lithium ion transference number with the varying structure, and
electrostatic potential distribution and intrinsic channel of ZIF-8. (b−d) SEM images and optical images of as-prepared (b) GPE, (c) GPE-
ZIF8, and (d) GPE-ZIF8-Al2O3 films, respectively. (e) Cross-sectional SEM image of the GPE-ZIF8-Al2O3 film. (f, g) Corresponding EDS-
mapping results.
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conductivity and lower crystallinity, while CA can enhance the
mechanical strength of the polymer matrix.33 Through the
swelling effect of the electrolyte solvents, a liquid absorption
rate of up to 300% can be achieved in the polymer network
system, and our previous study verifies an intimate contact
between the GPE matrix and cathode materials.34 Then the
solution containing ZIF-8 nanoparticles after an ultrasonic
dispersion is uniformly casted on one side of the GPE
substrate, and the gel polymer electrolyte modified with ZIF-8
(GPE-ZIF8) is prepared after the solvent evaporates. It is
reported that ZIF-8 nanoparticles characterized by the thermal
stability, robust skeleton, and permanent porosity own a large
specific surface area (up to 1499 m2 g−1) and a well-defined
pore structure (large cavities of 11.6 Å and small apertures of
3.4 Å).35,36 Moreover, the final GPE-ZIF8-Al2O3 film is gained
by adding an ultrathin Al2O3 layer on the same side as ZIF-8
by atomic layer deposition. The regulation of lithium ion
transport in the heterostructured electrolyte can be demon-
strated on the basis of the Li+ transference numbers (Figure S2
and Table S1, Supporting Information). Limited by the strong
solvation effect, the lithium ions in the GPE film are
transported through the gap channels between the polymer
fibers and exhibit a low Li+ transference number of 0.35.37

According to the electrostatic potential distribution of ZIF-8
(Figure 1a), the large electron cloud density of the N atom on
the imidazole molecule away from the Zn2+ indicates strong
electronegativity and nucleophilicity, which can coordinate
with lithium ions to facilitate the rapid transport through
internal channels. Benefiting from the intrinsic confined
nanochannels of MOFs, the migration of anions (PF6

−) with
a relatively larger radius is restricted to a certain extent.38

Under the synergy, the main migration path of lithium ions in
the ZIF-8 layer will depend on the intrinsic nanochannels, and

the Li+ transference number in the GPE-ZIF8 film can be as
high as 0.66. The deposited Al2O3 layer can increase the Li+

transference number to 0.74 and inhibit the excessive reactivity
of the lithium anode through the interface layer construction,
which will be explored in the following discussion. Figure 1b−
d shows the scanning electron microscope (SEM) images and
optical images of as-prepared GPE, GPE-ZIF8, and GPE-ZIF8-
Al2O3 films, respectively. It can be observed in Figure 1b that
the GPE matrix is composed of fibers with a diameter of 0.5−1
μm, in which the relatively high porosity can support ion
diffusion. And the Energy dispersive spectroscopy (EDS)-
mapping results (Figure S3, Supporting Information) demon-
strate that C, O, and F elements are uniformly distributed in
the fibers. After casting ZIF-8 nanoparticles, it is clear to see
that one side of the GPE-ZIF8 film is fully covered by ZIF-8
particles with an average grain size of 0.5−1 μm, as shown in
Figure 1c. Furthermore, no significant changes are observed on
the surface of the ZIF-8 modified layer despite the deposition
of Al2O3 in Figure 1d. It is demonstrated that a nanoscale
ultrathin Al2O3 layer is formed on the surface of the substrate
through the ALD technology. The comparative analysis of the
optical images of different electrolyte films shows that neither
the slurry coating nor the Al2O3 deposition will make
significant differences in the apparent colors. From the cross-
sectional image of the GPE-ZIF8-Al2O3 film in Figure 1e, the
GPE substrate (a thickness of 50 μm) maintains compact
contact with the coating layer (a thickness of 11 μm). The
corresponding EDS-mapping results of the Zn element
attributed to ZIF-8 nanoparticles and the Al element derived
from Al2O3 deposition, as displayed in Figure 1f,g, further
demonstrate that the ZIF-8 nanoparticles are uniformly
covered on the polymer matrix and that Al2O3 is deposited
on the surface of the ZIF-8 layer.

