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Introduction
Battery research is a rapidly expanding field of research due 
to the increasing demand for better, more efficient batteries 
that can provide power to a wide variety of applications. 
Research is being conducted on several different technologies 
such as nickel-metal hydride (NiMH), lithium-ion, lithium-
polymer, and other types of rechargeable batteries. The 
focus of battery research is to improve the performance, 
safety, and longevity of existing battery technologies 
as well as to explore innovative technologies that could 
potentially revolutionize the way we store and use energy.

Battery research has focused heavily on energy density in 
recent years. A battery with a higher energy density can 
store more energy in a smaller space, making it lighter 
and more compact. For example, lithium-ion batteries 
have a much higher energy density than traditional 
lead-acid batteries which makes them ideal for a wider 
range of applications such as electric vehicles, where 
weight and size are important considerations. 

In addition to developing new technologies, 
researchers are also investigating ways to increase 
the efficiency of existing technology, for example 
developing techniques to reduce the amount of energy 
lost during charging and discharging cycles. 

This article collection begins with a study on Lithium-ion 
batteries (LIBs). LIBs with high energy density and safety 
under fast-charging conditions are highly desirable for 
electric vehicles. However, owing to the growth of lithium 
dendrites, increased temperature at high charging rates, 
and low specific capacity in commercially available 
anodes, they cannot meet the market demand. In a study 
by Choi et al. (2022), a one-pot electrochemical self-
assembly approach has been developed for constructing 
hybrid electrodes composed of ultrafine Fe3O4 particles on 
reduced graphene oxide (Fe3O4@rGO) as anodes for LIBs.

Zhang, S. et al. (2021) report a bifunctional in situ formed 
poly(vinylene carbonate) (PVCA)-based buffer layer 
that is introduced between the LAGP electrolyte and the 
metallic Li anode to improve interface compatibility and 
the electrolyte stability. The improved interface contact 
between LAGP and electrodes and the enhanced stability 
of LAGP enable all-solid-state lithium metal batteries 
(ASSLMBs) with excellent electrochemical performance.

Next, Chen et al. (2021) reported an in situ quasi-
solid-state polyether electrolyte (SPEE) with a nano-
hierarchical design. Developing solid-state electrolytes 
with good compatibility for high-voltage cathodes and 
reliable operation of batteries over a wide temperature 
range are two bottleneck requirements for practical 
applications of solid-state metal batteries (SSMBs).

All-solid-state lithium batteries (ASSLBs) with polyethylene 
oxide (PEO)-based solid-state electrolytes generally suffer 
from severe capacity degradation and interface transfer 
obstacles during the charge/discharge process. The study by 
Zhang et al. (2022) provides a facile and economical strategy 
to solve the problem of the lithium-electrolyte interface.

Aqueous rechargeable batteries boast numerous 
advantages, such as safety, affordability, and environmental 
friendliness, but their low energy density limits their 
effectiveness. To get around this problem, researchers 
have focused on increasing the concentration of aqueous 
electrolytes. However, there is a physical solubility limit 
of 21-32 mol kg−1 (m). In a breakthrough study by Cai et 
al. (2021), a ZnCl2/ZnBr2/Zn(OAc)2 aqueous electrolyte 
was found to have an unprecedented solubility of up to 
75 m, surpassing the physical solubility threshold.

Redox flow batteries (RFB) are receiving wide attention as 
scalable energy-storage systems to address the intermittency 
issues of renewable energy sources. However, for widespread 
commercialization, the redox flow batteries should be 
economically viable and environmentally friendly. Zinc-
based batteries are a good choice for energy storage 
devices because zinc is earth-abundant and zinc metal 
has a moderate specific capacity of 820 mA hg−1 and a 
high volumetric capacity of 5851 mA h cm−3. Jeena et al. 
(2022) reported a zinc-iron (Zn-Fe) hybrid RFB employing 
Zn/Zn(II) and Fe(II)/Fe(III) redox couples as positive 
and negative redox systems, respectively, separated 
by a self-made anion exchange membrane (AEM). 

Finally, supercapacitors are potential electrochemical 
energy storage devices (EESDs) that hold much promise 
because of their high-power density, long-term cycling 
stability, high-power attainment, low maintenance costs, 
and high stability. Ashraf et al. (2021) investigated the 
use of an asymmetric supercapacitor (HRG//m-WO3 ASC) 
composed of highly reduced graphene oxide (HRG) as 
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the positive electrode material and monoclinic tungsten 
oxide (m-WO3) nanoplates as the negative electrode. 

Overall, energy density is an important factor in 
battery research, and researchers are continuing 
to develop new technologies and techniques to 
increase the energy density of existing batteries. This 
will allow for the development of lighter and more 
powerful batteries for a variety of applications.

Through the methods and applications presented in 
this article collection, we hope to educate researchers 
on new technologies and techniques to increase the 
energy density of batteries. For more information, 
we encourage you to visit Metrohm to learn more 
and explore options to enhance your research. 

Róisín Murtagh, Editor 
Wiley Analytical Science
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Highly Stable Iron- and Carbon-Based Electrodes for Li-Ion
Batteries: Negative Fading and Fast Charging within 12 Min
Wonyoung Choi,[a] Jaeyun Ha,[a] Yong-Tae Kim,*[a] and Jinsub Choi*[a]

Lithium-ion batteries (LIBs) with high energy density and safety
under fast-charging conditions are highly desirable for electric
vehicles. However, owing to the growth of Li dendrites,
increased temperature at high charging rates, and low specific
capacity in commercially available anodes, they cannot meet
the market demand. In this study, a facile one-pot electro-
chemical self-assembly approach has been developed for
constructing hybrid electrodes composed of ultrafine Fe3O4

particles on reduced graphene oxide (Fe3O4@rGO) as anodes for
LIBs. The rationally designed Fe3O4@rGO electrode containing
36 wt% rGO exhibits an increase in specific capacity as cycling

progresses, owing to improvements in the active sites, electro-
chemical kinetics, and catalytic behavior, leading to a high
specific capacity of 833 mAhg�1 and outstanding cycling
stability over 2000 cycles with a capacity loss of only 0.127%
per cycle at 5 Ag�1, enabling the full charging of batteries
within 12 min. Furthermore, the origin of this abnormal
improvement in the specific capacity (called negative fading),
which exceeds the theoretical capacity, is investigated. This
study opens up new possibilities for the commercial feasibility
of Fe3O4@rGO anodes in fast-charging LIBs.

Introduction

Since they were first commercialized by the Sony Corporation
in 1991, rechargeable lithium-ion batteries (LIBs) have been
widely used in portable electronic devices, owing to advantages
including high energy density, long cycling life, absence of
memory effects, and low environmental impact.[1–3] However, as
the application of LIBs has expanded to power sources for
energy storage systems (ESSs) and electric vehicles (EVs), the
development of new anode materials for next-generation LIBs
that meet the requirements of high power density, fast
charging, and low cost has become important for overcoming
the low consumer acceptance and market penetration of EVs.[4]

In particular, to solve the problem of limited charging speed,
one of the most crucial factors in the competition between EVs
and conventional combustion engines, the US Department of
Energy (DOE) proposed an interim goal called extreme fast
charging (XFC), in which high-energy-density batteries (ca.
180 Wh kg�1) can be fully charged within 15 min.[4–6] Graphite is
currently used as an anode in commercial LIBs because of its
high stability, durability, and low cost; however, it has a low
specific capacity (372 mAhg�1) and slow charge–discharge
process owing to its low diffusion coefficient and high
expansion resistance.[7] In addition, there is a safety concern
associated with the formation of Li dendrites, which grow

quickly while charging at high charging rates owing to the low
lithiation potential of graphite (ca. 0.1 V vs. Li/Li+).[8,9] Further-
more, high charging rates increase the temperature inside
battery cells, forming a thick solid–electrolyte interphase (SEI)
film and deforming the battery pack, thereby adversely
affecting the electrochemical performance of LIBs.[10,11]

Magnetite (Fe3O4) is a promising alternative candidate
owing to its higher potential than graphite, which reduces
safety concerns at high charging rates and its ability to store up
to eight Li+ ions per formula unit, leading to a high theoretical
specific capacity of 924 mAhg�1.[12] Nevertheless, the application
of Fe3O4 anode material in practical LIBs suffers from low
conductivity and large volume changes during the charging/
discharging process, resulting in pulverization and aggregation
of the electrode with poor cycling stability.[13,14] One of the most
promising strategies to overcome these drawbacks is to design
nanosized Fe3O4 particles combined with different forms of
carbon materials with high electronic conductivity and high
surface area to improve electrochemical kinetics by effectively
shortening Li diffusion pathways and enhancing mechanical
integrity.[15–19] In particular, graphene, which has excellent
electronic conductivity and outstanding mechanical flexibility, is
an ideal substrate for anchoring nanosized Fe3O4, contributing
to fast electronic transport and increased electrical contact area
between the electrode and electrolyte.[20,21]

Several studies have been conducted to achieve a capacity
close to the theoretical value by adjusting the morphology and
crystallinity of electrode materials.[22–24] However, in certain
circumstances, mainly in transition metal oxide anodes, the
anomalous behavior of the capacity increases beyond the
theoretical capacity of the material itself, which occurs as
cycling progresses. Contrary to the expected loss of capacity
due to fatigue, the origin of this abnormal cycling-induced
capacity increase, termed negative fading, remains controversial
because of integrated circumstance originated by structural
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reorganization, reoxidation of active material, and surface layer
related reaction at the interfaces.[25,26] In general, because
negative fading is significantly influenced by the structural
morphology of the electrode and the catalytic activity of metals
formed from metal oxides during cycling, preparing metal
oxide@carbon composites is an effective approach for max-
imizing the electrode/electrolyte contact area and preventing
the agglomeration of metal oxide nanoparticles. Su et al.
prepared Fe3O4-graphene nanocomposites by hydrothermal
method. They show that graphene sheets effectively prevent
the aggregation of Fe3O4 nanoparticles, guaranteeing the fast
electron transfer. Also, the Fe3O4 on the graphene sheets
prevent the restacking of graphene sheets, resulting in loss of
active surface site.[27] In addition. Jing et al. suggest a one-step
high temperature solvothermal process to prepare Fe3O4/
Graphene composites, and the prepared Fe3O4/Graphene
composites deliver a capacity of 907 mAhg�1 at 0.1 C after
65 cycles.[28] Luo et al. employ the electrode consisted of
mesoporous nanostructure Fe3O4 on three-dimensional gra-
phene foam with excellent cycling stability. The hybrid
electrode delivers a capacity of 870 mAhg�1 at 500 cycles at
1 C. Also, they demonstrate the possibility of full charge within
1 min, showing a capacity of 190 mAhg�1 at 60 C.[29]

Inspired by the above, we designed and fabricated ultrafine
Fe3O4 particles (20–30 nm in size) uniformly arranged on
reduced graphene oxide (rGO) sheets (Fe3O4@rGO) via a one-
spot electrochemically assisted self-assembly method under
ambient conditions. The mild strategy allowed further reduction
of rGO, which corresponds to the additional oxidation of Fe3O4

particles, resulting in increased electrical conductivity of the
electrode. The rationally designed Fe3O4@rGO electrode con-
taining 36 wt% rGO serving as a highly conductive network
exhibited an excellent reversible capacity of 833 mAhg�1 with
outstanding long-term stability at 5 Ag�1 for 2000 cycles and
301 mAhg�1 even at 20 Ag�1, which is comparable to that of
commercial graphite. In addition, the origin of the anomalous
cycling-induced capacity increase is discussed from the view-
point of the increased surface area, which is caused by
pulverization during repeated cycling, amorphization providing
multiple channels for the transport of Li+, and the catalytic
behavior of Fe atoms generated from Fe3O4 during cycling.

Results and Discussion

Synthesis and physical characterization

Nanostructured Fe3O4-carbon composites can be prepared
through diverse approaches, including hydrothermal treatment,
spray pyrolysis, and chemical vapor deposition (CVD).[15–19] In
this study, Fe3O4@rGO was prepared using a straightforward
one-step electrochemical method under ambient conditions. As
shown in Figure 1a, Fe ions were eluted from Fe foil into
aqueous rGO solution at a constant current density of
25 mAcm�2, which induced a relatively low corresponding
voltage of approximately 10 V, owing to the presence of
chloride ions. The Fe ions introduced in the aqueous rGO

solution self-assembled with a uniform distribution on the rGO
sheets with a negative zeta potential via electrophoretic
interactions (see the Supporting Information, Table S1). How-
ever, the biased negative potential leads to a severe hydrogen
evolution reaction at the counter electrode. Thus, when the
reaction approached the endpoint after approximately 40 min,
the pH of the rGO aqueous solution increased from acidic to
neutral (Figure S1). The concentration of Fe ions, measured by
ICP-OES (Figure 1b), rapidly decreased owing to the consump-
tion of Fe3O4 on the surface of rGO sheets when the pH of the
aqueous rGO solution was changed from acidic to neutral,
which can be ascribed to the low solubility of Fe3O4 in the
neutral solution. Owing to the synergetic effect of super-
saturated Fe ions inducing a short burst of nucleation and
homogeneous distribution of Fe ions on the rGO sheets,
ultrafine spherical Fe3O4 nanoparticles (20–30 nm in size) with a
large degree of mesoporosity and a wide pore size distribution
were uniformly formed on the entire surface of the rGO sheets
without any agglomeration, whereas there were severe agglom-
erations of Fe3O4 particles formed without adding rGO to the
solution (Figure S2a–c). Surface area of samples was evaluated
by N2 adsorption-desorption isotherm plots. The Brunauer–
Emmett–Teller (BET) surface area of Fe3O4@rGO (148.1 m2g�1) is
much larger than that of the Fe3O4 (39.1 m2g�1; Figure S2d and
e).

The effect of rGO on the morphology of Fe3O4@rGO was
investigated by adjusting the amount of rGO in solution. Herein,
the samples of rGO powder with 35, 50, 65, and 80 mg in
200 ml DI water are denoted as Fe3O4@rGO-35, Fe3O4@rGO-50,
Fe3O4@rGO-65, and Fe3O4@rGO-80, respectively. As the amount
of rGO increased, the density of the formed Fe3O4 nanoparticles
decreased because of the increased surface area of the rGO
sheets (Figure S3). Thermogravimetric analysis (TGA) under an
air atmosphere was used to estimate the Fe3O4 content of the
various samples (Figure S4). The weight loss observed from 500
to 700 °C can be ascribed to the decomposition of carbona-
ceous content to form carbon dioxide and the simultaneous
conversion of Fe3O4 to Fe2O3

[30,31] Therefore, the Fe3O4 content in
the obtained samples calculated from the weight of Fe2O3,
which is the final product after heat treatment, were 76.24,
67.37.6, 64.18, and 54.98% for Fe3O4@rGO-35, Fe3O4@rGO-50,
Fe3O4@rGO-65, and Fe3O4@rGO-80, respectively.

The XRD patterns in Figure 1c show the crystal structure of
Fe3O4@rGO-65 obtained at a constant current density of
25 mAcm�2 at different times. For pristine rGO (P-rGO), a typical
broad diffraction peak is observed at 25.6*, corresponding to
the (002) plane of a few-layered rGO sheet. After 20 and 40 min,
there were no significant changes in the peaks, except for a
small peak at 35.5* which corresponds to Fe3O4 (311),
indicating that the formation of Fe3O4 nanoparticles started
after 40 min. However, for Fe3O4@rGO-65 after 60 min, distinct
peaks corresponding to Fe3O4 (JCPDS No. 19-0629) and Fe
(JCPDS NO.06-0696) appeared. This demonstrates that Fe3O4

nanoparticles were effectively formed after 40 min as the pH
changed from acidic to neutral. In addition, because the
nanoparticles formed on the surface of rGO can prevent the
restacking of the graphene sheets, the diffraction peak at 25.6*
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detected in the stacked RGO sheets disappeared in the XRD
pattern of Fe3O4@rGO-65 after 60 min. The mean crystallite size
(D) of the Fe3O4 nanoparticles was determined using the
Debye–Scherrer equation [Eq. (1)]:[32–34]

D ¼ Kl=bcosq (1)

where K is the shape factor (0.9), l is the wavelength of
employed X-rays (0.154 nm), b is the full width at half maximum
of the diffraction peak, and q is the diffraction angle from the
XRD data. The mean crystalline size (D) of Fe3O4 was calculated
to be around 205 Å on the (111) crystalline plane, indicating the
formation of ultrafine Fe3O4 nanoparticles.

TEM analysis was performed to characterize the morphology
and composition of Fe3O4@rGO-65. A representative TEM image
of Fe3O4@rGO-65 obtained for a reaction time of 60 min
(Figure 2a) demonstrates that Fe3O4 particles with an average
size of approximately 25 nm were homogeneously distributed
on the surface of the rGO sheets, which is in good agreement
with the SEM and XRD results. Note that the voids between the
nanoparticles act as electrolyte reservoirs,[17] promoting Li+

diffusion by shortening the diffusion path[35] and effectively

accommodating volume expansion during cycling in the
LIB.[17,36] The HR-TEM image (Figure 2b) shows lattice fringes
with a d-spacing of 0.483 nm, corresponding to the (311) plane
of Fe3O4, with a distinct rGO sheet serving as a substrate to
anchor the Fe3O4 nanoparticles. Energy-dispersive X-ray spectro-
scopy (EDX) mapping results (Figure 2c) show the uniform
atomic distribution of oxygen (36.72%), carbon (31.69%), and
iron (31.58%) across the entire structure, implying uniform
deposition and distribution of the Fe3O4 nanoparticles on the
rGO sheets.

The electronic properties and chemical composition of
Fe3O4@rGO-65 were characterized by Raman spectroscopy and
XPS (Figure 3 and Figure S5). The Raman spectra (Figure 3a)
present two dominant peaks corresponding to the D and G
bands of graphene, respectively. The G band is related to the
vibration of scattered E2g phonons by sp2-hybridized carbon,
whereas the D band corresponds to the breathing mode of k-
point phonons of A1g symmetry and defects associated with
vacancies and grain boundaries.[37–39] The relative peak intensity
for the D and G bands (ID/IG ratio), indicating the degree of
defectiveness of rGO, increased from 1.26 for pristine rGO to
1.40 for Fe3O4@rGO-65, owing to the presence of defects caused

Figure 1. (a) Schematic representation of the one-step electrochemical preparation of ultrafine Fe3O4 nanoparticles on rGO sheets. (b) Correlation between Fe
ion concentration and pH change according to the electrochemical elution of Fe. (c) XRD analysis of P�rGO and Fe3O4@rGO-65 obtained at a constant current
density for different times.
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by the incorporation of Fe3O4 nanoparticles. Note that the red-
shifted G-band for Fe3O4@rGO-65 to 1583 cm�1 compared to
the G-band of pristine rGO (1595 cm�1) indicates the removal of
oxygen-functional groups,[40,41] resulting from the partial reduc-
tion of rGO with better electrical conductivity, which is
accompanied by the oxidation of Fe3O4.

The reduction of rGO induced by the corresponding
oxidation of Fe in the Fe3O4@rGO-65 composite, with high
binding energy of an oxygen atom, was further verified by XPS
analysis (Figure 3b–e).[42] In the high-resolution C1s XPS spectra
of pristine rGO and Fe3O4@rGO-65 (Figure 3b), the shift of the
deconvoluted peaks to lower binding energies in COOH, C�O,
and C=O of Fe3O4@rGO suggests deoxygenation of rGO.[40,43,44]

Meanwhile, in the high-resolution Fe2p XPS spectrum (Fig-
ure 3c–e and Figure S6), the Fe2p3/2 (711.28 eV) and Fe2p1/2

(724.94 eV) peaks of Fe3O4@rGO-65, corresponding to the
magnetite phase, appeared at higher binding energies com-
pared to Fe3O4 prepared without rGO, demonstrating additional
oxidation of Fe3O4 on the rGO sheets. This is in good agreement
with the relative area ratio (Fe3+/Fe2+) of Fe3O4@rGO-65, which
was 1.96, whereas that of Fe3O4 was 1.64, indicating the
conversion of Fe2+ to Fe3+ along with the reduction of rGO.[45,46]

These results indicate that the spontaneous oxidation of Fe3O4

and the reduction of rGO are caused by potential differences in
the intrinsic sp2-hybridized carbon with an increase in electrical
conductivity.[47,48]

Electrochemical performance

To investigate the Li storage mechanism, the electrochemical
properties of Fe3O4@rGO in LIBs were measured in a half-cell
(vs. Li/Li+). Figure 4a shows the initial five CV curves under a
scan rate of 0.1 mVs�1 at potential ranges from 0.01 to 3 V (vs.
Li/Li+) for Fe3O4@rGO-65 anode. From the first cathodic sweep,
the peaks at 0.80 V are ascribed to the formation of LixFe3O4

resulting from the insertion of Li+ into the Fe3O4 lattice
[Eq. (2)]:[49]

Fe3O4 þ xLiþ þ xe� ! LixFe3O4 (2)

Another strong peak at 0.64 V is assigned to the reduction
of LixFe3O4 to Fe and the formation of SEI mainly composed of
Li2O according to Equation (3):[50–52]

8� xð ÞLiþ þ LixFe3O4 þ 8� xð Þe� ! 4Li2Oþ 3Fe0 (3)

The sharp peak at approximately 0 V indicated the insertion
of Li+ into the rGO framework. The cathodic peak in the
subsequent cycles was shifted to 0.76 V with a decreased
intensity owing to the structural reconstruction and polarization
of Fe3O4 nanoparticles after Li+ insertion during the first
cycle.[17] In the following anodic sweep, the peaks at 1.61 and
1.85 V are related to the oxidation of Fe to Fe2+ and Fe3+,
respectively.[53] After the first cycle, the CV curves overlapped

Figure 2. (a) TEM and (b) HR–TEM images and (c) corresponding EDS elemental mapping of Fe3O4@rGO-65.

ChemSusChem
Research Article
doi.org/10.1002/cssc.202201137

ChemSusChem 2022, 15, e202201137 © 2022 Wiley-VCH GmbH

Wiley VCH Mittwoch, 05.10.2022
2219 / 263809 [S. 110/117] 1

	 8	



well, demonstrating the good cycling reversibility of the
Fe3O4@rGO-65 anode.