Figure 2. (a) Diffuse reflectance infrared spectra of GPE, GPE-ZIF8, and GPE-ZIF8-Al2O3 films. (b) AC impedance plots and (inset)
corresponding ionic conductivity histograms. (c) Nucleation overpotentials of lithium. (d) Representative stress−strain curves for GPE,
GPE-ZIF8, and GPE-ZIF8-Al2O3 films.
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Author: Please verify that the changes made to improve the
English still retain your original meaning.The diffuse
reflectance infrared spectra in the range of 2000−600 cm−1

are conducted to further confirm the structural composition of
the heterostructured GPE film (Figure 2a). In the infrared
spectrum of the GPE film, the bond in the 1410 cm−1 region
corresponds to the bending vibration of the −CH2 group in
PVDF-HFP, while the bonds at 1750 and 1260 cm−1

correspond to the vibrational absorption peak of CO and
the characteristic absorption of C−O, respectively, indicating
the ester group in cellulose acetate.39,40 After casting the ZIF-8
nanoparticles, the weak peak that appeared at 1580 cm−1 is
attributed to the stretching CN vibration of imidazole,
whereas the intense and convoluted peaks at 1500−1000 cm−1

can be assigned as the ring stretching area.41,42 For the GPE-
ZIF8 film, the peak intensity at 1750 cm−1 significantly
weakens due to the coating of ZIF-8 nanoparticles on the
surface of the GPE film. It is related not only to the fact that
ZIF-8 nanoparticles coated on the outer layer do not contain
CO functional groups but also to the fact that this
composite electrolyte structure will reduce the crystallinity of
the polymer matrix, thereby weakening the corresponding peak
intensity. The infrared spectrum of the GPE-ZIF8-Al2O3 film is
almost the same as that of the GPE-ZIF8 film, but the signal
associated with CN for ZIF-8 decreases because of the
ultrathin Al2O3 layer on the surface. Furthermore, the surface
composition of the GPE-ZIF8-Al2O3 film is confirmed by X-

ray photoelectron spectroscopy (XPS), as shown in Figure S4
(Supporting Information). Besides the signals of Zn 2p at
1045.50 and 1022.35 eV, the peak at 74.40 eV attributed to
Al−O bonds clearly reveals that the Al2O3 layer is successfully
deposited on the surface of the GPE-ZIF8-Al2O3 film.43,44

For the heterostructure, an important concern is how the
coating layers influence ionic conductivity, which plays a
pivotal role in the electrode reaction kinetics.10 The ionic
conductivity of the different films is calculated through the
bulk resistance from the impedance spectra shown in Figure 2b
(the detailed data are listed in Table S2, Supporting
Information). For the pristine GPE film, the ionic conductivity
is 3.41 × 10−3 S cm−1, and the value is negligibly improved to
3.44 × 10−3 S cm−1 for the GPE-ZIF8 film. This can be
attributed to the strong nucleophilicity of the metal−organic
framework mentioned above. When Al2O3 is further coated,
the GPE-ZIF8-Al2O3 film has a slightly declined ionic
conductivity of 2.25 × 10−3 S cm−1, since Al2O3 is not an
active ion conductor. However, for a lithium ion battery, the
effective conductivity should be equal to the measured total
conductivity times the Li+ transference number.45 Therefore,
the effective conductivity for GPE, GPE-ZIF8, and GPE-ZIF8-
Al2O3 films is 1.19 × 10−3, 2.27 × 10−3, and 1.67 × 10−3 S
cm−1, respectively. Compared with GPE, GPE-ZIF8-Al2O3

actually provides an improved effective conductivity, and
even compared with GPE-ZIF8, it keeps the comparable value.
The more important role of the Al2O3 thin layer in stabilizing