The initial five galvanostatic discharge–charge profiles of
the Fe3O4@rGO-65 anode at a current density of 0.1 Ag�1, in
which the plateaus are consistent with those of the CV curves,
are shown in Figure 4b. The first discharge and charge
capacities of the Fe3O4@rGO-65 anode were 1375 and
780 mAhg�1, respectively, with a coulombic efficiency (CE) of
57%. The specific capacity loss in the initial cycle is attributed
to irreversible Li+ insertion into the rGO nanosheets and the
formation of the SEI layer, which causes irreversible decom-
position of the electrolyte. However, the CE rapidly increased
and gradually stabilized at approximately 100% in subsequent
cycles. To verify this superiority, the cycling performance of
Fe3O4@rGO-65 was compared with two other conditions at a
current density of 1 Ag�1: 1) Fe3O4 prepared without rGO and
2) physical mixing of Fe3O4 with rGO powder with identical
proportions of Fe3O4 and rGO for the Fe3O4@rGO-65 anode. The
Fe3O4@rGO-65 anode exhibited an extremely high specific
capacity with a gradual increase, reaching a reversible discharge
capacity of approximately 1100 mAhg�1 after 100 cycles (Fig-
ure 4c). The electrodes obtained from Fe3O4 and the simple
mixture showed a rapid decay of the specific capacity, followed
by a plateau onwards with reversible discharge capacities of

roughly 90 and 310 mAhg�1, respectively. The superior cycling
stability of Fe3O4@rGO-65 is attributed to the flexible rGO with
high conductivity and nanosized Fe3O4 particles uniformly
distributed on the rGO sheets, which effectively accommodated
the mechanical stress induced by the volume expansion during
charge–discharge cycles, suppressing the pulverization of the
electrode.[14,54]

The rate capability of Fe3O4@rGO-65 anode was evaluated at
various current densities in the voltage range of 0.01–3 V (vs. Li/
Li+), ranging from 0.2 to 20 Ag�1 after the activation process at
0.1 Ag�1 for 10 cycles. Herein, 0.1 Ag�1 approximately corre-
sponds to a rate of about 0.1 C.[55] The average reversible
specific capacities of Fe3O4@rGO-65 at slow (0.2 and 0.5 Ag�1),
fast (1, 2, and 5 Ag�1), and rapid charging (XFC, 10 and 20 Ag�1)
were approximately 752, 688, 653, 604, 519, 416, 301 mAhg�1,
respectively (Figure 4d). After returning the rate from 20 to
1 Ag�1, the specific capacity recovered to 745 mAhg�1, exhibit-
ing good rate performance and excellent reversibility. The
specific capacity at 1 Ag�1 after cycling up to 20 Ag�1 was
slightly higher than that measured before cycling because of
negative fading, which is discussed later. Fast charging for the
commercialization of EV batteries is considered to be less than
15 min for fully charged batteries.[56] The high fast-charging
capability of the Fe3O4@rGO-65 anode was tested at 5 Ag�1 (ca.

Figure 3. (a) Raman spectra and (b) C1s XPS analysis of P�rGO and Fe3O4@rGO-65. (c–e) Fe2p XPS spectra of Fe3O4@rGO-65.
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Figure 4. Electrochemical properties of Fe3O4@rGO-65: (a) CV curves. (b) Galvanostatic charge–discharge profiles. (c–e) Comparison of electrochemical
properties of Fe3O4@rGO-65 with Fe3O4 and physical mixture electrode: (c) Cycling performance at 1 Ag�1. (d) Rate performance from 0.2 to 20 Ag�1, returning
to 1 Ag�1. (e) Long–term cycling stability of Fe3O4@rGO-65 at 5 Ag�1 (fast–charging) for 2000 cycles. SEM images of Fe3O4@rGO-65 (f) before and (g) after
2000 cycles at 5 Ag�1.
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5 C) for 2000 cycles. After the specific capacity decreased during
the initial 75 cycles and gradually increased in the subsequent
cycles, owing to the formation of the SEI layer and negative
fading, the Fe3O4@rGO-65 anode exhibited an excellent fast-
charging capacity of 833 mAhg�1 at the 700th cycle and
outstanding long-term stability with only 0.179% capacity loss
per cycle at 5 Ag�1 (ca. 5 C) for 2000 cycles (Figure 4e). The rate
capability and long-term stability of the Fe3O4@rGO-65 anode
were compared to those of previously reported fast-charging
anodes (Tables S2 and S3). Thus, Fe3O4@rGO-65 met the near-
term target for XFC from the USABC for the 2023 calendar year
with the goal of D80% state of charge (SOC) in 15 min.[6] SEM
images of Fe3O4@rGO-65 before and after 2000 cycles at 5 Ag�1

are shown in Figure 4f and 4 g, respectively. The thickness of
the electrode increased by 4.55% from 52.27 to 54.65 μm
without the formation of visible Li dendrites, demonstrating
that Fe3O4@rGO-65 is commercially feasible and safe. Fast-
charging and high-energy density LIBs, as well as efficient
alleviation of the volume change during cycling without loss of
the active material, were caused by pulverization.

Capacity increase of Fe3O4@rGO by negative fading

To further investigate the electrochemical performance of the
Fe3O4@rGO anodes containing different amounts of rGO, the
cycling performances of various electrodes (Fe3O4, Fe3O4@rGO-
35, Fe3O4@rGO-50, Fe3O4@rGO-65, and Fe3O4@rGO-80) at a
current density of 1 Ag�1 were characterized for 300 cycles
(Figure 5a). For the Fe3O4 and Fe3O4@rGO-35 anodes, the
specific capacity decreased quickly in the initial cycles and then
stabilized at low specific capacities of approximately 54 and
262 mAhg�1, respectively. This can be ascribed to the formation
of dense Fe3O4 particles, which leads to pulverization of the
electrode, resulting from severe volume expansion during
cycling. However, the Fe3O4@rGO-50, Fe3O4@rGO-65, and
Fe3O4@rGO-80 electrodes delivered improved capacities of
approximately 1096, 1346, and 1593 mAhg�1, respectively, at
the 200th cycle with a stable cycling performance over
300 cycles, showing that the capacity slightly decreased during
the initial few cycles and gradually improved in subsequent
cycles. The Fe3O4@rGO-65 anode showed the highest specific
capacity because of the optimized amount of rGO sheets that
can stabilize the Fe3O4 nanoparticles to avoid aggregation and
pulverization during repeated charge–discharge processes
while enhancing the conductivity of the electrode material to
accelerate the electrochemical kinetics.[57]

Notably, as the cycling proceeds, there is an abnormal
improvement in the specific capacity, called negative fading,
which exceeds the theoretical value of Fe3O4 (924 mAhg�1)
based on conventional conversion reactions.[12] To elucidate the
lithium storage mechanism and diffusion kinetics, which lead to
momentous negative fading through electrode activation, the
CV of Fe3O4@rGO-65 was measured at different charge–
discharge cycles at 1 Ag�1. The intensity of the anodic peak (ipa)
at about 1.75 V and the internal area of the curve gradually
increase as a function of the number of cycles (Figure 5b),

suggesting a progressive increase in the active surface area (A)
and/or diffusion coefficient (D). This can be explained by the
Randles–Sevcik equation [Eq. (4)]:

ipa ¼ ð2:69� 105Þn3=2ACD1=2n1=2 (4)

where n is the electron stoichiometry during the redox reaction
(constant), A is the active surface area of the electrode, C is the
concentration of the diffusion species regarded as a constant
because of the excess solid lithium counter electrode, D is the
diffusion coefficient of Li+, and n is the scan rate.[58–60]

To better understand the origin of the negative fading due
to surface area enlargement and fast diffusion coefficient, TEM
analysis was performed. The particle size of Fe3O4 significantly
decreased from approximately 25 nm to a few nanometers
(Figure 5c), owing to pulverization, which occurred because of
the mechanical stress caused by volume expansion during
repeated charge–discharge while maintaining their adhesion to
rGO sheets. As the size of the domains decreased, the spacing
between the nanoparticles loosened, and the electrode
changed into a porous structure with a larger surface area,
resulting in the formation of new electrochemically active sites
where Li+ can be stored, shortening the path for the diffusion
of Li+ with enhanced charge transfer kinetics.

To verify the storage mechanism involved in the
Fe3O4@rGO-65 anode, quantitative analysis was performed by
separating the diffusion-controlled reaction and pseudocapaci-
tive contribution by using Equation (5):

i Vð Þ ¼ k1nþ k2u
1=2 (5)

where i Vð Þ is the response current of the potential at a diverse
scan rate and k1 and k2 correspond to the proportions of
pseudo-capacitance and diffusion behavior, respectively.[61–66]

62% of the total charge storage corresponded to the
pseudocapacitive contribution at 0.1 mVs�1 after 200 cycles
(Figure S7), which was higher than that after 50 cycles (17%).
Additionally, the ratio of the pseudocapacitive contribution
increases with the sweeping speed, and the contributions of
the pseudocapacitance at 0.1, 0.25, 0.5, and 1 mVs�1 after
200 cycles are 62%, 67%, 73%, and 83%, respectively, which
are higher than those after 50 cycles (Figure 5d). These results
indicate that pseudocapacitive behavior is prominent in the
Fe3O4@rGO-65 anode as the cycle progresses, which originates
from structural amorphization into small domains with large
interfaces within the cluster.

Amorphous materials are also advantageous in terms of
electrochemical kinetics because of the absence of grain
boundaries and the presence of percolation pathways that
facilitate Li+ diffusion.[67,68] The galvanostatic discharge–charge
profiles of Fe3O4@rGO-65 (Figure 6a) indicate that the plateau
disappeared as the cycles proceeded, converting the crystalline
Fe3O4 to an amorphous state. The HR-TEM images before and
after 100 cycles further confirmed the transition of the phase
from crystalline to amorphous (Figure 6b,c). Thus, the charge–
discharge induced amorphization of ultrafine Fe3O4 promotes
the reversible conversion reaction of Equations (2) and (3) by
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providing multiple channels for the transport of Li+ and
mitigating pulverization of the electrode, resulting in an
elevated and stable specific capacity during long-term
cycling.[69]

EIS was performed to provide further insight into the
effective transport of electrons and Li+, enhancing the reaction
kinetics. In the Nyquist plot (Figure 6d), the semicircles in the
high-frequency region are caused by the charge-transfer
resistance (Rct), indicating that the kinetics of the electrode
decreased significantly after 100 cycles. Moreover, the diffusion

coefficient (D) of Li+ was estimated from the Warburg region in
the low-frequency region using the Equations (6) and (7):[70–72]

Z
0
¼ Rs þ Rct þ sw�1=2 (6)

D ¼ 0:5ðRT=An2F2CsÞ2 (7)

where R is the gas constant, D is the diffusion coefficient, T is
the thermodynamic temperature, A is the electrode surface, n is
the number of electrons, F is the Faraday constant, C is the
concentration of Li+, w is the angular frequency in the low-

Figure 5. (a) Cycling performance of the various electrodes (Fe3O4, Fe3O4@rGO-35, Fe3O4@rGO-50, Fe3O4@rGO-65, and Fe3O4@rGO-80) at a current density of
1 Ag�1 for 300 cycles with negative fading. (b) CV curves of Fe3O4@rGO-65 after different cycles. (c) TEM image showing amorphization after 200 cycles.
(c, d) Contribution ratio of the capacitive and diffusion–controlled capacities at various rates after (d) 50 cycles and (e) 200 cycles.
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frequency region, and s can be plotted as Z0 vs w�1=2. After
cycling, the value of the Warburg impedance coefficient for
Fe3O4@rGO-65 is 22.5 Ωcm2s�0.5 (Figure 6e), which is ten times
smaller than that before cycling (219.5 Ωcm2s�0.5), providing an
efficient transport pathway for electrons and Li+. The resistance
values and diffusion coefficient are shown in Table S4, which
was estimated using the equivalent circuit in Figure S8.

Another reason for the negative fading of the Fe3O4@rGO-
65 anode could be partially ascribed to the catalytic properties
of Fe. It is generated from Fe3O4, which enables reversible
formation/decomposition of lithium oxide between Li2O and
Li2O2.

[26,73] Most transition oxides used as anodes decompose
into Li2O and metals, which are usually regarded as inert for
lithium storage. However, recent research has shown that metal
nanoparticles generated from metal oxides during cycling serve
as electrocatalysts for the reversible conversion of SEI compo-
nents, resulting in extra capacity.[74,75] In Figure 5b, the reduction
peak below 0.01 V and the corresponding oxidation peak
around 2.8–3.0 V appeared prominently as the specific capacity
increased after sufficient cycles because of the following

reaction in which the ultrafine Fe nanoparticles act as a catalyst
[Eq. (8)].

2Li2O ! Li2O2 þ 2Liþ þ 2e�; E ¼ 2:87 V (8)

Therefore, it can be concluded that the ultrafine Fe3O4

nanoparticles uniformly anchored on rGO sheets result in a
cycling-induced capacity increase (negative fading) through the
catalytic reversible formation/decomposition of lithium oxide
and the enhanced electrochemical kinetics caused by pulveriza-
tion and amorphization, increasing the surface area and trans-
port channels for electrons and Li+.

Conclusion

A facile one-spot electrochemical approach was used to
construct a self-assembled ultrafine Fe3O4 network on rGO
sheets as a promising anode material for high-energy density,
fast-charging LIBs. Fe ions, which were eluted from the Fe foil at
a constant current of 25 mAcm�2, self-assembled on the rGO

Figure 6. Electrochemical properties of Fe3O4@rGO-65: (a) Galvanostatic charge–discharge profiles after different cycling. (b, c) SAED patterns (b) before and
(c) after cycling. (d) Nyquist plots before and after cycling. Inset shows the magnification view. (e) The curves of Z’ plotted against ω�1/2 in the low-frequency
region.
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surface owing to electrostatic interactions. Fe3O4 nanoparticles
with a size of 25 nm were formed when the pH of the aqueous
rGO solution changed from acidic to neutral owing to severe
hydrogen evolution at the counter electrode. During the
formation of Fe3O4 nanoparticles, partial reduction of rGO was
induced by the simultaneous oxidation of Fe3O4, restoring the
intrinsic sp2-hybridized carbon with enhanced electrical con-
ductivity. The optimized Fe3O4@rGO-65 anode exhibited stable
cycling properties with a high specific capacity owing to the
synergy of the nanosized Fe3O4 nanoparticles anchored on
flexible rGO with high conductivity, alleviating the volume
change during cycling. In addition, a high specific capacity of
833 mAhg�1 was delivered at the 700th cycle at 5 Ag�1, which
corresponds to charging within 12 min, and was maintained for
2000 cycles with a capacity loss of only 0.127% per cycle.
Notably, a specific capacity of 301 mAhg�1, comparable to that
of a commercial graphite anode, was achieved at 20 Ag�1,
which was fully charged in 3 min. As the cycles progressed, the
Fe3O4 nanoparticles were pulverized to a size of a few
nanometers while preserving their attachment to the rGO
sheets and increasing the number of electrochemically active
sites, thereby increasing the specific capacity. The amorphiza-
tion of the electrode promotes the reversible conversion
reaction by providing an efficient transport pathway for
electrons and Li+. Moreover, the catalytic ability of Fe atoms to
reversibly convert Li2O to Li2O2, generated from Fe3O4 during
cycling, increases the specific capacity. This straightforward
synthesis method can be applied to construct other transition-
metal-based hybrid anodes, and will significantly enhance the
commercialization of LIBs for fast-charging EVs.

Experimental Section

Electrochemical synthesis of Fe3O4@rGO

Before applying the electrochemical synthesis method, pure Fe foil
(99.5%, Avention) was cut into dimensions of 1.5 cm ×1.5 cm and
degreased in sequence with acetone and ethanol by ultrasonication
for 5 min. The electrolyte was prepared by mixing 0.55 g of FeCl3
(97%, Sigma-Aldrich) with different amounts of pristine rGO
powder (Digichem Co.) in 200 mL of deionized (DI) water through
ultrasonication for 60 min. Fe3O4@rGO was electrochemically pre-
pared by applying a constant current density of 25 mAcm�2 using a
two-electrode system composed of cleaned Fe pieces as the
working and counter electrodes under ultrasonication for 60 min.
Thereafter, the produced Fe3O4@rGO powder was washed sepa-
rately several times with DI water via centrifugation and then
obtained through vacuum-assisted filtration using a polytetra-
fluoroethylene (PTFE) filter membrane with a 0.2 μm pore size. The
resulting Fe3O4@rGO powder was dried and stored in a vacuum
oven at 40 °C before its physical and electrochemical characteristics
were analyzed. Pure Fe3O4 powder was prepared using an identical
procedure without adding pristine rGO powder to the electrolyte to
investigate the role of rGO in enhancing the electrochemical
properties of Fe3O4@rGO as an anode material for LIBs.

Physical characterization

The morphological characteristics of the prepared samples were
observed using field-emission scanning electron microscopy (FE-
SEM, S-4300SE, Hitachi, Japan) at the Core Facility Center for
Sustainable Energy Materials of Korea Basic Science Institute (KBSI)
and field-emission transmission scanning electron microscopy (FE-
TEM, JEM-2100F, JEOL, Japan) equipped with an energy-dispersive
X-ray spectrometer (EDS). The crystalline structure and chemical
state of the composite were analyzed using X-ray diffraction with a
Cu Kα radiation source (λ= 1.54056 Å)(XRD, X’Pert Pro MRD,
PANalytical, Netherlands), X-ray photoelectron spectroscopy using
an Al Kα X-ray source (1486.6 eV) (XPS, K-Alpha, Thermo Fisher
Scientific, USA), and Raman spectroscopy (LabRAM HR Evolution,
HORIBA, Japan) with a 532 nm laser. A Brunauer-Emmett-Teller
(BET) analyzer (3Flex, Micromeritics, USA), thermogravimetry and
differential thermal analysis (TG/DTA, Seiko, Japan), and particle
analyzer (ELS�Z, Otsuka, Japan) were used to measure the specific
surface area, thermal stability, and zeta potential, respectively.

Electrochemical measurements

Electrochemical experiments were conducted using standard
CR2032 coin-type cells with the prepared Fe3O4@rGO as the
working electrode, a lithium disk as the counter and reference
electrodes, and a glass fiber filter (GF/A, Whatman) as a separator
soaked with a fixed amount of organic electrolyte composed of
ethylene carbonate (EC) and diethyl carbonate (50 :50, w/w) with
dissolved 1 M LiPF6 at 25 °C. All half-cells were assembled or
disassembled in an argon-filled glove box (O2<0.5 ppm, H2O<
0.5 ppm). The as-prepared powders were mixed with a conductive
additive (carbon black) and polymer binder (polyvinylidene di-
fluoride) in a weight ratio of 8 : 1 :1 in N-methyl-2-pyrrolidone (NMP)
to form a homogeneous slurry, which was then coated onto a Cu
foil current collector. The average mass loading of the active
materials on the electrode was 0.5 mgcm�2.

The galvanostatic charge–discharge tests were performed on a
battery cycling system (WBCS 3000, WonATech, South Korea) in the
potential range of 0.01–3 V (vs. Li/Li+) at several current rates
ranging from 0.1 to 20 Ag�1. Cyclic voltammetry (CV) measure-
ments were conducted on an electrochemical workstation (SP-150,
Bio-Logic, Seyssinet–Pariset, France) in the potential range of 0.01–
3 V (vs. Li/Li+) at scan rates ranging from 0.1 to 1 mVs�1. Electro-
chemical impedance spectroscopy (EIS) curves were obtained using
an electrochemical workstation (PGSTAT302 N Autolab, Metrohm,
Switzerland) in the frequency range of 0.1 Hz–100 kHz under an AC
stimulus with an amplitude of 5 mV.
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1. Introduction

Benefiting from the highest theoretical 
capacity (3860 mAh g−1) and the lowest 
redox potential (−3.04  V vs standard 
hydrogen electrode), lithium metal is 
believed to be an ideal anode material for 
new rechargeable batteries.[1,2] However, 
several safety hazards, such as short-circuit, 
explosion, and low Coulombic efficiencies 
when working in liquid organic electro-
lyte hinder the practical application of Li 
metal seriously.[3–6] Recently, solid electro-
lytes (SEs) have gained extensive atten-
tion owing to some unattainable features 
in liquid organic electrolytes, including 
the nonflammable character and high 
mechanical strength, which makes SEs 
promising to solve the mentioned safety 
issues of Li metal.[7,8] As the key compo-
nent in ASSLMBs, SEs are usually cat-
egorized into inorganic solid electrolytes, 
polymer solid electrolytes, and inorganic–
polymer composite electrolytes. Benefiting 
from their outstanding room temperature 

ionic conductivity (>10–4 S cm–1), high shear modulus, and high 
Li-ion transference numbers (≈1), inorganic solid electrolytes 
(ISEs) have attracted wide research attention.[9,10] (NASICON)-
type LAGP electrolyte, Na superionic conductor, is one of the 
most promising SEs, because it possesses superior properties, 
such as high room-temperature ionic conductivity, high stability 
in air, wide electrochemical stability window, and low cost.[11–15] 
Nevertheless, the practical applications of LAGP electrolytes in 
Li metal batteries are limited since the rough solid–solid inter-
face and the chemical instability of LAGP toward Li metal.[16–19]  
As Ge4+ ions in LAGP can be spontaneously reduced by Li 
metal to a lower chemical state by metallic Li at the interface 
of electrolyte/anode,[20,21] a mixed (ionic/electronic) conducting 
interphase (MCI) emerges composed of the reaction product, 
and the continuously formed mixed phase will degrade the 
performance of ASSLMBs quickly.[22] Detailed characterization 
further revealed that the local volumetric expansion during the 
reduction process can induce the fracture of LAGP, resulting 
in an ever-increasing interfacial resistance, destruction of LAGP 
structure, and failure of cells.[23,24] In addition, the reduction 
imposes a high potential thermal runaway risk on the inte-
grated cells due to the released oxygen from the interphase at a 
high temperature (>200 °C).[20] Consequently, it is urgent to sta-
bilize the interface between the LAGP electrolyte and Li metal 

All-solid-state lithium metal batteries (ASSLMBs) have attracted intensive 
research attention since their incomparable energy density and the further 
advance of ASSLMBs is severely dependent on the development of solid 
electrolytes. Unfortunately, as one of the most studied solid electrolytes, 
the practical applications of (NASICON)-type Li1.5Al0.5Ge0.5P3O12 (LAGP) 
electrolyte is hindered by not only its inferior interfacial contact with elec-
trodes but also its undesirable instability toward Li metal anodes. In this 
work, a bifunctional in situ formed poly(vinylene carbonate) (PVCA)-based 
buffer layer is introduced between the LAGP electrolyte and the metallic 
Li anode to improve interface compatibility and the electrolyte stability. 
The improved interface contact between LAGP and electrodes and the 
enhanced stability of LAGP enable ASSLMBs with excellent electrochem-
ical performance. The Li/LAGP/Li symmetric cell with the PVCA-based 
interlayer can maintain a low overpotential of 80 mV for 800 h at  
0.05 mA cm–2. Inspiringly, the as-assembled ASSLMBs with LiFePO4 as 
the cathode also present excellent cyclic stability with a high initial dis-
charge capacity of 150 mAh g–1 at 0.5 C and superior capacity retention of 
96% after 200 cycles.
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for high-performance SSLMBs. Adopting a buffer layer between 
Li metal anode and SSEs is deemed to be an effective strategy 
to solve the aforementioned problems.[25,26] Until now, much 
effort has been dedicated to designing various buffer layers, 
such as 3D polymer-gel layers,[27] poly(oxyethylene) (PEO) buffer 
layer,[16] Al2O3 nanolayer,[28,29] and germanium (Ge) thin film.[14] 
Nevertheless, due to the poor elastic feature of solid inorganic 
buffer layers, the formed interface at the buffer layers and the 
LAGP SSEs can be severely damaged by the volume change of 
the anode during the repeated Li plating/stripping processes, 
leading to a rapidly increased interfacial resistance.[30] Though 
the mechanical flexibility of these polymer-based buffer layers is 
satisfying, hundreds of microns thickness can severely compro-
mise the energy density of ASSLMBs.[12,31] Worsely, it is hard to 
build a perfect face to face contact between polymer membranes 
and SSEs to decrease the interfacial resistance drastically.[32]

Herein, bifunctional PVCA-based buffer layer is introduced 
through in situ polymerization of carbonate (VC) monomer and 
azodiisobutyronitrile (AIBN) initiator (Figure 1).[33,34] The buffer 
layer with 5 wt% FEC is denoted as PVCA-5, while without FEC 
denoted as PVCA-0. The in situ formed ionically conductive 
PVCA-5 buffer layer can build a perfect compact electrode/elec-
trolyte interface contact. Furthermore, the formed solid electro-
lyte interphase (SEI) from decomposition of FEC and resulted 
LiF can stabilize Li anode effectively.[35,36] As a result, the assem-
bled symmetric cells exhibit an ultralow interfacial resistance 
and excellent interface compatibility with a stable voltage profile 
at 80 mV after nearly 850 h. What is more, with modification 
of the PVCA-based buffer layer, the Li/LAGP/LiFePO4 (LFP) 
hybrid solid full cells can deliver an impressively high initial 
capacity of 150 mAh g–1 with and superior capacity retention of 
96% after 200 cycles at 0.5 C. The facile in situ polymerized-
interlayer approach presented in this work provides a resultful 
access to stabling SSEs/anode interface in ASSLMBs.

2. Results and Discussion

The prepared LAGP pellet was first characterized. SEM image 
in Figure  2a represents that the sintered LAGP electrolyte is 
composed of primary crystals with obvious grain boundaries. 
To further confirm the phase purity, XRD was employed to 

characterize the synthesized LAGP pellet. As indicated in 
Figure  2b, the XRD pattern of the prepared LAGP pellet can 
perfectly match with the standard pattern,[37] confirming the 
successful preparation of LAGP. As shown in Figure S1 (Sup-
porting Information), the as-prepared LAGP SSE possessed a 
high ionic conductivity of 2.5 × 10–4 S cm–1 at 20 °C. Further-
more, the ionic conductivities at variable temperature ranging 
from 20 °C to 80 °C were tested (Figure S1, Supporting Infor-
mation), and the activation energy is calculated to be 0.37  eV 
(Figure S2, Supporting Information), which matches well with 
that in previous reports.[38] To prove the in situ polymerization 
is feasible, liquid VC monomer polymerization process was 
also studied. As indicated in Figure 2c, PVCA-based interlayer 
is obtained from polymerizing liquid VC monomers after cata-
lyzed by a thermally initialized radical initiator at 60 °C for 48 h.  
The polymerization reaction is also confirmed by the Fourier 
transform infrared (FTIR) spectra, from which the unsatu-
rated CH vibration band of VC at 3164 cm–1 disappears,
and a new peak appears at around 3002 cm–1, which is the 
evidence of the polymerization reaction, which well matches 
with previously reported results (Figure  2d).[33] To confirm 
the in situ polymerization of VC on the surface of LAGP and 
study the built perfect surface contact, SEM observation was 
employed. As indicated in Figure  2e, SEM image shows that 
LAGP with the PVCA-5 buffer layer has a much flatter surface 
than the prepared LAGP, which is the evidence of the polym-
erization reaction. Considering liquid penetration, part of the 
precursor monomers can diffuse into the gaps between the 
electrolyte particles, enabling the in situ polymerized buffer 
layer with improved contact with the electrolyte. As displayed 
in Figure 2f, the invisible surface gap between the LAGP and 
the PVCA-5 buffer proves that perfect surface contact has been 
built between the buffer layer and the LGAP pellet. Com-
pared to the undesirable contact between these conventionally 
employed polymer-based buffer layers and the electrolytes, the 
improved contact will benefit the decrease of surface resist-
ance. Compared with the thick polymer-based buffer layers 
used in the reported literature,[31] another advantage of the in 
situ polymerized buffer layer is that the ultrathin thickness 
(Figure  2f and Figure S3, Supporting Information) will not 
degrade the energy density of the ASSLMBs. The ionic conduc-
tivity of the prepared electrolytes at variable temperature from 

Figure 1. Schematic of the preparation of PVCA-based interlayer and its protection for stable anode.
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30 °C to 80 °C is shown in Figure S4 (Supporting Information). 
The LAGP/PVCA-5 electrolyte delivers a high ionic con-
ductivity of 3.34 × 10–4 S cm–1 at 50 °C, and the temperature 
dependence of ionic conductivity conforms to Arrhenius’ law, 
which ensure that the Li ions can rapidly transmit through 
the PVCA-5 interlayer. The electrochemical window of the 
investigated electrolyte was measured by Linear sweep voltam-
metry (LSV). As displayed in Figure S5 (Supporting Informa-
tion), the LAGP/PVCA-5 electrolyte can maintain stability up 
to ≈4.8  V versus Li/Li+, which can meet requirements of the 
most cathode materials.[4] To investigate the chemical sta-
bility of the prepared LAGP pellet toward VC monomer solu-
tion, LAGP was submerged in VC solution for 24 h. After 
that, the Raman spectra reveal that the characteristic peaks 
are unchanged (Figure S6b, Supporting Information). XRD 
test was also employed for further confirmation. Figure S6a  
(Supporting Information) shows that there is no new peak 
change, indicating LAGP and VC are chemically compatible.

The in situ polymerized PVCA-based buffer layer can benefit 
the performance of ASSLMBs owing to the improved stability 
of LAGP and the decreased resistance. Figure 3a and Figure S7 
(Supporting Information) show the voltage profiles at 0.05 mA 
cm–2 current densities for 2 h per cycle. For the Li/LAGP/Li 
symmetric cell without any buffer layer, because of the rigid 
solid–solid contact between LAGP electrolyte and Li anode, it 
exhibits a high overpotential early in the electrochemical pro-
cess, which increases to 100 mV after several cycles (Figure S7,  
Supporting Information). In addition, the voltage polariza-
tion rapidly increased and the cell triggered the protection 
cutoff voltage after cycling for 265 h (Figure S8, Supporting 

Information). This phenomenon can be mainly attributed to 
impedance increment resulted from the inevitable interface 
side reactions and the volume change of Li anode.[3] The intro-
duction of 5 µm PVCA-0 interlayer can improve the interfacial 
wettability between LAGP electrolyte and Li anode to some 
extent, but the polarization of Li/PVCA-0/LAGP/PVCA-0/Li 
cell increases after cycling 120h. This result suggests that the 
PVCA-0 interlayer cannot remain the chemical stability during 
charge and discharge. On the contrary, the symmetric cell 
modified by the PVCA-5 interlayer shows a very small over-
potential and the voltage platform is only about 20 mV under 
the same conditions (Figure S7, Supporting Information). Fur-
thermore, the Li/PVCA-5/LAGP/PVCA-5/Li cell maintains a 
stable voltage profile at 80 mV after nearly 850 h, confirming 
a compatible and kinetically stable interface (Figure  3a). The 
results confirm the remarkable role of PVCA-5 in reducing 
interface resistance. Figure 3b exhibits the voltage–time profile 
on galvanostatic cycling with step-ascending current densities 
were investigated at different currents. The Li/PVCA-5/LAGP/
PVCA-5/Li cell could stably cycle for 600 h, while the over-
potential is only about 75  mV even at the current density of 
0.2  mA cm–2 (Figure S9, Supporting Information). In sharp 
contrast, the overpotential of Li/LAGP/Li increases rapidly and 
to be micro short-circuit at 0.2 mA cm–2 (Figure 3b). Interest-
ingly, when reducing the current density to 0.05 mA cm–2, the 
voltage platform returns to 20  mV and could continuously 
stable cycle for more than 400 h (Figure S10, Supporting Infor-
mation), showing the advances of the interlayer in terms of 
stabling Li anode and accommodating the volume change of 
Li anode.

Figure 2. Characterization of the LAGP solid electrolyte and PVCA-based material. a) SEM image of the fabricated LAGP pellet. b) XRD patterns of the 
fabricated pellets, the standard references of NASICON-type LiGe2(PO4)3 structure (PDF#80-1924) and the LAGP pellets in VC after 24 h. c) Digital 
image of monomer solution and PVCA-based polymer material. d) FTIR spectra comparison of VC and PVCA. e) Surface SEM image of the LAGP pellet 
with PVCA-based interlayer. f) Cross sectional SEM image of how PVCA-based buffer layer combined with the LAGP pellet.
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Figure 3. Voltage profiles of a) Li/PVCA-5/LAGP/PVCA-5/Li symmetric cells at b) 0.05 mA cm–2 and at different current densities at 50 °C. Surface 
SEM images of lithium foil obtained from c) Li/LAGP/Li and d) Li/PVCA-5/LAGP/PVCA-5/Li symmetrical cells after cycling for 50 h at 0.1 mA cm–2. 
Electrochemical impedance spectra of the LAGP/Li symmetric cells with and without the PVCA-5 buffer layer e) before cycling and f) after cycled 50 h 
at 0.1 mA cm–2.
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In order to verify the effect of the PVCA-5 interlayer for pre-
venting the undesirable interface side reaction, the surface SEM 
images of LAGP electrolyte and Li metal were observed after 
cycling for 50 h. As shown in Figure 3c, a mass of porous dead 
lithium can be found on Li metal, which is ascribed to the non-
uniform Li deposition on the surface of Li.[20] In sharp contrast, 
the Li metal cycled in the LAGP/PVCA-5 electrolyte presents 
a compact surface with no visible dead lithium (Figure  3d). 
The morphology difference of LAGP surface with and without 
PVCA-5 coating is shown in Figure S11 (Supporting Infor-
mation). The surface morphology of LAGP in direct contact 
with Li metal after dozens of cycles is no longer flat but very 
crushing, resulting from the serious reaction between LAGP 
and Li metal during cycling. Meanwhile, enlarged and rough 
particles appear on the surface, which can be ascribed to the 
reduced products of LAGP by Li metal. The volume expansion 
during side reaction creates a localized and nonuniform stress, 
driving crack formation in the LAGP pellet (Figure S11a, Sup-
porting Information). The cracks in the pellet interrupt ion flow 
channels, resulting in an increased impedance and overpoten-
tial.[23] In addition, the cracks can change the local electrical 
field rapidly, leading to a nonuniform distribution of electrons 
and ions at the interface.[39,40] Conversely, the LAGP electrolyte 
separated from Li metal by coated PVCA-5 interlayer main-
tains a relatively flat appearance after several cycles, no obvious 
change was observed compared to the pristine LAGP pellet 
(Figure S11b,c, Supporting Information). EIS test also demon-
strated the role of the PVCA-5 interlayer in enhancing inter-
face stability. Figure 3e,f shows that the total impedance of Li/
LAGP/Li fresh cell is 1082 Ω, and then the impedance increases 
to 14 370 Ω after cycled for 50 h at 30 °C. The high and rapidly 
rising resistance is due to the poor interfacial contact, and more 
importantly, the formed of MCI film leads to a continuous 
chemical reaction between LAGP and Li metal.[41] However, 
after introducing PVCA-5 based interlayer, the semicircle at 
high frequency in Nyquist plots was used to calculate the bulk 
resistance and grain boundary resistance of LAGP pellet, the 
second semicircle represents the interfacial resistance between 
LAGP pellet and PVCA-5 coating, which is 48 Ω before cycling. 
The resistance left corresponds the interfacial resistance of 
the formed SEI from decomposition of FEC and the interface 
impedance of SEI film is 22 Ω before cycling. The overall inter-
facial resistance of Li/PVCA-5/LAGP/PVCA-5/Li then slightly 
increases to 400 Ω after cycling 50 h, while that of Li/LAGP/Li  
is 7120 Ω after cycling 50 h. Such confirms that the PVCA-5 
based interlayer is efficient in impeding the reduction of LAGP 
by Li metal and stabilizing the interface. To further evaluate 
the interfacial stability with and without PVCA-5 interlayer, the 
electrochemical impedance spectroscopy (EIS) tests were inves-
tigated using different electrolyte systems with various time 
intervals after cell assembly. As displayed in Figure S12a (Sup-
porting Information), the interfacial impedance of Li/LAGP/
Li cell is reached up to 1040 Ω after 24 h elapsed time, which 
can be assigned to the rigid contact between LAGP pellet and 
Li anode, and the instability of LAGP with lithium metal. 
While the interfacial impedance of Li/PVCA-5/LAGP/PVCA-5/
Li cell is 164.3 Ω. The low interfacial impedance confirms the 
functionality of the PVCA-5 interlayer on Li metal surface 
in achieving face to face contact. Because of the sustained 

chemical reaction between LAGP and lithium metal, the inter-
facial impedance of Li/LAGP/Li cell increases rapidly to 5023 Ω 
after 288 h elapsed time. In contrast, the interfacial impedance 
of Li/PVCA-5/LAGP/PVCA-5/Li cell is below 300 Ω after 288 h 
elapsed time, which illustrates that the PVCA-5 interlayer can 
be chemical compatible towards to lithium metal.

As mentioned previously, the formed solid electrolyte inter-
phase (SEI) from decomposition of FEC and resulted LiF can 
stabilize Li anode effectively. In order to analyze the SEI film 
components on the cycled Li anode, in depth X-ray photoelec-
tron spectroscopy (XPS) was conducted to get a comprehen-
sive understanding of the surface chemistry at the interface 
(Figure 4). The Li 1s and F 1s XPS spectrum of the metallic Li 
harvested from the Li/LAGP/Li cell are displayed in Figure 4a,c. 
As shown in Figure 4a, the peaks in Li 1s spectra around 54.5 
and 55.4  eV may correspond to Li2O2 and Li2CO3, respec-
tively.[22] Meanwhile, compared to the Li 1s spectrum of pristine 
LAGP pellet (Figure S13h, Supporting Information), new peaks 
of Li2O2 and Li2CO3 (derived from residual carbon produced 
during the preparation of LAGP) appear in Li 1s spectrum of 
LAGP pellet after cycling (Figure S13f, Supporting Informa-
tion).[20] These inorganic components on lithium anode are 
generally regarded as the side products of LAGP with Li metal 
and can lead to a loose and uneven surface on the Li anode, 
which was consistent with SEM image in Figure  3c. Further-
more, Ge 3d XPS spectrum of LAGP pellet after cycling pre-
sents a reduction peak representing Ge0 at 29.1  eV instead of 
Ge4+ [≈32.5  eV (Figure S13c, Supporting Information)], which 
also verifies that Ge4+ on the surface of the pellet was reduced 
by the Li metal.[20] When PVCA-based material was employed as 
the interlayer between the LAGP electrolyte and Li metal, there 
is no new peak appearing, confirming the protective function 
of the PVCA-5 interlayer (Figure  S13d,e, Supporting Informa-
tion). More importantly, for the LAGP/PVCA-5/Li symmetric 
cells, new peaks assigned to ROCO2Li and LiF appear in Li 1s 
(54.9 eV, 55.8 eV)(Figure 4b).[42] And the peaks in F 1s spectra 
appearing at 685.3 eV and 687.8 eV indicate the existence of LiF 
and CF. LiF can be attributed to the decomposition product
of FEC during cycling and plays a critical role in creating a 
robust SEI film. Benefiting from the high interfacial energy 
and the low diffusing energy to Li metal, the LiF-enriched SEI 
can promote the uniform deposition of Li ion on the Li surface 
effectively. What is more, due to the excellent electrical insu-
lation property (≈10–31 S cm–1) of LiF, it is effectively to block 
electrons from crossing the SEI layer.[35,43] Protected by such 
smooth and robust SEI, the assembled symmetric cell exhibits 
a homogeneous Li stripping/plating and no lithium dendrite is 
formed during cycling. The SEM image above (Figure 3c,d) also 
confirms this conclusion.

The stable electrochemical properties of the aforementioned 
symmetric cells with PVCA-5 buffer layer enable its applica-
tion in full cells. The hybrid solid-state full cells assembled 
with and without PVCA-based interlayer were cycled at 50 °C 
and the cycling and rate performance are shown in Figure 5. 
It is worth noting that 2  µL precursor solution was dropped 
toward the cathode when assembling the full cells, which could 
effectively improve the interfacial contact. The elastic property 
of PVCA-5 could also help relieve some of the stress from the 
electrode expansion/contraction. Figure 5a presents the voltage 
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curves for the Li/PVCA-5/LAGP/LFP cell at 0.5 C, from which 
a representative charge and discharge voltage platforms can be 
observed. Modified by the PVCA-5 interlayer, the hybrid cell 
presents a discharge capacity of 153 mAh g–1 at first cycle with a 
high initial Coulombic efficiency (ICE) of 99.45%. Furthermore, 
after 80 cycles, the discharge capacity remains 144 mAh g–1,  
realizing a capacity retention of 94.1%. These results indi-
cate that the interlayer not only provides an intimate contact 
of Li/LAGP interface, but also exhibits the excellent stability 

toward Li anode. However, the cells without PVCA-5 inter-
layer exhibit the initial discharge capacity of 118 mAh g–1 and 
the electrochemical performance declines quickly, indicating a 
lower cycling stability resulted from continuous side reactions 
between the LAGP electrolyte and the electrodes (Figure 5b).[44] 
Figure 5c,d shows the rate performance of Li/LFP cells and the 
corresponding charge–discharge curves with and without the 
PVCA-5 interlayer. The cell using bare Li anode presents rap-
idly deteriorative rate performance with the increase of current 

Figure 4. SEI characterization. a,b) Li 1s and c,d) F 1s in-depth XPS spectra on the surface of various Li metal anodes, recovered from a,c) Li/LAGP/Li 
and b,d) Li/PVCA-5/LAGP/PVCA-5/Li symmetric cells after 50 h.
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density, only showing a capacity of 38 mAh g–1 at 3 C. The high 
interfacial resistance at anode side is responsible for the deg-
radation of capacity. Notably, as the current density increases, 
the cell with the PVCA-based buffer layer still exhibits a high  
discharge capacity of 152 mAh g–1, 148 mAh g–1, 143 mAh g–1,  

132 mAh g–1 at 1 C, 1.5 C, 2 C, 3 C, respectively. When the current 
density drops back to 0.5 C, the discharge capacity also returns 
to a higher value of 153 mAh g–1. These results demonstrate 
the role of PVCA-5 interlayer in improving Li ionic lithiation/
delithiation capability between the electrolyte and electrodes. 

Figure 5. Charge/discharge profiles of a) Li/PVCA-5/LAGP/LFP cell and b) Li/LAGP/LFP cell at 0.5 C at 50 °C. c) Rate performance of Li/LAGP/LFP 
ASSLMBs with and without PVCA-based layer from 0.5 to 3 C at 50 °C. d) Charge/discharge curves of Li/PVCA-5/LAGP/LFP cell at different rates.  
e) Cyclic performance Li/LAGP/LFP ASSLMBs with and without interlayer.
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Figure 5e shows the comparison of long cycling stability in dif-
ferent ASSLMBs. The Li/PVCA-5/LAGP/LFP cell delivers a high 
capacity of 150 mAh g–1 at 0.5 C and favorable capacity retention 
of 91.2% after 200 cycles, while the capacity of Li/LAGP/LFP 
decays rapidly from 150 mAh g–1 to 57 mAh g–1 within 80 cycles 
(Figure  5e). Compared with the full cell using bare Li anode, 
the electrodes modified by the PVCA-5 interlayer also have an 
improved Coulombic efficiency stability. In order to prove the 
feasibility of the interfacial engineering in practical applica-
tion, the cycling performance of the Li/PVCA-5/LAGP/LFP cell 
at 1.5 C is exhibited in Figure S14 (Supporting Information). 
The initial discharge capacity is 144.6 mAh g–1 with Coulombic 
efficiency of 99.8%, and the capacity retention is 88.3% after  
45 cycles. In addition, full cells with a LiCoO2 (LCO) cathode 
and a LiNi0.33Mn0.33Co0.33O2 (NMC) cathode were tested at 50 °C  
(Figures S15 and S16, Supporting Information). At 0.3 C,  
the first-cycle discharge capacity of the Li/PVCA-5/LAGP/
LCO cell is 130 mAh g–1 and remains at 125.6 mAh g–1 after 
four cycles, while the Li/LAGP/LCO delivers only 81 mAh g–1  
and drops to 50.1 mAh g–1 after four cycles (Figure S15, Sup-
porting Information). The Li/PVCA-5/LAGP/NMC and  
Li/LAGP/NMC were also tested at 50 °C at 0.2 C. The initial dis-
charge capacity of PVCA-5/LAGP reaches to 140.1 mAh g–1 and 
remains at 130 mAh g–1 after four cycles. However, the capacity 
of the cell without PVCA-5 interlayer exhibits the initial dis-
charge capacity of 100.2 mAh g–1 and declines to 70.4 mAh g–1  
quickly (Figure S16, Supporting Information). All of the data 
above illustrate that the presence of an in situ polymerized 
PVCA-5 interlayer can effectively prevent the reduction of 
LAGP by Li so that LAGP can function normally in ASSLBs.