Figure 3. Electrochemical cycling tests, surface morphologies of lithium deposition, and schematic diagrams based on the Li/Li symmetric
cells with GPE, GPE-ZIF8, and GPE-ZIF8-Al2O3 films. (a) Voltage profiles of Li/GPE/Li, Li/GPE-ZIF8/Li, and Li/GPE-ZIF8-Al2O3/Li
symmetric cells at 0.2 mA cm−2 for 1 mAh cm−2. SEM images of the surface morphology of a Li electrode after plating/stripping for 1000 h
at 0.2 mA cm−2 for 1 mAh cm−2 in the (b) GPE, (c) GPE-ZIF8, and (d) GPE-ZIF8-Al2O3 films. Schematic diagrams of the microscopic
mechanism during the lithium deposition process for (e) GPE, (f) GPE-ZIF8, and (g) GPE-ZIF8-Al2O3 films.
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the lithium anode interface will be discussed below. The cyclic
voltammetry (CV) tests with a wide voltage range from −0.5
to 5.0 V are performed to investigate the electrochemical
stability of different electrolytes (see Figure S5). The reduction
peak at −0.5 V represents the deposition of lithium ions on
stainless steel, and the oxidation signal at 0.3 V represents the
dissolution of lithium. It is found that no redox peak appears in
the polymer electrolytes, indicating a wide and stable
electrochemical window before and after a modification.
Besides the effective conductivity, the dissolution and

deposition kinetics of lithium at the interface is also influenced
by the heterostructure. The nucleation overpotential of
lithium, which is defined as the difference between the lowest
voltage and the discharge plateau in the transient nucleation
stage of the initial lithium deposition, can reflect the nucleation
barrier of lithium deposition.46,47 As shown in Figure 2c, the
nucleation overpotential in the GPE-ZIF8-Al2O3 case exhibits
the lowest value of 20.4 mV, while the value for GPE-ZIF8 and
GPE is 36.9 and 73.7 mV, respectively. The results show that
the ZIF-8 nanoparticles and Al2O3 thin layer are not only
beneficial for a transference of lithium ions but also make
lithium deposition relatively easy. This can be attributed to the
homogenization effect of lithium ion transport and the
desolvation effect of the two coating layers.48 In addition,
the mechanical strength is also important for the composite
films to inhibit the growth of lithium dendrites. The stress−
strain test results shown in Figure 2d verify that the maximum
tensile strength of the GPE film is only 3.43 MPa, and the

parameter of the GPE-ZIF8 and GPE-ZIF8-Al2O3 films is
obviously increased to 10.17 and 13.08 MPa, respectively.
From the slope of the stress−strain curve, it can be concluded
that GPE-ZIF8-Al2O3 possesses a higher tensile modulus,
meaning a more excellent resistance to an elastic deformation.
The influence of the electrolytes on the long-term cycling

stability of lithium electrodes is investigated by the Li/GPE/Li,
Li/GPE-ZIF8/Li, and Li/GPE-ZIF8-Al2O3/Li symmetric cells
(Figure 3a). All the symmetric cells are charged and discharged
at a current density of 0.2 mA cm−2 with an areal capacity of 1
mAh cm−2. For Li/GPE/Li, despite a relatively low over-
potential in the initial few cycles, the polarization voltage
sharply increases after 490 h, meaning the occurrence of a
partial short circuit at the galvanostatic measurement.
Interestingly, after the cycle is continued for hundreds of
hours, the large polarization voltage has a sudden drop
irregularly. It can be deduced that lithium dendrite forms and
penetrates the GPE film to cause the partial short circuit at 490
h, and the lithium dendrite could break with the subsequent
cycling. Li/GPE-ZIF8/Li maintains a stable cycle performance
over 880 h, and the value of polarization voltage tends to 22
mV. However, in the next few cycles, the polarization voltage
increases suddenly to 38 mV, and then an obvious short circuit
occurs. The result shows that the introduction of ZIF-8 indeed
plays a role in inhibiting the growth of lithium dendrites to a
certain extent. Most importantly, as a sharp contrast, Li/GPE-
ZIF8-Al2O3/Li achieves stable cycling over 1000 h with a
continuously small polarization voltage of ∼20 mV. Combined

Figure 4. (a) XPS spectra of F 1s, C 1s, Al 2p, and Li 1s for the fresh GPE-ZIF8-Al2O3 film, cycled GPE-ZIF8-Al2O3 film, and cycled lithium
anode in the symmetric cells. (b) Schematic illustrations of SEI components formed on the interface between GPE-ZIF8-Al2O3 film and Li
anode.
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with the analysis in the previous paragraph, it is believed that a
robust interface between GPE-ZIF8-Al2O3 and a lithium anode
is generated with the participation of Al2O3, thereby effectively
regulating the nucleation and growth process of lithium
deposition and inhibiting the formation of lithium dendrites.
Subsequently, a larger current density of 1 mA cm−2 is applied
to test the superiority of cycle stability in GPE-ZIF8-Al2O3 film
(Figure S6, Supporting Information), in which the polarization
voltage keeps a steady increase to no more than 100 mV after
300 h and shows an excellent reversibility of lithium plating-
stripping. The Li/Cu cell of GPE-ZIF8-Al2O3 also verifies a
high and stable Coulombic efficiency over 50 cycles with the
capacity of 1 mAh cm−2at the current density of 0.5 mA cm−2,
demonstrating the improved reversibility for Li plating/
stripping.
Correspondingly, the surface SEM images of the lithium

electrodes after cycling for 1000 h are shown in Figure 3b−d.
Before cycling (Figure S8, Supporting Information), the fresh
lithium electrode presents a smooth surface with a flat
microscopic morphology. In the case of Li/GPE/Li, the
originally smooth lithium surface becomes rough and porous;
in particular, some cracks up to hundreds of microns can be
clearly observed (Figure 3b). This kind of crack usually arises
from the buildup and release in local stress caused by an
uneven lithium depositon.4,49 Coupled with the weak
mechanical strength of the GPE film, the newly deposited
fragile active lithium will produce serious cracks and aggravate
this phenomenon. In the cases of Li/GPE-ZIF8/Li and Li/
GPE-ZIF8-Al2O3/Li, the surface morphologies of the lithium
electrode facing the ZIF-8 and Al2O3 layers are flat and
compact (Figure 3c,d), showing that the two can effectively
inhibit the generation of an internal stress and achieve a
uniform lithium deposition. To better understand the influence
of the heterostructure, the schematic diagrams for lithium
deposition are shown in Figure 3e−g. For GPE, the uneven ion
transport and the relatively high energy barrier of lithium
deposition always tend to deposit lithium on some certain
places like edges, steps, and protrusions of lithium, which
usually have a relatively high electron density. Running
repeatedly, lithium dendrites and cracks form inevitably during
a long cycling process. The strong nucleophilicity and open
channel of the ZIF-8 framework in the GPE-ZIF8 film can
effectively regulate the distribution of lithium ion flux and
reduce the energy barrier of lithium deposition. Further, the
deposited Al2O3 for the GPE-ZIF8-Al2O3 film can significantly
promote the interface stability for lithium electrodes and
support a long-term stable cycling. The improvement of
interface stability is mainly attributed to the participation of
Al2O3 in the formation of the SEI, which will be detailedly
discussed below.
The XPS spectra of the GPE-ZIF8-Al2O3 film and Li

electrode before and after cycling in the symmetric cells are
obtained to reveal the effect of Al2O3 on the interface (Figure
4a). For the fresh GPE-ZIF8-Al2O3 film, the main signal of F
1s located at 687.2 eV is from C−F bonds of PVDF-HFP, and
the shoulder peak that appeared at 684.6 eV can be well-
attributed to Zn−F bonds, suggesting there is a strong
interfacial interaction between the ZIF-8 layer and polymer
matrix.50 The signals of C 1s located at 284.8, 285.6, 286.8,
and 289.1 eV are assigned to C−C, C−H, C−O, and CO
bonds of ZIF-8 and CA, respectively.51 Moreover, the single
peak of Al 2p of Al2O3 appears at 74.4 eV.52 On the one side,
after the system is cycled for 1000 h, the main signal of F 1s of