3. Conclusion

In this work, we propose a novel strategy of interface design by 
in situ radical polymerization. The monomer solution dropped 
between the LAGP electrolyte and the metallic Li anode can 
fill the voids completely at the interface and the as-fabricated 
PVCA-based layer is electronic insulating but well ionic con-
ducting. Not only can the interlayer acts as barricades to pre-
vent the side reactions, but also it enables lithium ion diffuse 
homogeneously and relieves the volumetric changes of anodes 
during cycling. The Li/PVCA-5/LAGP symmetric cell exhibits 
outstanding cycling performance for over 800h of repeatable Li 
plating/stripping. Besides, the Li/LAGP/LFP cell with PVCA-5 
interlayer also displays improved rate performance, as well as 
a high capacity retention after 200 cycles. This work demon-
strates that the modifying design by the in-situ polymerization 
can improve the performance of ASSLMBs significantly.

4. Experimental Section
Synthesis of LAGP pellets: The LAGP raw powder was purchased from

Shenzhen Kejing Material Technology Co., Ltd. The LAGP pellet was 
synthesized by pressing 0.5 g raw powder using a die (diameter: 16 mm; 
thickness: ≈1 mm). Then, the pressed pellet was sintered at 900 °C for 
12 h at air atmosphere in a muffle furnace. The obtained LAGP pellet 
was ground to 980 µm  thick and the bare LAGP pellets were polished 
with 600, 800, 1000, and 1500 mesh sandpaper before use.

Preparation of Poly(Vinylene Carbonate) (PVCA)-Based Interlayer Materials: 
Difluorooxalato borate lithium salt (LiDFOB, 99.9%) was purchased 
from Innochem (Beijing) Technology Co., Ltd. LiDFOB (0.143 g) was first 
dissolved into 1  mL vinylene carbonate (VC, 99.9%, Aladdin (Shanghai) 
Biochemical Technology Co., Ltd.), ≈9.6% (w/w)), followed by adding 2 mg 
AIBN (99%, Aladdin (Shanghai) Biochemical Technology Co., Ltd.) as 
thermal initiator into the above mixture. Subsequently, 5 wt% fluoroethylene 
carbonate (FEC) was added into the mixture to obtain homogeneous 
and transparent precursor solution and the obtained mixture was stirred 
for 4–6 h in an argon-filled glove box (H2O < 1  ppm and O2  < 1  ppm). 
Afterward, the precursor solution was dropped on Li anodes and then the 
modified anodes were achieved. Later, these assembled batteries were kept 
constantly at 60 °C for 48 h to achieve the polymerization of the monomers. 
As a result, a thin PVCA-5 interlayer was in situ constructed between 
LAGP pellet and Li anode. The PVCA buffer layer without FEC (denoted as 
PVCA-0) was prepared in the same way as above.

Materials Characterization: The phase structure of LAGP pellets was 
obtained by X-ray diffraction (XRD) measurement on an X-ray diffractometer 
(Bruker D8 Advance, Germany) using Cu Kα radiation (λ = 0.154 nm) at 
a power of 40  KeV. Fourier transform infrared spectra were obtained on 
Bruker VERTEX 70 at room temperature. Raman spectra were collected 
using a Renishaw InVia Reflex system equipped with a 532 nm laser. The 
morphology of the electrolytes and lithium anodes were characterized by 
a field-emission scanning electron microscope (FE-SEM, Hitachi SU-70). 
X-ray photoelectron spectroscopy analysis was performed on Thermo 
Scientific K-Alpha+ using a monochromatic Al K(alpha) X-ray source.

Cell Assembly: Symmetric cells were assembled with two lithium 
sheets as both electrodes in the LAGP pellet in CR2032 coin-type cells. 
The LiFePO4 (LFP) cathode of the ASSLIBs was prepared by coating 
slurry containing 80 wt% LiFePO4 (LFP), 10 wt% super P, and 10 wt% 
poly-vinylidene fluoride (PVDF) on the Al foil, next the prepared material 
underwent vacuum-drying at 80 °C for 12 h, and the mass loading was 
≈1.2 mg cm–2. The LiCoO2 (LCO) cathode material was prepared by coating
slurry containing 80 wt% LCO, 10 wt% super P, and 10 wt% PVDF on the Al 
foil. The following steps were the same as LFP and the cathode loading was
≈1.4 mg cm–2. The LiNi0.33Mn0.33Co0.33O2 (NMC) cathode was prepared by
mixing NMC, super P and PVDF at a mass ratio of 8:1:1. The left steps were 
also the same as LFP and the mass loading of obtained cathode material
was ≈1.2 mg cm–2. After that, the ASSLIBs using Li anodes, LAGP with or
without PVCA-5 interlayer and three types of cathodes were assembled in
the CR2032 coin cell in an argon-filled glovebox.

Electrochemical Measurement: Symmetrical Au/LAGP/Au cell was 
assembled by sputtering Au onto the two sides of LAGP pellet to measure 
the ionic conductivity of the LAGP solid electrolyte as a function of 
temperature in the range 20–80 °C. The ionic conductivity of electrolytes 
samples was measured by electrochemical impedance spectra on an 
electrochemical workstation (Autolab, Metrohm) with an alternating 
current (AC) amplitude of 10 mV in the frequency from 0.1Hz to 1.0 MHz. 
The Li–Li symmetric cells were tested on the charge/discharge unit by 
applying various current in the range of 0.05–0.2 mA cm–2 using a LAND-
CT2001A multichannel battery tester (Wuhan, China). For full cells, the 
integrated Li/LFP full cells were charged and discharged at a rate of 0.5 C  
(1 C = 170 mAh g–1), and the cycle rate was set as 0.5, 1, 1.5, 2, and 3 C,  
during which the voltage ranges from 2.8 to 4.0  V. All electrochemical 
tests were performed after the cells were kept at 50 °C for 30 min.
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1. Introduction

Solid-state lithium metal batteries (SSLMBs) show prom-
ising prospects in high-energy-density and highly-safe energy 
storage devices owing to their reliable electrochemical perfor-
mance, inherent safety, and excellent abuse tolerance.[1–6] Plen-
tiful solid-state electrolytes (SSEs) have been spawned by the 
never-ceasing surge on materials and chemistry. But SSLMBs 
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have been suffering from inferior inter-
facial stabilities between SSEs and other 
battery components.[7–11] For achieving 
intimate interface contact and the com-
patibility with metallic lithium, an effi-
cient and easy-industrialized strategy is in 
situ solid poly-ether electrolytes (SPEEs), 
which formed in electrochemical cells 
upgrading process by using conventional 
ether-based electrolytes, like 1,3-dioxolane 
(DOL) via cationic ring-opening polymeri-
zation reaction.[3,12–15] However, it has two 
ineluctable  problems including incom-
plete polymerization and residue of ini-
tiators, resulting in a “trade-off” between 
ion conductivity and stability. Lewis-acidic 
Li salts (e.g., LiPF6 and LiDFOB) and 
organic metal compounds (e.g., Al(OTf)3 
and Sn(OTf)4) are the two common ini-
tiators, which always trigger violent reac-
tions. They display rapid initiator failure, 

short curing time, and inferior polymerization degrees.[16–18] On 
the other hand, high content of initiator residue also compli-
cates the matters. In contrast, reducing the number of initiators 
results in excess unpolymerized DOL. It discounts practical 
applications of SPEE, presenting inferior electrochemical per-
formances at elevated-temperature (especially over 70 °C) and 
high-voltage condition (4  V-above class).[15,18] In order to stabi-
lize the oxidizing of 4  V-above class cathodes, coating an arti-
ficial cathode-electrolyte interphases (CEI) seems an efficient 
approach, however, it would introduce some new issues, such 
as high-temperature processing, damage of energy density, and 
ionic conductivity.[19–22] Furthermore, the stable-cycling perfor-
mances of high-voltage and wide-temperature Li metal batteries 
are almost out of reach. These factors lead to inferior cycle per-
formances of solid polymer electrolytes, especially poly-ethers, 
in high voltage and wide-temperature operating conditions.[7]

Herein, we design a nano-hierarchical SPEE with a solid 
eutectic electrolyte as an interface encapsulation on the sur-
face of the cathode to mitigate interfacial instability in thermo-
dynamic and electrochemical aspects. The nano-hierarchical 
SPEE with high polymerization degree and a soothing curing 
time is initiated by a trace amount of a designed hybrid ini-
tiator system, which shows excellent  catalytic activity and 
well-controlled polymerization. Consequently, the SPEE 
demonstrates superb-cyclic stability for Li||Li symmetric 
batteries (>4000 h at 1  mA  cm−2/1  mAh  cm−2; >2000  h at 
1 mA cm−2/4 mAh cm−2), which also can support the Na, K, and 
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Zn symmetric batteries. Benefiting from solid eutectic assis-
tance, the as-designed SPEE is advantageous to mitigate the 
interfacial instability and facilitate Li+ ion conductivity, and thus 
enabling super-cyclic stability for 4 V-above batteries (Li||LiCoO2 
and Li||LiNi0.8Co0.1Mn0.1O2) and wide-temperature operation 
(15–100 °C). Significantly, Li|SPEE|LiFePO4 batteries display 
outstanding long lifespan with capacity retention of 85% after 
1200 cycles at 1 C and Li|SPEE|LiCoO2 batteries display capacity 
retention of 91.7% over 200 cycles with coulombic  efficiencies 
(CE > 99%).

2. Results and Discussion

2.1. Fabrication of SSLMBs Via Nano-Hierarchical SPEE and CIE

The fabricating route of nano-hierarchical SPEE is illustrated in 
Figure 1a. Two types of additives were designed as efficacious ini-
tiators by adding a tiny amount in LiTFSI/DOL: 300 ppm AlI3 and 
600 ppm LiPF6 (SPEE-1); LiDFOB (SPEE-2), as a demonstration 
of a library of candidates. Subsequently, the additive and the pre-
pared LiTFSI/DOL solution formed a homogeneous precursor, 
which was injected into batteries with a solid eutectic encapsu-
lated cathode and Li metal anode. The polymerization reaction is 
illustrated in Figure S1a, Supporting Information. LiDFOB was 
introduced to form a solid eutectic electrolyte for preparing the 
cathode interface encapsulation (CIE). The solid-state character-
istic of the solid eutectic electrolyte at elevated room temperature 

(RT) is demonstrated by differential scanning calorimetry (DSC), 
as shown in Figure S2a, Supporting Information. It’s worth 
mentioning that the CIE was solid-state when battery assemblies 
and the CIE was just used to wet the surface of the cathode mate-
rials, which were all for inhibiting the dissolution of CIE. Then, 
after curing over 10 h at RT, a solid polymer electrolyte with two 
different molecular weights was in situ obtained. Gel permeation 
chromatography (GPC) was conducted to demonstrate that low 
weight-averaged molecular weights (Mw) of SPEE were formed at 
the interface which was conducive to ionic conductivity and high 
Mw was formed in the bulk electrolyte which guaranteed excel-
lent capacity of dendrite inhibition (Table S1, Supporting Infor-
mation).[23,24] Thus, the nano-hierarchical SPEE was obtained. 
To further investigate the compatibility between CIE and SPEE, 
electrochemical impedance spectroscopy (EIS) and scanning 
electron microscope (SEM) image of the full battery fracture sur-
face were conducted. Figure 1b shows no evident change in EIS 
impedance (35–40 Ω) of Li|SPEE|LiNi0.8Co0.1Mn0.1O2(NCM811) 
full batteries in comparison to the absence and presence of CIE 
case. And the battery fracture surface presents a well-connected 
interface contact (Figure 1c), indicating that the fast conduction 
of Li+ ions has remained.

The nano-hierarchical SPEE design is highly dependent on 
polymerization chemistry. It’s important to improve the polym-
erization degree and reduce the initiator addition.[15,18,25] Thus, 
the reduced initiators should have excellent catalytic activity 
and stability in order to conquer the impact of porous elec-
trodes and highly reactive metallic lithium that terminates the 

Figure 1. The nano-hierarchical SPEE design. a) Schematic illustration of the fabrication of nano-hierarchical SPEE and CIE. b) EIS spectra of Li||NCM811 
with and without CIE. c) SEM image of the Li|nano-hierarchical SPEE|NCM811-CIE battery. d) The optical photographs of the products (1: 600 ppm AlI3 
in DOL; 2:3000 ppm AlI3 in DOL; 3:600 ppm AlI3 in 2 m LiI/DOL; 4:3000 ppm AlI3 in 2 m LiI/DOL; 5:600 ppm AlI3 in 2 m LiTFSI/DOL; 6:600 ppm AlI3 
in 1 m LiTFSI/DOL; 7:600 ppm AlI3 in 1 m LiFSI/DOL; 8:600 ppm AlI3 in 1 m LiOTf/DOL; 9:600 ppm AlI3 in 1 m NaTFSI/DOL; 10:600 ppm AlI3 in 1 m 
KFSI/DOL). e) The RDFs and CNs obtained by MD.
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polymer chain growth of SPEE. In this context, the initiator is 
designed in a hybrid form. As a proof of concept, Li salts with 
bulk organic anions (e.g, TFSI−, FSI−, and OTf−) were pre-dis-
solved in DOL solvents, as efficacious initiators should com-
bine a counter anion with bulk ion structure and low nucleo-
philicity.[26,27] Thus, when an additive containing a required 
Lewis-acid cation is added, the pre-dissolved bulk anions can 
drive self-assembly with the cations to form hybrid initiators. 
It was demonstrated by AlI3 acted as hypothetical additives and 
soluble LiI with small anions acted as control (Figure  1d). The 
polymerization is only observed in the bulk anion case.[28,29] 
On the other hand, the dissolved Li salts have mass of Li-
bonds in Li+-ether complex pairs, which will chemically acti-
vate the liquid precursor. Li-bonds were identified by classical 
molecular dynamics (MD) simulations. The global snapshots 
of four precursors are shown in Figure S3a, Supporting Infor-
mation, with different concentrations. A distinct change in the 
distribution of Li+-ethers (represent Li-bonds) was captured in 
the related local snapshots from the first coordination shell of 
Li+ (Figure S3b, Supporting Information), indicating the forma-
tion of Li-bonds.[30] The radial distribution functions (RDFs) of 
Li-ODOL in different salt concentrations and the corresponding 
coordination number (CN) were calculated (Figure  1e).[31–34] 
The first spikes of RDFs increase with salt concentrations, and 
the platform of CN is higher, suggesting the increased number 
of Li-bonds.[35] To further investigate the effect of Li-bonds,  
3 m KFSI/DOL, and 3 m LiFSI/DOL were as contrast. Only 3 m 
LiFSI/DOL was cured because of a weaker Lewis acidity of K+ 
ion (Figure S3c, Supporting Information).[36] Consequently, the 
activation of Li-bonds and the self-assembly of hybrid initiators 
enable tiny amounts to realize the high polymerization degree. 
A library of inorganic Lewis-acid additives (e.g., AlI3, ZnI2, SnI4, 
CuF2, ZnF2, SnF2, AgPF6, KPF6, LiDFOB, and LiBF4) was dem-
onstrated to have high polymerization degree (>90%, calculated 
from nuclear magnetic resonance (NMR) results), as shown in 
Figures S4 and S5, Supporting Information.

All initiator candidates have been further optimized by intro-
ducing inorganic metal compounds with Lewis-acids cations 
and anions simultaneously to reduce the additive  amount, 
while the high polymerization degree of SPEE is guaranteed. In 
a typical experiment, AlI3 was combined with LiPF6 to form a 
binary catalysis system.[37] It’s worth mentioning that AlI3 is also 
a catalyst for the hydrolyzing reaction of LiPF6 (Formula 1 in 
Figure S1b, Supporting Information). Furthermore, LiDFOB has 
remarkable thermal stability with a functionality of CEI-forming 
additive, which is also proposed here.[38] NMR, Raman, and 
Fourier transform infrared spectroscopic analysis (FTIR) were 
all conducted to confirm the occurrence of the polymerization 
reaction initiated by these two types of initiators (Figure S6a–d, 
Supporting Information). All results detect the distinguished 
changes of characteristic  signals, indicating the dismission of 
the ring species belonged to DOL and the appearance of long-
chain structures assigned to SPEEs. The polymerization degrees 
are over 92%. The curing time is mostly over 10 h at RT. The 
Mw of SPEEs obtained in our work is around 77–80 k, larger 
than most previously reported results, which ensures the high 
thermal stability of the SPEEs (Table  S1, Supporting Informa-
tion).[15–17] The thermogravimetric analysis (TGA) further con-
firmed this result (Figure S6e,f, Supporting Information).

2.2. Electrochemical Stability of Metal Anode with 
Nano-Hierarchical SPEE

The improved reversibility of Li plating/stripping was demon-
strated by galvanostatic polarization experiments of symmetric 
Li cells (Figure 2a). The stable cycles are over 4000 and 1800 h  
at a current density of 1.0  mA cm−2/1.0  mAh cm−2 in the 
SPEE-1 and SPEE-2 cases, respectively. The inset of Figure  2a 
shows the magnified image of voltage versus time curve. EIS 
impedance measures were simultaneously investigated during 
300 cycles (Figure S7a, Supporting Information). It keeps stable 
around 41 Ω after 150 cycles, which further confirms that the 
reversible process is stable even the battery underwent several 
unexpected temperature fluctuations (uncontrolled ≈15 °C). In 
comparison, the symmetric Li cell with the liquid precursor as 
electrolyte exhibits a low overpotential of 3 mV. which is arisen 
from the formation of one or more internal short circuits (the 
inset of Figure 2a).[39] The lithium deposition morphology after 
30 cycles presents distinct mossy Li deposits in liquid precursor 
case (Figure  2b). By contrast, a smooth and dense Li anode 
remained even after 500 cycles in both SPEE-1 and SPEE-2 
cases (Figure 2c,d). The asymmetric Li||Cu cell was performed 
to evaluate the CE of metallic Li anode. The average CE is 
98.51% (SPEE-1) and 99.08% (SPEE-2), respectively (Figure S7b, 
Supporting Information), indicating the enhanced compat-
ibility with Li anodes than the routine SPEE electrolytes. Fur-
thermore, the Li+ transference number ( Lit +) was also evaluated 
via the electrochemical combination method.[18,40] The Lit + of
SPEE is up to 0.64 (Figure S7c, Supporting Information). These 
results suggest that the improvement of Li plating/stripping 
reversibility in Li|SPEE|Li cells are contributed by the increased 
compatibility with Li anode and the favorable Lit +.

Furthermore, SPEE converted from 1 m precursors marked 
as SPEE(1 M) also displays amorphous state in Celgard 2400 or 
glass fiber membrane (GF), as measured by DSC (Figure S7d, 
Supporting Information). Only a glass transition peak (Tg) and 
a tiny melting peak (Tm) are observed, indicating the intrinsic 
amorphous state. Figure S7e,f, Supporting Information, also 
provides the DSC results of SPEE(1 M) in absence of porous 
membrane and SPEE converted from 2 m precursors without 
porous framework. Without porous framework, SPEE converted 
from 2 m precursors marked as SPEE(2 M) displays a similar 
curve, indicating the intrinsic amorphous state. By contrast, 
SPEE(1 M) displays two typical peaks associated with Tm and 
recrystallization (Tc) of polymers, indicating the crystallization 
is formed in absence of porous membrane.[12,16] NMR results 
(Figure S7g,h, Supporting Information) verify that the polym-
erization degree is almost unaffected by porous membrane.

The reduction of Li-salt concentration is in favor of ionic 
conductivities. The temperature dependence of ionic con-
ductivities is shown in Figure S7i, Supporting Information, 
indicating the remarkable ionic conductivities. The rate per-
formance of Li|SPEE(from 1 m precursors)|Li was conducted 
to reveal the compatibility of metallic Li anode. However, 
cells suffer a short  circuit when 1.5 w% LiDFOB is added 
(Figure S8a, Supporting Information). It’s mainly due to the 
reduced Li-bonds effect in 1 m LiTFSI/DOL compared with 2 m 
LiTFSI/DOL. Increasing the initiators up to 2.5 w%, SPEE-2 
displays remarkable rate performance with modest Li metal 
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stripping/deposition overpotentials (≈55  mV, 2.0  mA cm−2, 
magnified views in Figure  2e). A stable cycling performance 
at a current density of 1.0  mA cm−2/4.0  mAh cm−2 is also 
provided (over 2000 h, Figure S8b, Supporting Information). 
In comparison, about 10 times overpotentials are displayed 
in 2 m precursors case (Figure S8c, Supporting Informa-
tion). Thus, this strategy was extended into other NaTFSI and 
KFSI, as shown in Figure 1c. NMR results demonstrate high 
polymerization degrees (Figure S5, Supporting Information). 
Voltage profiles of symmetric cells with SPEE(Na+ and K+) at 
the current density of 0.1 mA cm−2 are provided in Figure 2f,g 
also provides the voltage–time profile of Zn|SPEE(Zn2+)|Zn 
cell. The stable cycles are over 3000 h at a current density of 
0.1 mA cm−2, demonstrating a promising application in other 
metal batteries.[41,42]

2.3. Stability of High-Voltage Cathode Systems 
with Nano-Hierarchical SPEE

The electrochemical stability of SPEE at the oxidative potentials 
was evaluated by linear sweep voltammetry (LSV), and electro-
chemical floating test.[43] Figure 3a shows that SPEE(1 M) and 
SPEE(2 M) with CIE show rather low current flow beyond 5 V 
versus Li+/Li0, and 5.7  V versus Li+/Li0, respectively. By con-
trast, the electrochemical stability windows narrow to 4.5  V 
even the polymer is converted from 1.5 w% LiDFOB in 2 m  
LiTFSI/DOL precursors, which the concentrated Li salts and 
LiDFOB are both in favor of the oxidative stability in full bat-
teries. Furthermore, the oxidative current platforms arise from 
4.3  V in both SPEE without CIE cases, before the steep cur-
rent increase due to electrolyte decomposition occurs. Results 

Figure 2. Cycling stability of symmetric metallic cells. a) Voltage versus time of Li||Li cells operated under 1.0 mA cm−2 with 1.0 mAh cm−2. The insert 
plot shows magnifications of the specific cycles. SEM image of metallic Li anode harvested from batteries after 30 cycles in the liquid precursors (b), 
500 cycles in SPEE-1 (c), and 500 cycles in SPEE-2 (d). e) Rate performance of Li|SPEE(1 M)|Li. f,g) Voltage versus time in symmetric Na, K, and Zn 
cells at 0.1 mA cm−2.