GPE-ZIF8-Al2O3 appears at 685.0 eV, and a single peak for Li
1s, meanwhile, rises at 55.6 eV, clearly declaring the formation
of LiF.53 On the other side, the XPS signal of LiF can also be
observed for the cycled lithium electrode. More importantly,
for the GPE-ZIF8-Al2O3 after cycling, the signals of F 1s at
686.5 eV and Al 2p at 75.3 eV confirm the generation of AlF3
at the interface. As pointed out in the previous studies, the
fluorides, especially LiF and AlF3, are beneficial for lowering
the diffusion energy barrier to ensure a fast diffusion rate and
strengthen the mechanical properties of the SEI film during
cycling.54,55 A noteworthy result is the signal of AlOx in GPE-
ZIF8-Al2O3 after cycling. Apparently, this is caused by lithium
partially reducing Al2O3 at the interface of both.1,56 The F 1s
spectrum of the lithium electrode and the Li 1s spectrum of
GPE-ZIF8-Al2O3 after being cycled are actually very
complicated because these spectra could contain the signals
of organic salt besides LiF and AlF3. However, from the C 1s
spectrum of the lithium electrode, it can be found that C−F,
CO, C−O, C−H, and C−C bonds appear in the surface of
lithium after cycling. This means that the SEI film is composed
of multiple components including Li2CO3 and RCOxLi, etc.

53

In addition, the Zn 2p spectra of the cycled GPE-ZIF8-Al2O3
film reveals that the ZIF-8 modification layer keeps a stable
framework without any composition change during the
electrochemical process (Figure S9, Supporting Information).
Figure 4b illustrates the formation of the SEI film on the

interface of the lithium electrode involving Al2O3. Among the
imidazole molecules contained in the ZIF-8 skeleton, the N
atom at one end contains a lone pair of electrons, which
possesses strong nucleophilicity and electronegativity to
stabilize Li+, thereby prolonging the nucleation time during a
lithium deposition and achieving a uniform distribution. The
Al2O3 deposited on the outermost layer can effectively enhance
the affinity with the lithium electrode and reduce the
nucleation overpotential, contributing to inhibit the nucleation
and growth process of lithium dendrites. Particularly, the
outermost Al2O3 will interact with the LiPF6 to convert from
inert, nonconductive oxides to highly conductive fluorides
during cycling. In this case, a robust ion-conductive LiF-rich
and AlF3-rich SEI layer would be formed at the Li electrode
interface, which will greatly promote the charge transfer
process to achieve a uniform lithium deposition and long
lifespan. The chemical composition of the SEI layer on the
interface of lithium roughly given is supposed to be a
complicated multicomponent structure. Besides common
organic species, the SEI film rich in LiF and AlF3 can lower
the diffusion barrier of lithium ions and enhance the
mechanical strength of the SEI layer. This not only contributes
to provide an abundant Li+ supplement and a continuous
transport path but also suppresses the formation of lithium
dendrites.
To further support the above analysis, the changes at the

interface, including the distribution of molecular fragments and
functional groups, are characterized by time-of-flight secondary
ion mass spectrometry (TOF-SIMS).57 As a highly surface-
sensitive technology, TOF-SIMS depth profiles and two-
dimensional (2D) surface scan measurements are conducted in
the fresh and cycled GPE-ZIF8-Al2O3 films to obtain visual
images of surface secondary ion fragments. As the sputtering
time increases, the major F element that constitutes the fresh
GPE-ZIF8-Al2O3 film surface exhibits a steady intensity and
content throughout the sputtering depth, while other
containing elements and groups maintain a relatively uniform
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content depth distribution despite their low content (Figure
5a). Moreover, the corresponding 2D ion mapping results also
proves the uniformity of the distribution on the surface of a
fresh GPE-ZIF8-Al2O3 film. Similarly, the F− ion depth profile
of the cycled GPE-ZIF8-Al2O3 film remains flat throughout the
entire sputtering depth, indicating that it maintains the overall
structural stability during cycling (Figure 5b). By contrast, the
surface composition of the cycled GPE-ZIF8-Al2O3 film has
changed significantly, and the generation of an AlF3
component (seen from the AlF4

− fragment) can be observed,
which is mainly the result of the interaction of the Al2O3 thin
layer with the lithium salt. Also, the 2D distribution of a LiF2

−

fragment observed on the surface after a cycling suggests the
LiF species remains on the GPE-ZIF8-Al2O3 side. Affected by
the complicated interface reaction during the charge/discharge
process, the normalized depth profiles of AlF4

− and LiF2
−

fragments present certain fluctuations. Besides the organic
components of the electrolyte itself, the organic ion fragments
including C2HO

− and C2H3O
− in the cycled GPE-ZIF8-Al2O3

film are inseparable from the decomposition of organic
solvents.
The applicability of the gel polymer electrolytes in the

practical battery system is demonstrated by lithium metal full
cells using Li-rich Mn-based layered oxides (marked as LLO)

of Li1.2Ni0.13Co0.13Mn0.54O2 as cathode and lithium metal as
anode to evaluate the electrochemical performance. Many
studies consider that LLOs are one of the most promising
cathode materials; they achieve an energy density exceeding
400 Wh kg−1 due to a high discharge specific capacity of more
than 250 mAh g−1.58,59 However, limited by the coupling
material and interface compatibility, current solid-state
batteries mainly employ LiCoO2, LiFePO4, and Ni-rich
cathode materials with narrow electrochemical windows. On
the one side, to the best of our knowledge, the research of
matching cathode materials within a cutoff voltage up to 4.8 V
for solid-state RLBs has not yet been reported. On the other
side, the liquid amount used in the batteries and mass loading
of cathode materials are shown in Table S3 (Supporting
Information). A relatively low liquid amount of 7.5 μL/
mgcathode is selected for the subsequent test, which is favorable
for high safety and energy density. As depicted in Figure 6a,
the LLO/GPE/Li, LLO/GPE-ZIF8/Li, and LLO/GPE-ZIF8-
Al2O3/Li batteries deliver the initial discharge specific
capacities of 264.9, 277.4, and 257.5 mAh g−1 with the
corresponding initial Coulombic efficiencies of 76.9%, 76.6%,
and 77.2% at the rate of 0.2C (1C = 200 mA g−1). Note that,
because of the inert insulating properties of Al2O3, the ion
conductivity in the LLO/GPE-ZIF8-Al2O3/Li battery will

Figure 5. TOF-SIMS depth profiles and 2D mapping results of selected typical ion fragments of (a) fresh GPE-ZIF8-Al2O3 film (F−, Al−,
AlO−, Zn−, C2HO−, and C2H3O

−) and (b) cycled GPE-ZIF8-Al2O3 film (F−, AlO−, AlF4
−, LiF2

−, C2HO−, and C2H3O
−) in full cells. On the

surface, the TOF-SIMS sputtered area is 68 μm × 68 μm.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.1c02233
ACS Energy Lett. 2022, 7, 42−52

48

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c02233/suppl_file/nz1c02233_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02233?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02233?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02233?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c02233?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c02233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inevitably be effected to a certain extent, thereby reducing its
discharge capacity. After 100 cycles, the LLO/GPE-ZIF8-
Al2O3/Li battery maintains a remarkable discharge capacity of
268.9 mAh g−1, compared with 210.3 mAh g−1 for the LLO/
GPE/Li battery and 232.9 mAh g−1 for the LLO/GPE-ZIF8/
Li battery in Figure 6b. It is demonstrated in the Nyquist plots
of the LLO/GPE-ZIF8-Al2O3/Li battery that the surface
charge transfer resistance representing the resistance between
electrolyte and electrode gets a relatively low value of only 7.0
Ω after 100 cycles, which shows a sharp decrease compared to
that of the first cycle (111.6 Ω), as shown in Figure 6c. This
can be attributed to the construction of a robust conductive
interface during cycling, thus accelerating the charge transfer
process. More importantly, even after a long-term cycle of up
to 500 cycles at the 0.2C rate, the LLO/GPE-ZIF8-Al2O3/Li
battery can still maintain an extraordinary cycle stability and
excellent Coulombic efficiency. As seen from Figure 6d, it
keeps an impressive discharge capacity of 216.0 mAh g−1 with

a capacity retention of 84.6% after 500 cycles, which is much
higher than that of the LLO/GPE/Li battery (Figure S10,
Supporting Information). Particularly, after a period of
activation, the LLO/GPE-ZIF8-Al2O3/Li battery has shown a
stable Coulombic efficiency close to 100% throughout the
long-term cycle. Even at the 2C rate, the LLO/GPE-ZIF8-
Al2O3/Li battery can maintain a stable and high capacity
retention of 91.9% over 150 cycles (Figure S11, Supporting
Information). The superior cycle life and stability in the LLO/
GPE-ZIF8-Al2O3/Li battery results from the rapid lithium ion
transport process and the interfacial stability of the lithium
anode.
Furthermore, a lithium metal pouch-type cell (single layer)

based on the flexibility of a GPE-ZIF8-Al2O3 film is assembled
to investigate the rate performance and safety property, as
shown in Figure 6e−k. Encouragingly, the LLO/GPE-ZIF8-
Al2O3/Li pouch cell presents relatively outstanding cycle
stability and discharge capacity rate from 0.05C to 0.5C. After