Adv. Funct. Mater. 2021, 31, 2102347

	 28	

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.afm-journal.dewww.advancedsciencenews.com

2102347 © 2021 Wiley-VCH GmbH

reported in Figure  3b further demonstrates that only SPEE 
with CIE can remain the limited leakage currents from 4.0 to 
4.7  V. Without CIE, the in situ polymerization of 1 m LiTFSI/
DOL in Li||NCM batteries encounter a large leakage current at 
4.2  V, and the in situ polymerization of 2 m LiTFSI/DOL just 
retards this decomposition to 4.4 V.  Based on these results, it 
suggests that CIE design can improve the oxidative stability of 
SPEE efficiently.

Li||NCM811 batteries were conducted further to characterize 
the improved stability. The cell exhibits high CEs (>99%) over 
100 cycles without a rapid capacity attenuation when the encap-
sulated cathode is used (Figure  3c). On the contrary, low CEs 
are observed in SPEE(1 M) and rapid capacity attenuation is 
subjected in SPEE(2 M) without using CIE. The encapsulated 
cathode would inhibit the side-reactions between SPEE and Ni-
rich nickel-cobalt-manganese oxides cathode system, involving 
the oxidative reaction of poly-ether at high-voltage battery sys-
tems and irreversible  fluorination between TFSI− and tran-
sition  metals. The possible protecting mechanism is shown 
in Figure  3d.[18,38,44] X-ray photoelectron spectroscopy (XPS) 
analysis was conducted to probe the surface of Li anodes har-
vested from batteries after 30 cycles (Figure  3e,f). With CIE, 
signal belonged to Ni element is detected. In comparison, the 
signal in the absence of CIE case becomes stronger, indicating 
that the dissolution of transition metal from cathode side is 
more serious and results in the evident dissolution of transi-
tion metal from cathode side to the surface of Li anode.[45–47] 
Thus, the impeded effect of the nano-hierarchical SPEE with 
CIE improves the cycle stability.

The long-cycling performance of the nano-hierarchical SPEE 
design with CIE was further investigated by Li||LiCoO2(4.25 V) 
batteries. Figure  4a shows the repeated cyclic voltammetry 
(CV) curves of Li||LiCoO2-CIE battery in the first 5 cycles. The
high overlapping indicates the reversible charge/discharge pro-
cess. Figure 4b displays high reversibility of charge/discharge
profiles with a specific capacity of 132  mAh g−1 at 0.5 C and
91.7% capacity retention over 200 cycles at 15 °C. The CEs are
all up to 99%. When the operating temperature is up to 45 °C,
high-rate performances are obtained (Figure S9c, Supporting
Information). Simultaneously, super-long cycle life is obtained
with 89% capacity retention over 700 cycles (Figure  4c). The
in situ polymerization of 1 m LiTFSI/DOL, on the other hand,
delivers a rapid capacity decay with low CEs in Li||LiCoO2 
without CIE.

2.4. Cycling-Stability of Wide-Temperature Operation 
with Nano-Hierarchical SPEE

Apart from the cycling stability of SSE in 4 V-above class cathode 
systems, wide-temperature operation is another key indicator 
for practical applications. The type of initiator is important 
for the thermostability of SPEE due to the similar structure of 
polyoxymethylene that could encounter depolymerization in 
acidic media. Even though LiPF6 and LiBF4 are effective Lewis-
acidic initiators, these two Li salts are both thermolabile. Fur-
thermore, in-built SPEE design always has residual initiators 
and liquid precursors. 1.0 w% LiPF6, and LiBF4 were chosen to 

Figure 3. Cycling stability with 4.0 V-above cathodes. a) LSV curves. b) Electrochemical floating analysis. c) Li||NMC811 batteries work at 0.2 C, and 
d) the illustration of protected strategies for NCM811 cathodes. e,f) XPS analyses of the surface of Li anode.
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illustrate the already reported thermo-sensitivity of only 70 °C. 
Even though sudden increase of EIS isn’t observed from 50 to 
90 °C by investigating ss||ss and Li||Li cells (Figure S10a,d, Sup-
porting Information), the Li||Li cells suffered battery cracking 
after two days standing at 100 °C (Figure S10e, Supporting 
Information). Furthermore, recurrence of part-fluidities after 
the two SPEEs standing for 6 months validates the instability 
(Figure S10f,g, Supporting Information). TGA was conducted 
to investigate the thermal stability of the two SPEEs comparing 
with the original states (Figure S11, Supporting Information). 
The results indicate that the polymer chains of the two SPEEs 
are degraded gradually. When the two SPEEs were stored at 
80 °C, Mw became small (Table S1, Supporting Information). 
A more rigorous investigation is conducted in Li||LiFePO4 full 
batteries, which displays no capacity after few cycles when 
LiPF6 and LiBF4 are as initiators (Figure S12a, Supporting 
Information). In comparison, stable cycles at 80 °C beyond 
200 cycles with a reversible capacity of 162 mAh g−1 at 1 C are 
both observed in both SPEE-1 and SPEE-2 case (Figure S12b, 
Supporting Information).

In addition, the additive amount also impacts the thermosta-
bility of SPEE. Figure S12b, Supporting Information, demon-
strates that even though LiDFOB has a high thermostability, an 
inferior long-cycling at 80 °C has been found when increasing 
LiDFOB from 1.5 to 5.0 w%.[48] Thus, it’s necessary to reduce the 
additive amount. In fact, our two recommended types of initia-
tors enable the effective dose is tiny and the residual amounts 
would further reduce because of the reaction between additives 

and Li electrode, as illustrated in Formula 2–4 of Figure S1b, 
Supporting Information. To investigate this, Li|SPEE(600 
ppm  AlI3)|Li batteries at 50 °C were conducted. Elemental 
mappings of Li anodes obtained from cells at different cycling 
indicate uniform distribution of Al–Li nano-alloying and surface 
affinity of I−, and their enrichment at the interface during  
50 cycles (Figures S13 and S14, Supporting Information). 
Consequently, the synergistic effect of initiator type, additive 
amount, and the element enrichment at the interface ensures 
the cycling of Li|SPEE(A300/P600)|LiFePO4 at elevated tem-
perature. The batteries can work from 50 to 90 °C batteries 
(Figure S15, Supporting Information).[15]

With CIE, the temperature tolerance of Li|nano-hierar-
chical SPEE|LiFePO4 batteries at 3 C is enhanced up to 100 °C 
(Figure  5a). The long-cycling performances are provided in 
Figure 5b and Figure S16, Supporting Information. At 15 °C, a 
specific capacity of 118 mAh g−1 at 1 C is presented with 87.2% 
capacity retention after 1200 cycles. The SPEEs also main-
tain stable battery cycling of 80 and 90 °C for over 520 and  
420 cycles at 3 C with high CEs (>99%), respectively. Con-
versely, low CEs (<98%) are delivered after 200 cycles at 80 °C 
when the batteries are without using CIE (Figure S12c, Sup-
porting Information). Even though 2 m precursors are used 
to improve the oxidative stability, a thick and irregular CEI is 
formed after 50 cycles without CIE, as detected by transmission 
electron microscopy (TEM) (Figure S17, Supporting Informa-
tion). Comparatively, the surface of encapsulated cathodes has 
a thin CEI, indicating the SPEE isn’t subjected to significant 

Figure 4. Long-cycling performance of 4.0 V-above cathodes. a) CV of Li|SPEE(1 M)|LiCoO2 at RT, and b) the related discharge/charge profiles.  
c) Long-term cycling at 0.5 C and 45 °C using SPEE (1 M) without CIE as a control (A charge/discharge rate of 1 C corresponds to a specific current
of 274 mA g−1).
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decomposition (Figure  5c) and the related EDS mappings in 
Figure 5d,e). XPS results further confirm that a lower content 
of Li–F containing compound derived from LiTFSI and CC
chain containing organic species derived from the ether-based 
electrolyte are detected in the CIE case (Figure 5f).[49–51] Thus, 
the nano-hierarchical SPEE demonstrates long-life cycles of full 
batteries with wide-temperature operation, from 15 to 100 °C, 
as shown in Figure 5g.

To demonstrate the abuse tolerance of the as-obtained 
SPEE, rate performances of Li||LiCoO2 batteries with a high 
active cathode material loading of 7.0  mg cm−2 were investi-
gated. The batteries display a reversible capacity of 118  mAh g−1 
at 0.2 C rate and RT (Figure 6a). Furthermore, the SPEE with 
CIE enables outstanding high-rate performance of Li||LiFePO4 

cells (108 mAh g−1, at 5 C and RT) compared with the absence 
of CIE case, indicating that the batteries have an intimate 
interface contact and improved ionic conduction between two 
electrodes (Figure  6b). As these accomplishments, a pouch 
cell blended nearly 180° successfully lighting three custom-
made lights was conducted at RT (Figure  6c), indicating 
that the integral construction of the batteries also endows 
remarkable flexibility for the full batteries with the SPEE. 
Figure  6d also shows the working lights powered by button 
batteries at 100, 80, and 15 °C, respectively. They all demon-
strate the reinforced thermodynamic and electrochemical sta-
bilities of the in-bulit SPEE. All improvements in our SPEE 
design are compared in Figure S18 and Table S2, Supporting  
Information.

Figure 5. Wide temperature operation with long cycles. a) The tolerance of Li|SPEE|LiFePO4 batteries as a function of temperature worked at 3 C;  
b) long-term cycling. c) TEM image of cathode harvested from Li|SPEE|LiFePO4-CIE after 50 cycles and the related EDS mapping (d,e). f) XPS analyses
of cathode surface after 10 cycles. g) Comparison of the work with previously reported polyether-based SPEs.

Figure 6. Abuse tolerance of full batteries. Rate performances of a) Li|SPEE|LiCoO2-CIE with an active material loading of 7.0 mg cm−2; b) Li||LiFePO4 
with and without CIE cells. c,d) The optical images of battery powering lights with abuse operation.
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3. Conclusions

In summary, this work demonstrates a nano-hierarchical 
quasi-solid-state polymer electrolyte with solid eutectic for the 
interface protection on the surface of the cathodes via in situ 
polymerization of traditional liquid ether-based precursors. The 
nano-hierarchical SPEE presents highly compatible electrolyte/
electrode interfaces in thermodynamic and electrochemical 
aspects, showing a promising wide application in Li, Na, K, and 
Zn metal batteries. Outstanding lifespan of wide-temperature 
Li||LiFePO4 batteries (15–100 °C, at 3 C) and other 4  V-above 
batteries (Li||LiCoO2 and Li||LiNi0.8Co0.1Mn0.1O2) were demon-
strated by using the nano-hierarchical SPEE. Our study paves 
an unexplored scope for developing practical solid-state metal 
batteries (SSMBs) that meet the demands for wide-temperature 
applicability, high-energy density, long lifespan, and scale 
manufacture.

4. Experimental Section
Materials and Chemicals: 1,3-dioxolane (DOL) and Li salts were all

provided by Shanghai Song Jing New Energy Technology Co., Ltd. ZnI2, 
MgI2, SnI4, CuF2, ZnF2, SnF4, AgPF6, and KPF6 were all obtained from 
Aladdin.

Synthesis of Nano-Hierarchical SPEE and CIE: A desired stoichiometric 
amount of LiTFSI salts was dissolved into DOL with vigorous stirring 
overnight to get LiTFSI/DOL solution. Excess water in the solution was 
dislodged through fresh metallic lithium standing for 7 days. Then, a 
desired stoichiometric number of initiators was added into the solution 
to prepare the precursors at RT. Finally, the precursors were injected 
into batteries with Li metal as an anode. For multivalent metal ions 
(e.g.,  Zn2+), their Lewis acidities are stronger than Li+, resulting in a 
violent polymerization. Thus, 1.5 w% LiDFOB in 1 m LiTFSI/DOL and  
1 m Zn(TFSI)2/DOL were prepared with equal volume ratio to obtain 
SPEE containing Zn2+.

For CIE, the solid eutectic electrolyte was obtained by mixing 5 mol% 
LiDFOB in SN at 70 °C and then stirring overnight to get a transparent 
solution. The melted solid eutectic electrolyte was dropped on the 
surface of the cathodes. The cathodes were only interracially wetted 
by the solid eutectic electrolytes, extra solution was removed at 70 °C, 
ensuring solid property of SSMBs. Finally, the treated cathodes were 
cooled naturally to RT. All the processes of cathode treatment were 
conducted in the argon gas-filled glove box. It’s worth mentioning that 
porous and alkalescent cathodes cause the incomplete polymerization 
while the CIE also ensures the formation of nano-hierarchical SPEE in 
a full battery due to the solid encapsulation.

Battery Assembly and Electrochemical Measurements: Coin 2025-type 
cells were assembled using Li foil as an anode and GF (Whatman) or 
Celgard 2400 as separator in argon gas-filled glove box. LiFePO4, LiCoO2, 
and NCM cathodes were prepared by mixing the active particles with 
polyvinylidene fluoride and Super P (Aladdin) in a weight ratio of 8:1:1 with 
appropriate amount NMP and mixed with magnetic stirring. Finally, the 
cathode slurry coated on a carbonated aluminum foil was dried at 80 °C 
overnight in a vacuum oven. The cathodes were controlled at 2–3 mg·cm−2  
of active material. The high active material loading of LiCoO2 was 7.0 mg 
cm−2. Galvanostatic discharge/charge tests were performed using a 
Neware battery tester. Li||LiFePO4, Li|| LiCoO2, and Li||NMC were operated 
with the voltage range between 2.5 and 4.0 V, 3.0 and 4.25 V (and high 
voltage LiCoO2: 3.0–4.45 V), 2.5 and 4.3 V versus Li/Li+, respectively. The 
cycle test of Li||LiFePO4 at high temperatures was operated between 
2.5 and 4.2  V to overcome the big polarization. The electrochemical 
floating experiments were conducted in Li||NCM batteries, which were 
charged to 4.0 V first, then held at progressively higher voltages, each for 
a period of 10 h. Metrohm Auto lab M204 electrochemical workstation 

was used for CV (0.1 mV s−1), LSV (a scan rate of 0.1 mV s−1), and EIS. 
The test conditions of EIS were tested in a frequency range of 105–0.1 Hz 
with amplitude of 5  mV. Their ionic conductivities were tested in the 
stainless steels (ss)|SPEE+GF|ss cell assemblies and calculated from the 
EIS measurements according to the following equation: σ  = d/(Rb•S).  
Here, σ is for the ionic conductivity, d is the thickness between two 
stainless steels, S is the contact area between the electrolyte and 
stainless steels, and Rb refers to the bulk resistance, and the nickel foam 
was used to replace the stainless-steel spring when cell assembled. The 
test conditions of EIS were open-circuit voltage in a frequency range of 
105–1 Hz with amplitude of 5 mV. The test conditions of EIS were open-
circuit voltage in a frequency range of 105–1 Hz with amplitude of 5 mV. 
The Li CE was performed in Li||Cu cells.[10] An amount of lithium (QT, 
1 mAh cm−2, 0.1 mA cm−2) was first deposited on Cu electrode. Then, the 
Li||Cu cell was plated/stripped with a small capacity (QC, 0.1 mAh cm−2, 
0.1 mA cm−2) for n cycles (n = 10). Afterward, the remaining Li (QS) on 
Cu substance was charged until the cut-off voltage of 1.0 V. Finally, the 
average CE was estimated as:

average
C S

C T
CE

nQ Q
nQ Q

= +
+ (1)

The Lit + of the SPEE was tested by a conventional electrochemical 
method combined with direct current (DC) polarization and alternating 
current impedance measurements for Li|SPEE|Li symmetrical cells at RT. 
The tLi+  was calculated as:

( V )
( V )Li

S 0 1
0

0 S 1
S= ∆ −

∆ −
+t

I I R
I I R

(2)

where ΔV is the applied voltage (5 mV), Io and Is were the initial current 
and steady current, respectively, during DC polarization process. R1

0 and 
1
SR  were the charge transfer resistances of Li||Li cell before and after DC 

polarization, respectively.
Materials Characterization: For 1H NMR and 13C NMR characterization, 

dimethyl sulfoxide-d6 was used as solvent and they were performed 
on Bruker advance III HD 600  MHz NMR spectrometer. FTIR was 
recorded using a Thermo Scientific spectrometer. Raman spectroscopy 
was tested using a Renishaw in Via confocal Raman microscope. 
GPC was performed by first dissolving the synthesized SPEEs in DMF 
(GC) and eluting the solutions in a Waters ambient temperature GPC 
equipped with triple detection capability for absolute polymer molecular 
weight determination. DSC was tested using a Q1000 Modulated DSC 
(TA  Instruments). TGA (Setaram Labsys) was performed under an N2 
atmosphere at a temperature increase of 5 °C min−1. SEM and elemental 
mappings were achieved using Hitachi SU8020 (Japan). TEM was 
conducted by JEM-2100HR, Japan. XPS spectrometer was achieved using 
Thermo Fisher Scientific ESCALAB 250Xi system with Al Ka radiation 
(hv = 1486.6 eV) as the X-ray source.

Simulation: Four concentrations of MD simulations were carried 
out with the freely-available LAMMPS code.[52] Initial systems were 
constructed with cubic boxes using the PACKMOL package.[53] All 
non-bonded van der Waals interactions were based on the Lennard-
Jones (LJ) potential together with the Lorentz-Berthelot combining rule 

( )
2

andσ
σ σ

ε ε ε=
+

=ij
i j

ij i j  for the LJ size and energy parameters, 

respectively. Meanwhile, the electrostatic interactions were treated with 
Particle-Particle Particle-Mesh (PPPM) method. The equation of motions 
was evolved using a Velocity-Verlet integrator with a timestep of 2 fs. All 
systems were first equilibrated at 298 K for more than 10  ns including 
energy minimizations, relaxation in the NVT ensemble followed by a 
period of NPT runs. Berendsen thermostat and barostat were employed 
to regulate the temperature and pressure of the systems with damping 
constants of 100 and 1000 fs, respectively.[54] The production runs for 
the computation of the micro-structures were performed in the NPT 
ensemble for 10 ns at a constant pressure of 1 bar and temperature of 
298 K after the equilibration. The RDFs and CN were calculated from 
production runs.
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Synergistic Coupling of Li6.4La3Zr1.4Ta0.6O12 and
Fluoroethylene Carbonate Boosts Electrochemical
Performances of Poly(Ethylene Oxide)-Based All-Solid-State
Lithium Batteries
Lu Zhang,[a] Zhitao Wang,[a] Hu Zhou,[b] Xiaogang Li,[a] Qian Liu,[a] Ping Wang,[c] and
Aihua Yuan*[a]

All-solid-state lithium batteries (ASSLBs) with poly(ethylene
oxide) (PEO)-based composites solid-state electrolytes have
received much attention owing to their higher energy density
and better safety compared with conventional liquid electro-
lytes. However, ASSLBs with PEO-based solid-state electrolytes
generally suffer from severe capacity degradation and interface
transfer obstacles during the charge/discharge process. In this
work, fluoroethylene carbonate (FEC) is employed as a reducing
additive to in-situ form LiF-rich and stable solid-state electrolyte
interface (SEI). Benefiting from the integrated advantages of
Li6.4La3Zr1.4Ta0.6O12 (LLZTO) and FEC binary additives, the number

of lithium-ion transference increases to 0.48, which facilitates
the stable cycling of Li j jLi symmetrical batteries over 900 h at
0.1 mAcm�2. The synergistic interplay of LLZTO and FEC
constructs a stable LiF-rich SEI film, effectively addressing the
interfacial problems caused by lithium dendrites and promoting
the transport of Li ions. Therefore, the high ionic conductivity
and self-healing anode-electrolyte interface are achieved. This
study provides a facile and economical strategy to solve the
problem of the lithium-electrolyte interface. It is of great
scientific significance for the development of dendrite-free
solid-state lithium metal batteries.

Introduction

Empowering green energy to reach its full potential is
significant for addressing the growing environmental problems.
Increasing demand for rechargeable battery storage and
charging efficiency stimulates the dramatic development of
lithium-ion batteries (LIBs) with high energy density.[1] Lithium
is the lightest metal with the highest specific capacity
(3860 mAhg�1) and the lowest chemical potential (Li+/Li couple
�3.05 V vs. standard hydrogen electrode, SHE), which is a
promising anode candidate of high-performance lithium-ion
batteries.[2] However, lithium metal anode suffers from uneven
deposition/stripping in organic electrolytes during the electro-
chemical cycles and the formed lithium dendrites penetrate the
separator and cause the combustion or explosion.[3] Along with
the outstanding safety performance and high energy density,
the development of all-solid-state lithium batteries (ASSLBs) has
emerged as a radical solution to simultaneously take count of

the above issues. As the vital component of ASSLBs, the solid-
state electrolyte (SSE) faces a great challenge in the aspects of
ionic conductivity and interfacial compatibility.[4] Based on great
progress in the past decades, composite solid-state electrolytes
(CSEs) have been employed to consistently solve the ionic
conductivity by combining the integrated merits of polymers
and ceramics.[5]

Poly(ethylene oxide) (PEO)-based electrolytes with excellent
flexibility and processing property are particularly receiving
much attention recently.[6] Various ceramic fillers have been
introduced into PEO-based electrolytes to prepare CSEs with
high ionic conductivity.[7] For instance, Zhuang et al. prepared
the PEO-LiTFSI-10 wt.%Li6.75La3Zr1.75Ta0.25O12 with an ionic con-
ductivity of 3.03×10�4 Scm�1 at 55 °C.[8] Zhou et al. reported
PEO-LiTFSI-Li1.3Al0.3Hf1.7(PO4)3 with the ionic conductivity of 1.3×
10�4 Scm�1 at 30 °C, and the assembled ASSLB retained with
80% capacity after 200 cycles.[9] Nevertheless, the large-scale
applications of CSEs are still hampered by some urgent issues. It
is found that CSEs may react with lithium metal and then cause
a continuous decomposition during the cycles, resulting in poor
interfacial compatibility and serious capacity degradation of
ASSLBs. Thus, it is vitally necessary to optimize the interface
between CSEs and lithium metal.[10]

LiF-rich solid-state electrolyte interface (SEI) has been
documented to be significantly effective to inhibit the growth
of lithium dendrites and stabilize the electrolyte-anode
interface.[11] Fan et al. introduced a LiF-rich SEI layer between
CSEs and lithium metal anode through a simple coating/
infiltrating of LiFSI into Li3PS4.

[12] Besides, Wang et al. reported
the formation of LiF-rich SEI on lithium metal by modifying
lithium metal with copper lithium fluoride (CuF2) based on the
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reaction of CuF2 and lithium.[13] However, these strategies
require extra steps to treat the lithium and electrolyte
separately. Therefore, it is extremely urgent to develop an
effective approach to boost the interface performance of solid-
state electrolytes. Fluoroethylene carbonate (FEC) as a func-
tional additive is commonly used in the field of liquid
electrolytes.[14] Specifically, FEC can combine with Li+ to form a
solvation sheath and allow for a homogeneous lithium
deposition.[15] Accordingly, Li et al. introduced FEC into
Li0.35La0.55TiO3 backbone-based CSE to enable the self-healing of
the CSE/Li interface.[16] Therefore, FEC holds a great promise as
an additive to improve the solid electrolyte-lithium interface in
the system of CSEs.

In this work, the combination of FEC and PEO-LiTFSI-
Li6.4La3Zr1.4Ta0.6O12 (LLZTO) affords the formation of CSEs with
high ionic conductivity and interfacial stability. Especially,
LLZTO inhibits the crystallization of PEO to increase the ionic
conductivity. In addition, FEC as a plasticizing agent further
reduces the crystallinity of PEO and weakens the interaction
between Li+ and PEO chains.[17] Meanwhile, FEC is preferentially
reduced to in-situ form a stable LiF-rich SEI, boosting the
interfacial stability.[18] Combining the intrinsic and integrated
advantages of LLZTO and FEC, the synergistic coupling of both
components results in a high ionic conductivity, excellent
interfacial stability, and superior cycling ability of CSEs. The ion
conductivity is 1.06×10�3 Scm�1 at 60 °C and 7.74×10�5 Scm�1

at 30 °C. The lithium-ion transference number of electrolytes
increases to 0.48 at 60 °C. Symmetric Li j jLi batteries are
capable of cycling for 900 h, along with a low voltage hysteresis
of 57 mV at 0.1 mAcm�2 at 60 °C. The LiFePO4(LFP) j jLi battery
delivers a steady capacity of 118 mAhg�1 for 400 cycles at 60 °C.

Results and Discussion

Figure S1a–c show the electrochemical performances of PEO-
based electrolyte with different concentrations of LLZTO. The
results indicate that PEO-10 wt.% LLZTO CSE displays the best
performance with an ionic conductivity of 6.36×10�5 S cm�1 at
30 °C and 8.36×10�4 S cm�1 at 60 °C. This is mainly because the
addition of an appropriate amount of LLZTO particles inhibits
the crystallization of PEO and increases the amorphous region.

Exceeding above addition may lead to the agglomeration of
LLZTO and phase separation between ceramic particles and the
matrix, which eventually decreases the ionic conductivity. This
is consistent with the previous reports.[19] In addition, the
symmetric Li j jLi battery with PEO-10 wt.% LLZTO CSE exhibits
the best cycle stability over 700 h and the lowest polarization
voltage of 48 mV. Likewise, the LEP j jLi battery with PEO-
10 wt.% LLZTO CSE delivers a superior performance. The
discharge specific capacity is 139.5 mAhg�1 after 100 cycles at
0.2 C, with 91.3% of the maximum specific capacity during the
whole cycling process. Figure S1d–f show the electrochemical
performances of PEO-based electrolyte with different concen-
trations of FEC. The PEO-2 wt.% FEC CSE exhibits the highest
ionic conductivity of 1.60×10�5 Scm�1 at 30 °C and 3.29×
10�4 Scm�1 at 60 °C. In addition, the Li�Li battery with PEO-
2 wt.% FEC CSE presents a polarized voltage of 58 mV and
keeps stable for 300 h. In comparison, the LEP j jLi battery with
PEO-2 wt.% FEC CSE has a discharge capacity of 128.8 mAhg�1

after 100 cycles, with 85.6% of the maximum specific capacity.
FEC improves battery performance by inhibiting parasitic side
reactions between the cathode and electrolyte, and the
excessive FEC may lead to concentrated polarization.[20] The
above results reveal that the optimization of 10 wt.% LLZTO
and 2 wt.% FEC affords the superior battery performance. Thus,
10 wt.% LLZTO and 2 wt.% FEC are used in the subsequent
experiments.

Figure 1a shows the optical photographs of as-prepared
CSEs. With the addition of LLZTO and FEC, the color of CSEs is
gradually converted from translucent to milky white. At the
same time, CSEs maintain the excellent structural flexibility
(Figure 1b, Figure 1c). Scanning electron microscopy (SEM)
image of CSEs membrane prepared by tape casting is shown in
Figure 1d–g. The surface of the doped electrolyte remains
smooth and clear without apparent voids. The elements are
uniformly distributed without severe agglomeration according
to the elemental mapping distribution (Figure S2). In addition,
both LLZTO and FEC greatly improved the tensile strength of
PEO-based solid-state electrolytes, P�L�F electrolyte approach-
ing 7.0 MPa compared to 1.8 MPa for P-Only (Figure S3). The
boosting of mechanical strength can effectively relieve the
growth of lithium dendrites.[21]

Figure 1. Digital photos of (a) CSEs; the membranes of (b) P-Only and (c) P�L�F electrolytes; SEM images of CSEs with (d) P-only, (e) P�F, (f) P�L and (g) P�L�F.
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The ionic transport of PEO-based solid-state electrolytes can
be improved by reducing the crystallinity of PEO and increasing
the proportion of amorphous phases.[22] As shown in X-ray
diffraction (XRD) patterns (Figure 2a), the addition of LLZTO and
FEC significantly reduces the intensity of characteristic peaks at
19.5° and 23.7° as compared to those of the electrolytes with
PEO-only, P�F, and P�L. The result indicates the decrease of
PEO crystallinity and the increase of ionic conductivity.[22b]

Fourier transform infra-red (FT-IR) spectra are also performed to
investigate the effects of LLZTO and FEC on the electrochemical
performances of PEO-based solid-state electrolytes (Figure 2b).
The presence of CH2 deformation peak at 1342 cm–1 and
C�O�C stretching triple peak at 1100 cm�1 (split into three
peaks at 1190 cm�1, 1110 cm�1, and 1050 cm�1) reveals the high
crystallinity of PEO. Compared to the electrolyte with P-Only,
the peaks assigned to the C�O�C stretching mode for the P�F,
P�L, and P�L�F electrolytes show a negligible shift in peak
position except an apparent decrease in intensity.[23] It suggests
the interaction between -OH groups of LLZTO and oxygen
group of PEO has weakened the complexation of Li+. FEC can
combine with Li+ to form solvation and weaken the coordina-
tion of Li+. Meanwhile, the glass transition temperature (Tg) is
the threshold value at the beginning of segment movement.
The low Tg also facilitates an increase in ionic conductivity. As
shown in Figure 2c and Figure S4, where the Tg drops from
�42 °C to �43 °C after the addition of both LLZTO and FEC. The
melting temperatures (Tm) of P�L�F electrolyte membranes are
significantly lower than those of the P�L electrolyte, and similar
results are obtained on P�F versus P-Only (Table S1).

Figure 2d illustrates the thermal stability of CSEs. The CSEs
are relatively stable up to 300 °C, where the PEO and LiTFSI are
decomposed at 350–450 °C and 400–450 °C, respectively. In
comparison, LLZTO particles are thermally stable above 600 °C.
Therefore, the LLZTO filler can act as a safety barrier between
the electrodes under extreme conditions, and FEC does not
affect the thermal stability. Overall, the P�L and P�L�F electro-
lytes have superior thermal stability and fully meet the safety

requirements for the development of lithium battery applica-
tions.

Ionic conductivity is a critical parameter to evaluate the
performance of solid-state electrolytes. The conductivity can be
calculated from the electrochemical impedance plots at differ-
ent temperatures (20–80 °C.) (Figure S5). The ionic conductivity
of P�L, P�F, and P�L�F electrolytes increases by varying
degrees compared to the P-Only electrolyte (Figure 3a). The
P�L�F electrolyte has the highest ionic conductivity of 1.06×
10�3 Scm�1 at 60 °C and 7.74×10�5 S cm�1 at 30 °C. The
conductive mechanism of PEO-LiTFSI can be summarized by the
combination and fracture of EO�Li bonds and molecular chain
movement, which is restricted to amorphous regions. In the
presence of LLZTO, Li+ can transport through PEO, LLZTO, and
the interfaces between PEO and LLZTO.[5d,24] Moreover, LLZTO
inhibits the crystallization of PEO to significantly increase the
ionic conductivity.[22] Meanwhile, FEC as a plasticizing agent has
pro-lithium properties. Coupled with the theoretical calcula-
tions, the binding energy of FEC with Li+ is shown in Table S2.
The lower LUMO energy of FEC favors the preferential
reduction. Also, the value of reduction electrode potential (Ere)
is calculated to be 0.56 eV by theoretical calculation. FEC
competes benignly with the EO unit in PEO for binding under
the action of the carbonyl group, thus facilitating the charge
transport and the results are consistent with the XRD data.
Besides, the curves have an inflection point around 50 °C which
attributes to the crystallinity of PEO at higher temperatures. In
other words, the composite electrolyte has distinctively differ-
ent ionic conductivities in the region of 50–80 °C and 30–50 °C,
which agree with the previous results.[7a] The ionic conductivity

Figure 2. (a) XRD patterns, (b) FT-IR spectra, (c) DSC curves, and (d) TGA
curves of CSEs.

Figure 3. (a) Arrhenius plots and (b) electrochemical windows of CSEs; DC
polarization curves of the electrolytes with (c) P-Only, (d) P�F, (e) P�L, and (f)
P�L�F at 60 °C (Inset: AC impedance spectra of symmetric batteries before
and after polarization).
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(σ) and activation energy(Ea) of CSEs are listed in Table S3 and
the activation energy of P�L�F is calculated to be 0.30 eV at
60 °C.

Electrolytes can contact both anodic and cathodic active
materials at the same time, which might result in side reactions
if the working electric potentials of active materials fall beyond
the electrochemical stability windows. The electrochemical
windows of CSEs measured at 60 °C are shown in Figure 3b. The
decomposition potential of the P-Only electrolyte starts at 4.1 V.
When LLZTO and FEC are added, the decomposition potentials
of the electrolytes raised to 5.2 V and 5.4 V, respectively.
Notably, the decomposition potential of the P�L�F electrolyte
raised to 5.5 V when both FEC and LLZTO are added (Table S4).
This may be ascribed to the high potential of LLZTO as well as
the Lewis acid-base interaction between electrolyte ion species
and surface groups of LLZTO, which enhances the salt
dissociation and stabilizes the anion.[25] The dense SEI film
formed by FEC can stabilize the electrolyte/electrode interface
by blocking the side reactions. It indicates that the P�L�F
electrolyte has the widest electrochemical window and the
strongest electrochemical stability, suggesting that P�L�F can
be used in most battery cathodes such as LiFePO4 (3.8), LiNiMn
(4.8), etc.

The lithium-ion transference number (tLi
+) is an important

criterion for evaluating the cycle performance of ASSLB. The tLi
+

close to 1 means that the electrolyte is more efficient in
transferring charge between the positive and negative electro-
des. The direct current (DC) polarization curves and electro-
chemical impedance spectroscopy (EIS) plots before and after
DC polarization experiments at 60 °C for the CSEs are shown in
Figure 3c–f. The response of the current to applied polarization
is observed to decrease initially and remain stable in the
following measurements. In addition, the impedance increases
variously after DC polarization. The small tLi

+ value forms an ion
concentration gradient within the electrolyte, indicating a poor
performance for ASSLBs. The calculated tLi

+ for P-Only electro-
lyte is 0.14. After the incorporation of LLZTO and FEC, the P�L
and P�F electrolytes are 0.27 and 0.29, respectively. When both
FEC and LLZTO are added, the value of tLi

+ for the P�L�F
electrolyte is 0.48, significantly superior to the previous studies
(Table S5).[6b,7a] Both LLZTO and FEC can facilitate the increase of
lithium-ion transference number. LLZTO as active fillers interacts
with the chain fragments of PEO polymer to promote the local
chain relaxation and segmental movement of the polymer.[24]

FEC as plasticizing agents can enhance the flexibility of PEO to
boost the movement of the fragments and promote the
adequate dissociation of LiTFSI. So, more Li+ will be liberated
from the binding of anions, and these free Li+ ions further
combine with PEO for bulk transport, improving the ionic
conductivity and lithium-ion transference number.

The ability to inhibit the growth of lithium dendrites is
critical for solid-state electrolyte-based ASSLB with lithium
metal as the anode. The Li symmetric batteries are assembled
to investigate the CSE�Li interfacial stability by Li�Li dissolu-
tion/deposition. The current-voltage distributions for CSEs at a
current density of 0.1 mAcm�2 are shown in Figure 4a. The P-
only electrolyte delivers a fluctuated polarization voltage and

shows a short circuit in a short period due to the penetration of
lithium dendrites (Figure 4b). The P�F electrolyte delivers a
stable voltage response of 58 mV during 300 h of internal cycles
(Figure 4c), and the P�L electrolyte affords a stable voltage
response of 48 mV during 690 h of internal cycles (Figure 4d). In
addition, the P�L�F electrolyte exhibits a very stable voltage
response of 57 mV during 900 h of initial cycles at 0.1 mAcm�2

(Figure 4e) and shows a stable voltage response of 85 mV over
300 h at 0.2 mAcm�2 (Figure S6). The above results demonstrate
a favorable electrochemical stability for the P�L�F electrolyte
against Li metal. This suggests that a considerably stable and
Li+ conductive SEI layer may be generated from PEO-based
composite solid electrolyte with LLZTO and FEC additives,
which is more effective to suppress side reactions during the Li
dissolution/deposition process. In general, FEC can form
solvation sheath with Li+, which enables uniform lithium
deposition and prevents the growth of lithium dendrites. Zhang
et al. has determined from SEAD, XPS, and EDS characterizations
that LiF and LiNxOy are uniformly mixed and dispersed in the
SEI component generated by FEC, providing a rich interface for
rapid diffusion of lithium ions.[16a] Li et al. also confirmed that
FEC could form a weaker chemical bond FEC-Li+ with lithium
ions during the cycling, and this coordination played an
important role in the self-healing process at the interface.[16b]

More experimental and theoretical calculations prove above
results, where the high reduction potential of FEC allows a
preferential formation of stable LiF-rich SEI film, promoting the
interfacial stability.[16c–f]

Figure 4. (a) Symmetric Li j jLi batteries test of lithium plating/stripping for
CSEs at 0.1 mAcm�2 under 60 °C, and the voltage profiles of batteries with
(b) P-Only, (c) P�F, (d) P�L, and (e) P�L�F.
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For better understanding the synergistic effect of LLZTO
and FEC on regulating Li plating/stripping, the composition of
SEI layer in each electrolyte is examined by X-ray photoelectron
spectroscopy (XPS). Similar peak positions of C, O, and F are
observed for the SEI layer with CSEs (Figure S7). As shown in
Figure 5a, the F 1s spectra of CSEs can be fitted and divided
into two peaks assigned to TFSI� and LiF. With the addition of
FEC, the F 1s spectra for P�F and P�L�F electrolytes show a
high peak intensity at 684.8 eV related to LiF. It can be inferred
that the SEI layer formed on the surface of both electrolytes
contains a significant amount of LiF because of the FEC
reduction. According to the previous studies, the SEI derived
from FEC is featured with LiF which has a high Young’s modulus
of about 64.9 Gpa to suppress lithium dendrites.[11b,14c] The large
TFSI� anion at 688.8 eV is delocalized chargeable and has a
weak bond to Li+. The peak intensity of TFSI� is reduced after
the addition of LLZTO, which is due to the fact that LLZTO
promotes the preferential decomposition of LiTFSI, and more
Li+ becomes free from the bondage of anions.[19] This free-Li+

couple with PEO to realize the effective transport in bulk PEO.
An appropriate amount of LiF is beneficial for reducing the
interfacial impedance and improving the interfacial stability,
which is also consistent with the EIS analyses and tLi

+ results
discussed above.

Figure 5b shows the XPS C1s spectra of the composite solid
electrolyte, which are fitted into three types: C=O (288.8 eV),
C�O (286.2 eV), and C�C/C�H (284.8 eV). The presence of C=O
bonds is related to LiCO3 as well as the decomposition of FEC.

The prominent increase of intensity for the C=O peak suggests
an increase of Li+ conductive inorganic species.[15a] The peak
intensity of C�C/C�H is significantly reduced, indicating that
FEC preferentially reduces to form a stable SEI film and inhibits
the decomposition of electrolytes. Meanwhile, the compact SEI
with high inorganic components facilitates the charge transfer
as well as prevents the continuous decomposition of
electrolyte,[18] thereby promoting the charge transference at the
electrolyte interface and decreasing the capacity decay during
subsequent high voltage cycles. Benefiting from the synergistic
coupling of LLZTO and FEC, an SEI layer with LiF and inorganic
species can be formed to stabilize the lithium cathode/electro-
lyte interface, further improving the stability and ionic con-
ductivity of electrolyte for efficient Li+ transportation.

To evaluate the feasibility of the practical application of
CSEs in solid-state lithium batteries, the LEP j jLi ASSLB is
assembled using the commercial LFP as cathode and lithium as
the negative electrode. Figure 6a shows a comparison of the
cycling performance and coulombic efficiency at a current
density of 0.2 C (1.0 C=170 mAhg�1) at 60 °C. The batteries
with P-Only electrolyte deliver an initial discharge capacity of
146.3 mAhg�1, together with an extremely poor cycling stability
(Figure S8a) and a large polarization of 0.15 V (Figure S8b). The
batteries with P�F electrolyte deliver an initial discharge
capacity of 150.5 mAhg�1 with a capacity retention of 85.6%
after 100 cycles. The coulomb efficiency remains stable with a
polarization of 0.09 V during the cycling (Figure S8c, Fig-
ure S8d). The capacity is near zero at the 119th cycle, indicating
that the battery has failed by lithium dendrites. The batteries
with P�L electrolyte deliver an initial discharge capacity of
146.8 mAhg�1 with a capacity retention of 91.3% after
100 cycles and a stable Coulombic efficiency (Figure S8e).
Figure S8f shows that the charge-discharge voltage curves
become unstable at the 100th cycle, which predicts the followed
failure of the battery. The batteries with P�L�F electrolyte
delivered an initial discharge capacity of 153.4 mAhg�1. The
reversible capacity is maintained at 143.6 mAhg�1 with a
capacity retention rate of 93.63% after 100 cycles,
139.1 mAhg�1 with a capacity retention rate of 90.68% after
200 cycles, and 118.8 mAhg�1 with a capacity retention rate of
77.44% after 400 cycles. The coulombic efficiencies are consis-
tently above 98%. The cycle life has an apparent improvement
compared to the reported PEO-based solid-state electrolytes
(Table S6). Specifically, the all-solid-state battery exhibits a
superior long-term cycling and rate capability performances to
the other ceramic-blended PEO-based composite solid-state
electrolytes in the presence of FEC, strongly demonstrating the
self-healing mechanism of FEC during the charge-discharge
process.[16b] Figure 6b shows the corresponding charge/dis-
charge curves of the battery with P�L�F electrolyte, which can
be identified at the corresponding typical charge/discharge
platforms of LFP at around 3.38/3.45 V. Compared to the
performance of the ASSLB with P�L electrolyte, the addition of
FEC results in a significant increase in battery performance,
indicating that FEC alleviates the battery deterioration situation
with PEO-based solid-state electrolytes.

Figure 5. High-resolution XPS spectra of (a) F 1s and (b) C 1s in CSEs. The
samples were obtained from symmetric Li j jLi batteries cycled at
0.1 mAcm�2 for 10 cycles.
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Poor rate capability, one of the main drawbacks of the
lithium-rich cathode, is usually attributed to the excessive
oxidation of the electrolyte at high voltage and the complicated
side reaction on the cathode surface. Figure 6c shows the rate
capabilities of LFP jP�L-F jLi and LFP jP�L jLi at 60 °C with the
rates ranging from 0.1 C to 2.0 C. The batteries with P�L�F
electrolyte exhibit a specific capacity of 148.6 mAhg�1 at 0.1 C,
146.8 mAhg�1 at 0.2 C, and 139.4 mAhg�1 at 0.5 C,
128.2 mAhg�1 at 1.0 C, and 78.9 mAhg�1 at 2.0 C. The capacity
can be quickly recovered to 147.7 mAhg�1 when the rate
returns to 0.1 C. However, the rate performance of the battery
with P�L electrolyte is significantly worse. This is evidence of
high-rate stability for ASSLB with P�L�F composite electrolyte.
Figure 6d in the charge and discharge curves at various rates of
the battery with P�L�F electrolyte. The batteries present two
charge voltage plateaus at around 3.38 and 3.46 V under the
operation of 0.1 C, corresponding to the Fe2+/Fe3+ redox
couple reactions on the cathode. Significant improvements in
cycling efficiency and stability compared to P�L electrolytes
attribute to the high ionic conductivity and lithium-ion trans-
ference number of P�L�F. Compared to the polarization voltage

of the P�L electrolyte, the SEI film generated by the addition of
FEC does not increase the electrolyte resistance and interfacial
resistance. A comparison of the cycling performances at a
current density of 1.0 C at 60 °C are shown in Figure 6e and
Figure 6f, where the P�L�F electrolyte is stable for more than
50 cycles. The above results reveal that the battery with P�L�F
electrolyte affords a superior cycling performance and holds a
promise for fabricating practical solid-state lithium batteries.