Figure 6. Electrochemical performance of full cells at room temperature. (a, b) The first charge/discharge curves and cycling stability of
LLO/GPE/Li, LLO/GPE-ZIF8/Li, and LLO/GPE-ZIF8-Al2O3/Li batteries at the rate of 0.2C. (c) Nyquist plots of the LLO/GPE-ZIF8-
Al2O3/Li battery at the fully charged state after the 1st and 100th cycles. (d) The long cycling performance and Coulombic efficiency of the
LLO/GPE-ZIF8-Al2O3/Li battery. (e) Rate performance of LLO/GPE-ZIF8-Al2O3/Li pouch cells. Optical photographs of LLO/GPE-ZIF8-
Al2O3/Li pouch cells under 35 °C (f), 45 °C (g), and 55 °C (h) as well as at the bending (i), folding (j), and cutting (k) states for lighting
LED lamps.
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50 cycles, it can still deliver a discharge capacity of 169.5 mAh
g−1 at 0.5C, demonstrating a fascinating application prospect.
Also, the safety of lithium batteries operating under different
temperatures and harsh conditions is also an important factor
in evaluating their practical application performance. Appa-
rently, as the working temperature rises from 35 and 45 to 55
°C, the pouch cell can work normally and light up the light-
emitting diode (LED) lamps (Figure 6f−h). Meanwhile, the
LLO/GPE-ZIF8-Al2O3/Li pouch cell can make the LED lamps
bright even at the states of bending, folding, and cutting,
suggesting its potential in flexible electronic devices (Figure
6i−k). Furthermore, the nail penetration test proves that no
fire or explosion occurs in the LLO/GPE-ZIF8-Al2O3/Li
pouch cell, and the corresponding voltage keeps a stable value
(Figure S12 and Figure S13). The above results confirm the
superior thermal stability and safety in the flexible LLO/GPE-
ZIF8-Al2O3/Li pouch cell. Restricted by the ideally thin
lithium anode technology, the fly in the ointment is that this
work cannot assemble a pouch-type full battery that calculates
the energy density in terms of the mass of the overall
components in the battery. It is believed that a solid-state RLB
with high energy density can be expected with the combination
of the Li-rich cathode and lithium anode materials at high level
in capacity.
In summary, a heterostructured gel polymer electrolyte is

fabricated for long-cycle quasi-solid-state RLBs via rationally
casting a ZIF-8 layer and depositing an Al2O3 ultrathin layer on
the polymer matrix. It can not only significantly enhance the
mechanical strength to achieve a homogeneous lithium
deposition but also effectively improve the interfacial stability
with the lithium anode. On the one side, the ZIF-8 frameworks
with strong electronegativity can coordinate with Li+ via an
electrostatic interaction to allow the rapid transport of Li+ and,
meanwhile, restrict the free migration of anions through the
defined intrinsic nanosized channels. On the other side, the
inert Al2O3 would decrease the diffusion barrier and stabilize
the lithium anode interface by constructing a conductive SEI
film rich in fluorides. Finally, a high Li+ transference number
up to 0.74 is realized to inhibit the nucleation and growth of
lithium dendrites, and a robust ion-conductive interface layer
between electrode and electrolyte is formed to extend the cycle
life. The Li symmetric cells based on a GPE-ZIF8-Al2O3 film
display a low and stable polarization voltage with a lifespan of
more than 1000 h, and the corresponding RLBs maintain a
superior cycling stability with a capacity retention of 84.6%
after 500 cycles at the rate of 0.2C. The heterostructured gel
polymer electrolyte provides a new insight for constructing a
highly stable and conductive interface toward next-generation
RLBs with high performance and excellent safety.
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