Actually, LLZTO and FEC synergistically produce positive
effects on the improvements of ionic conductivity and stability
to lithium. On the one hand, LLZTO significantly improves the
ionic conductivity by reducing the crystallinity of PEO, whereas
FEC as a plasticizer enables PEO-based solid-state electrolytes
softer and more conducive to lithium ion transport. In fact, FEC
contributes greatly to the lithium stability, and the lower
reduction potential of FEC allows it to be preferentially reduced
to generate dense SEI film containing LiF and fluorinated
organic matter during the cycles. This high-quality interfacial
layer modifies the polymer/lithium cathode interface and
mitigates the lithium concentration gradient. Meanwhile, it is
stable with lithium metal, which promotes uniform distribution

Figure 6. (a) Cycling performance and Coulomb efficiency of Li jCSEs jLiFePO4 at 0.2 C under 60 °C; (b) the corresponding charge-discharge curves of Li jP�L-
F jLiFePO4 at 0.2 C under 60 °C; (c) rate capability at various current densities of Li jP�L-F jLiFePO4 and Li jP�L jLiFePO4 at 60 °C; (d) the corresponding charge-
discharge curves under different current rates of Li jP�L-F jLiFePO4 under 60 °C; (e) cycling performance and Coulomb efficiency, and (f) the corresponding
charge-discharge curves of Li jP�L-F jLiFePO4 at 1.0 C under 60 °C.
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of Li+ and inhibits the occurrence of side reactions. Further-
more, the improved mechanical properties induced by LLZTO
also facilitates the inhibition of lithium dendrites.

Conclusion

To summarize, a facile and efficient strategy is proposed to
boost the electrochemical performance of the solid-state
electrolyte, protecting the electrolyte from severe deterioration
caused by lithium dendrites and establishing a stable solid
electrolyte/lithium metal interface. The battery assembled with
P�L�F electrolyte delivers a superior long-term cycling stability.
The synergistic interplay of FEC and LLZTO endows the PEO-
based solid-state electrolyte with high ionic conductivity and
lithium-ion transference number, which expands the electro-
chemical window, enhances electrochemical cycling stability
and protects lithium metal from lithium dendrites. The P�L�F
electrolyte with high bulk and interfacial ionic conductivity
enables a steady Li plating/stripping behavior with a low
voltage hysteresis, and also displays highly oxidative stability
beyond 5.0 V. In addition, there are no side reactions occurred
in PEO with additions of FEC and LLZTO.

Experimental Section

Preparation of CSEs

CSEs were prepared by adding LLZTO (Li6.4La3Zr1.4Ta0.6O12, 500 nm,
99.99%, MTI) and fluoroethylene carbonate (FEC, 99%, Macklin)
into the matrix of PEO (Mw=600000, Sigma)-lithium
bis(trifluoromethane-sulfonyl)imide (LiTFSI, 99%, Sigma). PEO and
LiTFSI were weighed at molecular ratio of [EO]: [Li]=15 :1. LLZTO
and FEC with various ratios were added, where the weight contents
of LLZTO and FEC were 5–20 wt.% and 1–4 wt.% concerning the
composite membrane, respectively. Based on the performance
tests, the optimal ratio was selected for the further tests.

PEO and LiTFSI were dissolved in acetonitrile (ACN, Aldrich) for
24 h. Subsequently, LLZTO and FEC were added to the solution to
obtain a milky white gel (the weight ratios of LLZTO and FEC were
10 wt.% and 2 wt.%, respectively). Then, the gel was poured onto a
Teflon mold with being spread evenly with a spatula, and placed in
the argon glove box. After 18 h, the solution was transferred into a
chamber at 45 °C in the argon glove box for 2 h, followed by a
complete drying. Finally, a white flexible composite film of about
120 μm thickness was formed as the electrolytes. To make the
comparison more intuitive and convenient, four solid-state electro-
lytes were prepared, named PEO(P-Only), PEO-LLZTO(P�L), PEO-
FEC(P�F), and PEO-LLZTO-FEC(P�L�F).

Preparation of Positive Electrode Materials

Active cathode material LiFePO4 (LFP, MTI), conductive additive
Super-P (Cochin Black, LION), and polyvinylidene fluoride (PVDF,
Sigma) binder were mixed at a weight ratio of 7 : 2 : 1, which were
then added into N-1-methyl-2-pyrrolidone (99.5%, Macklin) for 12 h
to form a homogeneous cathode slurry. The slurry was coated on
the aluminum foil and dried in a vacuum oven at 80 °C for 24 h. The
loading of cathode materials is about 1.1 gcm�3.

Materials Characterizations

A scanning electron microscope (SEM, Zeiss Merlin Compact)
equipped with an energy dispersive spectrometer (EDS, Oxford X–
Max) was employed to determine the morphology and elemental
mapping distribution. XRD patterns were collected on a Shimadzu
XRD-6000 diffractometer with Cu-Kα radiation to identify the crystal
structure. FTIR spectrometer (NICOLET 380) was used to examine
the chemical structures. X-ray photoelectron spectrometer (XPS,
ESCALAB250) with monochromatic Al-Kα radiation was applied for
investigating the chemical composition. Thermogravimetric analysis
(TGA, Pyris Diamond TGA analyzer) and differential scanning
calorimetry (DSC, PerkinElmer) were performed to investigate the
thermal stability. The mechanical strength of HPEs was investigated
by CMT6103 at a stretching speed of 1 mm s�1.

Electrochemical Measurements

To evaluate the ionic conductivity, the CSE was assembled in a
sandwich structure by two pieces of stainless steel under nominal
pressure of 70 kg cm�2. EIS was performed to calculate the ionic
conductivity by assembling stainless steel SS j jSS batteries at a
frequency range of 10–106 Hz with an amplitude of 10 mV from 25
to 80 °C. The ionic conductivity was determined using the following
equation:

s ¼ L=ðRb SÞ (1)

where σ (S cm�1) is the ionic conductivity, Rb (Ω) is the value of the
bulk resistance, L (cm) is the thickness of the CSE membrane, and S
(cm�2) is the area of the symmetrical electrode. The activation
energy(Ea) is calculated by the equation:

s ¼ Aexp½ð-EaÞ=kT� (2)

where σ (S cm�1) is the ionic conductivity, A is the pre-exponential
constant, Ea is the activation energy for lithium-ion conduction, k is
the Boltzmann constant, and T is the absolute temperature. To
determine the electrochemical window of CSE, linear sweep
voltammetry (LSV) was performed by assembling SS j jLi batteries
in the voltage range of 2.5–6.5 V at a scan rate of 0.1 mV s�1. The
Li+ transference number was calculated by testing EIS and DC
polarization of symmetric Li j jLi batteries according to the follow-
ing formula:

tLi
þ ¼ Iss ðDV � I0 R0Þ=I0 ðDV � Iss Rss Þ (3)

Where tLi
+ presents the Li+ transference number, ~V (V) is the

applied DC polarization voltage of 10 mV. I0 (A) and Iss (A) refer to
the initial and steady current, respectively, while R0 (Ω) and Rss (Ω)
indicate the resistance before and after polarization, respectively.
Symmetric Li j jLi batteries were assembled to determine the
lithium striping/plating cycling at a current density of 0.1 mAcm�2

and 60 °C. The cycling performance of all-solid-state LEP j jLi
batteries with CSEs was examined at 60 °C and a current density of
0.2 C (1 C=170 mAhg�1) in the voltage range of 2.8–4.0 V. No extra
pressure was applied on the batteries during the electrochemical
tests. All batteries were assembled in the Air-filled glovebox and
tested on a LANHE CT2003 A instrument. LSV, EIS and DC polar-
ization were tested on an Autolab workstation (Metrohm).
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Theoretical Calculations

Density functional theory (DFT) calculations were carried out using
the Gaussian 09 package. The geometric structures and frequency
calculations were optimized at the B3LYP/6-311+ +G(d) level. To
investigate the effects of bulk solvents, the structures were
optimized by using the integral equation formalism for polarizable
continuum model (IEFPCM), with a dielectric constant of 32 (EC/
EMC/DMC (1 :1 : 1, by volume)). Atomic charge distributions were
obtained by the natural population analysis (NPA). The calculated
reduction potential (Ere) was converted from the absolute oxidation
potential of the species (vs. Li/Li+):

Ere ¼ ½GðMÞ�GðM�Þ�=F-1:4 (4)

Where G(M) and G(M�) represented the free energies of the species
M and its reduced form M� at 298.15 K, respectively, and F is the
Faraday constant.
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contrast to classical aqueous electrolytes 
(molarity of 1 mol  L−1), water-in-salt elec-
trolytes characterized by a high molality 
of 20–30 mol kg–1 (m) greatly improved 
the energy density of aqueous batteries, 
by extending the electrochemical stability 
window to 3.0  V.[6] Furthermore, a hydrate 
salt could dissolve another salt of similar 
chemical properties to form eutectic sys-
tems.[7] Thus water-in-bisalt and hydrate 
melt electrolytes with higher salt concentra-
tions as well as wider electrochemical sta-
bility windows were successfully obtained, 
pushing the energy density of aqueous cells 
closer to their non-aqueous counterparts.[8,9] 
As water-in-(bi)salt electrolytes have 
approached their physical solubility limits, it 
is a big challenge to further increase electro-
lyte contents in water. Additionally, in com-
parison to extending the potential window, 
using concentrated electrolytes to increase 
the capacity of aqueous energy storage 
devices, especially which are based on non-
lithium elements have rarely been exploited.

Herein, we report a supersoluble elec-
trolyte prepared by ZnCl2 (zinc chloride), ZnBr2 (zinc bromide), 
and Zn(OAc)2 (zinc acetate) that breaks through physical solu-
bility limits by formation of acetate-capped water-salt oligomers. 
This strategy significantly improves salt concentrations up to 
75 m, which is much higher than those of previously reported 
water-in-(bi)salt/hydrate melt electrolytes (21–40 m).[6,8–11] 
Polymer-like structures as well as characters of such inorganic 
electrolytes are revealed by Raman spectroscopy, nuclear mag-
netic resonance (NMR) spectrum, electrospray ionization mass 
spectrometry (ESI-MS), and differential scanning calorimetry 
(DSC). An aqueous lithium-free battery charged by zinc deposi-
tion and halogen conversion-intercalation was first constructed 
with the water–salt oligomer electrolyte, demonstrating a high 
reversible capacity of 605.7 mAh g−1 at 1 A g−1, a cutoff voltage 
of 1.85 V, and a lifespan more than 500 cycles.

ZnCl2 or ZnBr2 is able to form a water-in-salt electrolyte with 
a maximum molality of ≈20 m (Figure S1a,b, Supporting Infor-
mation). By utilizing the eutectic effect, a ZnCl2/ZnBr2 (molar 
ratio of 3:1) water-in-bisalt electrolyte was made and extended 
the concentration limit from 20 to 35 m (Figure  S1c, Sup-
porting Information). In these solutions, thermal stability of 
water molecules increases with salt molality due to the recon-
structed hydration environments, endowing aqueous electro-
lytes with heat-tolerance. Therefore, a 45 m ZnBr0.5Cl1.5+1  m 

Aqueous rechargeable batteries are highly safe, low-cost, and environmentally 
friendly, but restricted by low energy density. One of the most efficient 
solutions is to improve the concentration of the aqueous electrolytes. 
However, each salt is limited by its physical solubility, generally below 
21–32 mol kg−1 (m). Here, a ZnCl2/ZnBr2/Zn(OAc)2 aqueous electrolyte 
with a record super-solubility up to 75 m is reported, which breaks through 
the physical solubility limit. This is attributed to the formation of acetate-
capped water–salt oligomers bridged by Br−/Cl−-H and Br−/Cl−/O-Zn2+ 
interactions. Mass spectrometry indicates that acetate anions containing 
nonpolarized protons prohibit the overgrowth and precipitation of ionic 
oligomers. The polymer-like glass transition temperature of such inorganic 
electrolytes is found at ≈−70 to −60 °C, without the observation of peaks for 
salt-crystallization and water-freezing from 40 to −80 °C. This supersoluble 
electrolyte enables high-performance aqueous dual-ion batteries that exhibit 
a reversible capacity of 605.7 mAh g−1, corresponding to an energy density of 
908.5 Wh kg−1, with a coulombic efficiency of 98.07%. In situ X-ray diffraction 
and Raman technologies reveal that such high ionic concentrations of 
the supersoluble electrolyte enable a stage-1 intercalation of bromine into 
macroscopically assembled graphene cathode.

Aqueous electrolytes resolve the concerns of battery raised over 
safety, cost, and environmental impact.[1–3] However, their adop-
tion has been slower due to the lack of high-energy-density 
electrochemical couples that has resulted from the narrow elec-
trochemical stability window of water (1.23  V) and low capacity 
of cathodes.[4] An effective method to address this problem is to 
adjust interactions between dissociated ions and water, which 
have a significant influence on parameters of electrolytes, such 
as viscosity, solubility, chemical reactivity, and stability.[5] In 
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Zn(OAc)2 water–salt oligomer electrolyte (WSOE; WSOEX-Y is 
used after here, where X denotes the total molality of ZnCl2 
and ZnBr2, and Y denotes the molality of Zn(OAc)2) was suc-
cessfully prepared by heating stoichiometric amounts of ZnCl2, 
ZnBr2, Zn(OAc)2, and ionized water at 60 °C for 2 h and then 
120 °C for 72 h. As a result, a transparent and colorless liquid 
is obtained even at room temperature, corresponding to a high 
density of 2.602 g cm–3 (Figure 1a). The WSOE45-1 is stable at 
25  °C for at least 24 h as shown in Figure S2a,b, Supporting 
Information. Ionic conductivities of the WSOE45-1 and 1–35 m  
ZnBr0.5Cl1.5 are listed in Table S1, Supporting Information. 
The transference number of positive charge in WSOE45-1 was 
measured to be 0.343 by a Zn|WSOE45-1|Zn symmetric cell 
according to Equation (S1), Supporting Information (corre-
sponding data used for calculation are displayed in Figure S3, 
Supporting Information). The crucial role of Zn(OAc)2 in this 
condition is illustrated in Figure  1b, where salt precipitation 
occurred in a 40 m ZnBr0.5Cl1.5 aqueous solution without the 
addition of Zn(OAc)2 during cooling process. The salt molality 
of WSOE was further improved to 60–75 m by adjusting the 
molar ratio of zinc salts, and the electrolyte transforms from a 
liquid to quasi-solid or hydrogel state (Figure 1c,d).

Molecular structures of 1–35 m ZnBr0.5Cl1.5 aqueous elec-
trolytes, WSOE40-1, and WSOE45-1 were investigated by spec-
troscopies. Figure  1e and Figure S4, Supporting Information, 
show Raman band assignments and corresponding analysis 
results for zinc derivatives. The vibration band located at about 
390  cm−1 is assigned to zinc hydrate, which underwent an 
intensity weakening and blue shift from 390 to 410 cm−1 when 
the salt molality was increased from 1 to 46 m. This phenom-
enon is ascribed to the weakened hydrolysis and enhanced 
hydration of Zn2+ in concentrated electrolytes.[11,14] Mean-
while, the areal proportion of polymeric species at 230 cm−1 
increases from 5.2 to 19.6% (Figure  1f), implying the forma-
tion of zinc-based oligomers in concentrated electrolytes. This 
is further supported by ESI-MS. For 1 m ZnBr0.5Cl1.5, peaks are 
observed at 200.9–464.8 m/z (Figure 1g, 1), whereas molecular 
ions of 40 m ZnBr0.5Cl1.5 supernatant are tested to be 208.9, 
438.2, 545.3, 794.3, 957.5, 1119.9, 1471.8, 1623.3, and 1795.2 m/z 
(Figure  1g, 2). Oversized ionic oligomers might lead to salt 
precipitation, thus are invisible in the supernatant of suspen-
sion. By contrast, peaks of WSOE45-1 are mainly observed at 
1328.8 m/z (Figure  1g, 3), accompanied by negligible signals 
around 1400–1800 m/z. The function of Zn(OAc)2 is ascribed 

Figure 1. Electrolyte characterizations. a) WSOE45-1 prepared by stoichiometric amounts of ZnCl2, ZnBr2, Zn(OAc)2, and water. b) 40 m ZnBr0.5Cl1.5 
suspension prepared by stoichiometric amounts of ZnCl2, ZnBr2, and water. c) WSOE40-20 consisted of 20 m ZnCl2, 20 m ZnBr2, and 20 m Zn(OAc)2. 
d) WSOE50-25 consisted of 25 m ZnCl2, 25 m ZnBr2, and 25 m Zn(OAc)2. e) Raman spectra of zinc derivatives in electrolytes, including: 1) ZnBrn

2−n

(150, 172, 184, and 206 cm–1), 2) ZnCln2−n (266, 278, 286, 305, 345 cm–1), 3) polynuclear aggregate (230 cm–1), and 4) Zn(H2O)6
2+ (390–410 cm–1).[11–13] 

Peak differentiating analysis is shown in Figure S4, Supporting Information. f) Variation trends of Zn(H2O)6
2+ and polymeric species contents in  

1–46 m electrolytes, obtained by the integral area of separated peaks in Figure S3, Supporting Information. g) Mass spectra of 1 m ZnBr0.5Cl1.5 aqueous 
solution (curve 1), 40 m ZnBr0.5Cl1.5 suspension (supernatant, curve 2), WSOE45-1 (curve 3), WSOE45-2 (curve 4), and WSOE45-10 (curve 5). h) DSC results 
of WSOE45-1 (curve 1), WSOE45-2 (curve 2), WSOE45-4 (curve 3), WSOE45-6 (curve 4), WSOE45-8 (curve 5), WSOE45-10 (curve 6), WSOE45-15 (curve 7), 
WSOE45-20 (curve 8), and WSOE45-30 (curve 9). i,j) Raman and FTIR spectra of water molecules in electrolytes. Peak differentiating analysis is shown 
in Figures S6–S9, Supporting Information.
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to be capping agents that prevent the overgrowth of ionic 
oligomers. To verify this assumption, additional Zn(OAc)2 
(1 and  9 m) was introduced into WSOE45-1, resulting in con-
tinuously decreased molecular weights of ionic oligomers 
(Figure 1g, 4 and 5). Table S2, Supporting Information, shows 
calculated constitutions of WSOE45-1. As a result, both of 
OAc− and H2O are found in these water–salt oligomers as 
indispensable components. In addition, Raman peaks located 
at 305 cm−1 and 206 cm−1 were originated from vibrations of 
molten ZnCl2 and ZnBr2.[15,16] Remarkable intensification 
of these peaks was observed with the increment of salt con-
centration (Figure S4, Supporting Information), indicating a 
structural transformation from traditional aqueous solution 
into molten salts. Thermal properties of electrolytes are char-
acterized by differential scanning calorimetry (Figure 1h, 1). In 
contrast to dilute aqueous solutions (1 m ZnCl2, 1 m ZnBr2, 
and 1 m ZnBr0.5Cl1.5 in Figure  S5, Supporting Information), 
no peaks are observed corresponding to salt-crystallization 
or water-freeze of WSOE45-1 over the entire range examined 
(≈−80 to 40  °C). Alternatively, glass transition temperature 
(Tg) of WSOE45-1 was measured at ≈−70 to −60 °C, suggesting 
a polymer-like amorphous character of ionic oligomer-based 
electrolytes. The Tg rises up with the increase of Zn(OAc)2 con-
tent and electrolyte concentrations (Figure  1h, 2–9), which is 
consistent with the increased viscosity of electrolytes.

Association states of water molecules are further exam-
ined by O-H vibrations (Figure  1i,j), that reflect the chemical 
environments of hydrogen and oxygen atoms within different 
acceptor–donor pairs.[17–22] From 1 to 46 m, the areal proportion 
of coupled O-H stretch (Raman band at 3250 cm−1; Figure S6, 
Supporting Information) significantly decreased from 53.8% to 
5.9% (Figure S7, Supporting Information), indicating the elapse 
of water clusters by increasing salt concentrations. However, 
that of nearly non-H-bonded OH stretch (Raman band at
3520 cm−1; Figure S6, Supporting Information) only increased 
from 12.8% to 27.9% (Figure S7, Supporting Information), 
leaving an areal proportion of 66.2% for other states (Raman 
band at 3425 cm−1; Figure S6, Supporting Information). We 
attribute this phenomenon to the formation of Br−/Cl−···H 
pairs in WSOE45-1 as an alternative interaction for the O···H 
pair, that results in a frequency downshift of uncoupled O-H 
stretch. This interaction reconstructs the solvent framework 
of solution and connects halogen anions with water molecules 
to be the segment of water–salt oligomer. Fourier-transform 
infrared (FTIR) spectra confirmed that the H-bonded O-H 
content (absorption signals at 3205–3370 cm−1; Figure S8, Sup-
porting Information) in 1–46 m electrolytes only varied from 
71.5% to 62.3% (Figure S9, Supporting Information), due to the 
opposite variate of O···H and Br−/Cl−···H pairs.

Electronic environments of water molecules in 1–46 m 
aqueous electrolytes are characterized by NMR. As shown in 
Figure S10a, Supporting Information, the 1H signal is found 
to move toward lower chemical shifts (from 4.75 to 3.95 ppm) 
with increasing salt molality. This phenomenon is ascribed to 
the increment of surrounding electronic density and enhanced 
shielding of protons in water molecules, consistent with the 
formation of halogen–hydrogen bonds deduced by Raman 
and FTIR. Meanwhile, the 17O signal is found to move toward 
higher chemical shifts (from 5.72 to 17.60  ppm) (Figure S10b, 

Supporting Information), indicating a decreased surrounding 
electronic density as well as weakened shielding of oxygen 
atoms which are resulted from the enhanced interaction 
between zinc cations and water molecules in water-salt oli-
gomers. Peak broadening of both 1H and 17O signals are attrib-
uted to the insufficient relaxation time aroused by dramatically 
increased solution viscosity of concentrated electrolytes.[10]

The relationship between solution structure and salt molality 
is further revealed from molecular dynamics simulations 
(Figure 2a,b). Typical molecular configurations of the WSOE45-1 
and 5 m ZnBr0.5Cl1.5 are displayed in Figure 2c,d, respectively. 
For WSOE45-1, significantly decreased NO/H is found in compar-
ison to the 5 m electrolyte (Figure 2e; Figure S11a, Supporting 
Information), consistent with the disappearance of coupled 
O-H vibration verified by FTIR and Raman spectra. With salt
molality increased from 5 to 46 m, hydration number of Zn2+

decreases from 5.51 to 1.15, and matches well with one of the
oligomer structures calculated by ESI-MS results. Intensified
Cl−/Br−···H and Cl−/Br−/OW···Zn2+ interactions at 46 m are pre-
dicted by increased NCl/H, NBr/H, NCl/Zn, NBr/Zn as well as reduced
dOw-Zn (from 1.935 to 1.835 Å) (Figure  2f–j and Figure S11b–f,
Supporting Information) that bond electrolyte ions with water
molecules to be water–salt oligomers. For WSOE45-1, Oace 
is observed inside the primary hydration sheath of Zn2+ 
(dOace-Zn = 1.665 Å). Nonpolarized protons in acetate anions are 
unfavorable for the formation of -CH3···Cl−/Br− interactions, 
thus avoid the overgrowth of ionic oligomers to form precipi-
tations in WSOE45-1. Structural scheme of dilute ZnBr0.5Cl1.5 
aqueous solution, uncapped and acetate-capped WSOE are 
supplied in Figure S12, Supporting Information, on the basis 
of experimental and simulation results. Figure S13, Sup-
porting Information, shows the thermo gravimetric analysis) 
of WSOE45-1 and 5 m ZnBr0.5Cl1.5 aqueous solution. A gentler 
profile is observed in the former, indicating the higher stability 
of water molecules in water-salt oligomers.

The advantages of WSOE45-1 are demonstrated through a 
dual-ion battery (DIB) which is constructed by a self-standing 
graphene cathode (PGA) combined with a graphene fiber fabric 
(GFF) in the negative side (Figures S14 and S15, Supporting 
Information). Electrochemical impedance spectroscopy (EIS) 
measurements of the DIB in different time were performed to 
further validate the stability of WSOE45-1 at 25 °C before other 
electrochemical tests. Similar Nyquist plots were obtained at 
0, 6, 12, and 24 h in the area of high frequency (Figure S16, 
Supporting Information), which indicate a stable state of the 
assembled cell (including the electrolyte) with unchanged 
intrinsic/charge transfer resistance (Rs and Rct). Although the 
increased slope of Nyquist plots at low frequency was observed 
as time passed, it is ascribed to the wettability of electrodes by 
WSOE45-1. The battery mechanism is illustrated in Figure 3a. 
Upon charging, Br− is oxidized to a near-zero state Br0 and 
the latter intercalates into the graphite lattice of PGA cathode, 
resulting in a Cn[Br] graphite-intercalated compound (GIC).[23] 
This procedure corresponds to the increased current of cathodic 
cyclic voltammetry (CV) curves between 1.0 and 1.35 V (versus 
Ag/AgCl), obtained by a three-electrode system (red plot in 
Figure 3b). Meanwhile, the Zn/GFF anode is formed in situ by 
electrodeposition of Zn on GFF below -0.65 V (versus Ag/AgCl) 
(blue plot in Figure  3b). During discharge, Br de-intercalates 
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from the graphene interlayer and reduces into Br–, consistent 
with the reduction peak of anodic CV curves under 1.0  V 
(versus Ag/AgCl). Simultaneously, Zn on the GFF is oxidized to 
Zn2+ again, verified by the oxidation peak that locates at −0.65  
to −0.40 V (versus Ag/AgCl).

According to the Nernst equation (Equations (S2) and (S3), 
Supporting Information), increment of Zn2+ and Br− concen-
trations in electrolytes will result in an increased redox poten-
tial of Zn/Zn2+ as well as a decreased redox potential of Br−/
Br. Meanwhile, due to the decreased water content in elec-
trolytes, potentials of hydrogen and oxygen evolutions move 
in opposite directions to that of Zn/Zn2+ and Br−/Br, respec-
tively. All of these variations are beneficial for avoiding water 
electrolysis as the process shown in Figure S17, Supporting 
Information. The oxidation of Br− on Ti current collector is 
almost irreversible as shown in Figure S18, Supporting Infor-
mation, (black plot in Figure  3b), illustrating an important 

role of graphene host in the reversibility of cathodic reactions. 
In addition, CV profile of the Zn/GFF|WSOE45-1|PGA cell is 
evaluated by a two-electrode system (green curve in Figure 3b) 
and indicates a reaction range of 1.70–1.85  V for battery 
charge and 1.70–1.20  V for discharge. Figure  3c,d shows 
the charge/discharge behaviors of DIBs when cutoff volt-
ages were gradually increased from 1.81 to 1.85  V at 1  A  g−1. 
The specific capacity increased from 306.2 to 605.7  mAh  g−1  
(corresponding to a GIC of C3.7Br, calculated by Equation (S4),  
Supporting Information) during this process (based on 
the cathode mass). Given both parameters of high-specific 
capacity and satisfactory coulombic efficiency (CE ≈97–98%) 
confirmed by the galvanostatic charge–discharge (GCD) tech-
nology, 1.85  V was considered as an ideal cutoff voltage for 
the Zn/GFF|WSOE45-1|PGA cell. For comparison, GCD curves 
of DIBs beyond 1.85  V are shown in Figure S19, Supporting 
Information. The coulombic efficiency decreases in these 

Figure 2. Molecular dynamics simulation. a,b) Snapshots of the WSOE45-1 (a) and 5 m ZnBr0.5Cl1.5 aqueous solution (b) during MD simulations. Atom 
colors: Zn, gray; O, red; H, white; C, blue; Cl, green; Br, purple. Interactions: O···H, red line; Cl–···H, green line; Br–···H, blue line; O···Zn2+, gray line. 
c,d) Typical molecular conformations extracted from patterns A and B. e–g) Radial distribution functions (solid line) and integral curves (dashed line) 
of H atoms, h–j) Zn atoms in 5 m ZnBr0.5Cl1.5 aqueous electrolytes and WSOE45-1. Abbreviations: OW denotes oxygen atoms from water molecule, and 
Oace denotes oxygen atoms from acetate anions.
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situations. We attribute this phenomenon to the completely 
saturated lattice of Br-GIC which cannot accommodate and 
stabilize more bromine at higher voltages.

In order to demonstrate the crucial role of supersoluble elec-
trolyte in the reversible halogen conversion-intercalation chem-
istry,[23] DIBs based on 5, 10, 20, 30 m ZnBr0.5Cl1.5, WSOE40-1, 
and WSOE45-1 were fabricated. As shown in Figure  3e–g and 
Figure S20, Supporting Information, the discharge capacity 
of Zn/GFF|electrolyte|PGA cells significantly increases from 
29.5 to 605.7  mAh  g−1 upon the increment of salt concentra-
tions from 5 to 46 m, meanwhile the coulombic efficiency 
increases from 4.72% to 98.07%. We ascribe this phenomenon 
to the suppressed shuttle effect and promoted intercalation of 
Br in the condition of concentrated electrolytes. Because most  
Br− ions are conserved as anionic halozinc complexes (such 
as ZnBrn2−n, as confirmed by the Raman spectra in Figure S4, 
Supporting Information) in concentrated zinc-based electro-
lytes, it is hard for the oxidized bromine to form polybromides 
(Br3

−, Br5
−, etc.) by coordinating Br− anions that widely exist in 

dilute aqueous solutions, which alleviates the shuttle effect of 
the polybromides. On the contrary, in dilute situations, Br or 
Br2 species formed by oxidation of Br− anions during charging 
are inclined to dissolve in the aqueous solution rather than 
intercalate into the graphite lattice. Moreover, Br2 that shuttled 
to the negative side will further corrode the anode, resulting in 
an inefficient deposition of metallic zinc.

The rate capability of DIBs was evaluated by increasing the 
current density from 1.0 to 2.0 A g−1, and corresponding results 
are shown in Figure 4a. The rate capability of our dual-ion bat-
teries is compromised by ionic conductivity of water–salt oli-
gomer electrolytes (1.28 mS cm−1) due to high salt concentrations. 

Thus, the energy density is significantly decreased when higher 
current densities are employed. Although higher capacity 
above 605.7  mAh  g−1 was achieved at even slower rates, the 
reversibility of batteries decreased in this condition (such as 
0.5  A  g−1 in Figure S21a, Supporting Information). We ascribe 
this phenomenon to reduced-overpotentials for Br− oxidation 
at low current densities, by which an excess of Br is produced 
at original potentials. A voltage-controlled strategy was used at 
0.5 A g−1 to limit the over-oxidation of Br− and ensure the revers-
ibility of batteries (Figure  S21b,c, Supporting Information). In 
other words, the specific capacity has to be controlled around 
605.7  mAh  g−1 to avoid the decrement of coulombic efficiency. 
The Zn/GFF|WSOE45-1|PGA cells demonstrated excellent cycle 
stability (Figure 4b), with 74.5% of initial capacity retained after 
500 cycles at 1 A g−1. The structure of graphene cathode was well 
maintained after the cycling test (Figure  S22a–c, Supporting 
Information). The stability of Zn stripping/plating in WSOE45-1 
was also affirmed by a Zn|WSOE45-1|Zn symmetric cell as shown 
in Figure S22d, Supporting Information. To explore the causes 
of capacity recession during long-term tests, X-ray photoelectron 
spectroscopy (XPS) was used to characterize the cycled PGA 
cathode. As a result, CBr covalent bonds (286.9 and 70.0 eV in
Figures S22e and 22f, Supporting Information, respectively) were 
found in the cycled PGA at a discharged state,[24,25] which account 
for the recession of battery capacity by weakening the reversibility 
of Br-intercalation/deintercalation. This problem should be over-
come in the future work. We measured the EIS of PGA cathode 
in WSOE45-1 with a three-electrode setup at different states of 
charge (SOC). As a result, the interfacial resistance between PGA 
cathode and electrolyte (Rct,1 in Figure  4c) decreases with SOC 
(from  224.7 to 211.3 Ω), which can be explained by infiltration 

Figure 3. High-capacity aqueous dual-ion battery enabled by WSOE45-1. a) Schematic diagram for the dual-ion battery enabled by WSOE45-1, PGA 
cathode, and Zn/GFF anode. b) Cyclic voltammetry curves of anode, cathode, current collector, and dual-ion battery using the WSOE45-1 as electrolyte. 
c,d) Charge and discharge capacities of the Zn/GFF|WSOE45-1|PGA dual-ion battery at various voltages. e,f) Discharge capacity of assembled dual-ion 
batteries using 5–46 m electrolytes. g) Coulombic efficiency of assembled dual-ion batteries using 5–46 m electrolytes.
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of the WSOE45-1 into electrodes. Simultaneously, the intrinsic 
resistance of the Nyquist plot is also gradually reduced (from 
22.8 to 20.1 Ω), which is caused by the increased electrical con-
ductivity of graphene assembly after Br-intercalation.[25] During 
charge, a new interfacial resistance (Rct,2 in Figure 4c) is observed 
and increases with SOC (from 31.3 to 51.1 Ω). This result is 
attributed to accumulated halogen species on the cathode. More 
detailed analyses of the Nyquist plots are provided in Figure S23, 
Supporting Information. The most significant advantage of our 
DIBs is the high specific capacity of PGA cathode in WSOE45-1, 
which is benefited from the ultrahigh ionic concentration of 
electrolyte. The energy density of PGA cathode was calculated 
to be 908.5  Wh  kg−1 (the theoretical cell-level energy density 
is 109.2  Wh  kg−1 or 238.2  Wh  L−1, calculated by Equation (S5), 
Supporting Information), and is greater than that of most state-
of-the-art cathodes as shown in Figure  4d,e.[11,26–35] The high 
power density of our dual-ion batteries at 1 A g−1 in Figure 4e is 
attributed to high concentrations of electrolyte ions in the elec-
trical double-layer near electrodes, which provide enough active 
materials for electrode reactions and alleviate the dependence 
of mass transfer. Comparisons of electrochemical performances 
between our dual-ion batteries and more devices are provided in 
Tables S3–S7, Supporting Information. Moreover, the cost of the 
WSOE45-1 is much cheaper than that of previously reported con-
centrated electrolytes as shown in Tables S8 and S9, Supporting 
Information. The safety and environmental tolerance of DIBs 
are demonstrated by Movies S1–S3 and Figure S24, Supporting 
Information.

In situ Raman spectroscopy (100–500 cm−1) was performed 
to probe the intercalated Br in graphene cathode (Figure  5a). 
A characteristic peak at 242 cm−1 was observed and gradually 
intensified with the SOC, corresponding to the stretch-mode 
of intercalated Br2 in graphite lattice. Compared with free Br2 
(liquid) located at 318 cm−1, a frequency downshift for inter-
calated Br2 was found resulted from the interaction with gra-
phene layer which weakens the interatomic bonds of halogen 
intercalants.[36] No free Br2 peak was detected during charge/
discharge processes, indicating that almost all of the oxidized 
bromines were intercalated into the graphitic structure of PGA 
cathode rather than simply absorbed on the surface of electrode, 
which is benefited from the ultrahigh concentration of electro-
lyte as abovementioned. When discharge process was carried 
out, the intercalated-Br peak is gradually weakened and even 
disappeared with the SOC at 0%, demonstrating a good revers-
ibility of the intercalation and deintercalation process of Br. The 
intercalation of ions, atoms, and molecules into graphitic mate-
rials has an effect on their lattice parameters as well as Raman 
vibrations.[37] Figure 5b shows structural evolutions of the PGA 
cathode during charge/discharge processes by in situ Raman 
spectroscopy (1500–1650 cm−1). Upon charging, Br intercalated 
into PGA cathode, meanwhile the graphite G band (1580 cm−1)  
diminishes and first shifts to 1612 cm−1, corresponding to 
a stage-2 Br-GIC structure.[38] The peak further shifts from  
1612 to 1625 cm−1 at 100% SOC, indicating a stage-1 Br-GIC struc-
ture of the PGA cathode in this condition. Such a stage-1 Br-GIC  
was only previously observed in a single-layer graphene by 

Figure 4. Electrochemical performance. a) Galvanostatic charge–discharge profiles of the dual-ion battery at various rates. b) Cycling stability of the 
dual-ion battery at 1 A g−1. c) Nyquist plots of the PGA cathode in WSOE45-1 at various SOCs, obtained by a three-electrode setup. The Zn foil and Ag/
AgCl were used as the counter electrode and reference electrode, respectively. d) Energy density of the Br-intercalated PGA cathode compared with 
various state-of-the-art cathode using both non-aqueous (yellow circles) and aqueous (green circles) electrolytes. e) Ragone plots of the Br-intercalated 
PGA cathode compared with various non-aqueous (solid circles) and aqueous (hollow circles) cathodes. All of the above data were based on the 
WSOE45-1. The anode used for NASICON-structured Na3V2(PO4)3, Na3V2(PO4)3F3, VS2, α-MnO2, LixV2O5∙nH2O, and H2V3O8 in (d) and (e) is zinc metal, 
and that used for LiNi0.8Mn0.1Co0.102, Li1.211Mo0.467Cr0.302/C, Li1.2Ni0.13Mn0.54Co0.1302, Li2VO2F, and Li[Ni1/3Mn2/3]O2 in (d) and (e) is lithium metal. Only 
the LBC-G is coupled with a graphite anode.
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Jung et al., whereas it is hardly to be achieved in macroscopic 
graphene assemblies (such as the PGA cathode) by chemical 
doping.[38] We attribute the stage-1 Br-GIC structure of PGA to 
the two reasons: 1) The activity of electrolyte (Br−) is increased 
by salt molality,[39] that promotes the oxidation of Br− anions. 2) 
The dissolution of oxidized Br into electrolyte is suppressed by 
highly concentrated WSOE45-1 (Figure  S25, Supporting Infor-
mation) that promotes the intercalation of Br into graphene 
lattice. Reversible process was observed during discharge. In 
addition, Raman mapping demonstrates uniform structures 
of pristine (Figure 5c) and Br-intercalated PGA cathode at dif-
ferent stages (Figure 5d,e).

X-ray diffraction (XRD) tests were also in situ performed
with a DIB cell (Figure  5f). The (002) peak of PGA cathode 
experienced continuous shifting from 26.5o to 25.3o during 
charging process, indicating the gradual expansion of graphene 
interlayers with Br-intercalation. The d-spacing of PGA cathode 
at 100% SOC is calculated to be 0.352  nm, which is quite 
close to the theoretical value (0.35  nm) of stage-1 intercalated 
Br-GIC.[23] Upon discharging, de-intercalation of Br occurred 
and the expanded graphene layer gradually recovered to its pris-
tine state again (d002 = 0.338 nm), representing the recovery of 
graphene structure in a complete charge/discharge cycle.

In summary, the polymer-like inorganic WSOEs consisted of 
acetate-capped water–salt oligomers break through physical solu-
bility limits of aqueous electrolytes and demonstrate their advanced 

performances for rechargeable batteries. In comparison to lithium-
ion batteries (LIBs) that are troubled by limited amount and non-
uniform distribution of lithium source on the earth, WSOE-based 
batteries driven by concentrated zinc and halogen elements pro-
vide a complement technology for low-cost and highly safe energy 
storages. Additionally, the WSOE may also be favored in other 
areas, such as polymer-free solid electrolyte and synthesis media.

Experimental Section
Materials: Zinc chloride (≥98.0%), zinc bromide (≥99.9%), and 

zinc acetate (≥99.0%) were purchased from Shanghai Aladdin Bio-
Chem Technology Co., Ltd. Graphene oxide with average lateral size of 
20 µm was acquired from GaoxiTech Co., Ltd. All reagents were used as 
received without any further treatment. Deionized water was generated 
by PW Ultrapure Water System and had a resistivity of 18 MΩ cm.

Preparation of Electrolyte: WSOE: Typically, the WSOE45-1 was prepared 
by dissolving 9.200  g (0.0225  mol) ZnCl2, 5.067  g (0.0675  mol) ZnBr2, 
and 0.367 (0.002 mol) Zn(CH3COO)2 in 2.0 g deionized water, and then 
heated at 60  °C for 2 h and then 120  °C for 72 h. Resultant solutions 
were cooled at room temperature before tests. Conventional electrolytes: 
1–30 m ZnCl2, 1–30 m ZnBr2, and 1–35 m ZnBr0.5Cl1.5 aqueous solutions 
were prepared by dissolving zinc salts in water solvent at 60  °C under 
stirring, and cooled down at room temperature before tests.

NMR: NMR spectra were obtained on a Brulcer 500  MHz NMR 
spectrometer (DMX-500). Typically, 0.5  mL of electrolyte was added 
into a 5  mm glass NMR tube for characterization and chloroform-d 
(CDCl3) in a sealed coaxial glass tube was used for reference. NMR 

Figure 5. Energy storage mechanism. a,b) Raman spectra (100–500 cm−1 and 1510–1650 cm−1) of Br-intercalated PGA cathode in situ during a charge–
discharge cycle. c) Raman mapping and corresponding peaks of pristine PGA cathode before charge, d) stage-2 Br-intercalated PGA cathode during 
charge, and e) stage-1 Br-intercalated PGA cathode after charge. f) XRD profile of the Br-intercalated PGA cathode obtained in situ during a charge–
discharge cycle. The color range of the maps in 5c-e refer to different Raman shift obtained on graphene cathode, and the wavenumber increases from 
blackness to redness.
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tubes were immediately sealed with plastic septa wrapped with parafilm 
to limit exposure to atmospheric moisture. Data were processed in 
MestReNova 11.0.4.

Raman Spectroscopy for Electrolytes: Electrolyte was dropped in a dry 
glass slide and then immediately tested by inVia-Reflex (Renishaw plc) 
with a laser of 532 nm wavelength.

Electrospray Ionization Mass Spectrometry: The electrolytes were first 
diluted by anhydrous methyl alcohol (mass ratio = 1:50), and then used 
for analysis.

FTIR Spectroscopy: FTIR spectra were collected by a Nicolet 5700 
spectrometer, mounted with an attenuated total reflectance accessory. 
Electrolyte solutions were analyzed using 16 scans with a 4 cm−1 
resolution from 4000 to 650 cm−1. Background correction was performed 
by measuring the ambient atmosphere in the same conditions.

DSC: DSC traces were obtained on a Perkin Elmer DSC4000. 
Electrolytes (≈5–10  mg) were added into aluminum Tzero pans and 
hermetically sealed with a Tzero Sample press. Samples were cooled 
from room temperature to −80 °C at a rate of 5 °C min−1.

MD Simulations: The simulation box consisted of a cube box with 
length of 50 Å containing several ion pairs and water molecules. 
Parameters of the atomistic models of OAc were based on the OPLS-AA 
force field.[40] The parameters of Zn2+ ion are shown in Table S10, 
Supporting Information. For water molecules, the four-site water model 
TIP4P/Ew was used.[41] 3D periodic boundary conditions were used to 
avoid the influence of the box boundary during simulations. The cut-off 
distance of non-bonded interactions was 13 Å and the long-range 
electrostatic interactions were calculated by the particle-mesh Ewald 
method.[42] Initial structures for molecular dynamic simulation were 
constructed by Packmol software package.[43] The ion pairs of salts and 
water molecules were randomly placed in a simulated box for providing 
homogeneous structures. Prior to the dynamics simulation, the steepest 
descent algorithm was used to pre-equalize the system for eliminating 
the excessive stress in initial structures.[44] After pre-equilibrium, an NPT 
ensemble was used to equilibrate the system under room conditions 
(298 K and 1 atm) for 10  ns which can converge the density of the 
system to a stable value. Then, 35 ns production simulation in the NVT 
ensemble at 298.15 K was carried out for data collection. The density 
and potential energy changes of the WSOE45-1 system during the NPT 
process are shown in Figure S26a,b, Supporting Information. The mean 
square displacement of each species from 0 to 30 ns in the NVT process 
is shown in Figure S26c, Supporting Information. Both NPT and NVT 
simulations used time step of 1 fs. Temperature and pressure coupling 
were performed using v-rescale thermostat and Berendsen barostat.[45,46] 
All simulations were carried out by using the GROMACS 2018.6 software 
package.[47] All visualization structures are provided by VMD 1.9.3 
software. Radial distribution functions (RDF) g(r)A–B was calculated by:
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with ρb the particle density of type B averaged over all spheres around 
particles A.

The coordination number is determined by the number of particles 
in the first solvation shell of the ion. Therefore, the integral value of the 
radial distribution function at the first valley is the coordination number. 
The corresponding integral number is calculated by the following 
equation:
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where ρN is the average number density of coordination atoms. This 
method has been reported in the literature.[48–50] The corresponding valley 
used for calculating coordination numbers are provided in Table S11,  
Supporting Information.

Preparation of the Electrode: PGA cathode was obtained by previously 
reported method.[51] First, graphene oxide (GO) solution (5  mg mL–1) 

was freeze-dried to get GO aerogel. It was then reduced by hydrazine 
hydrate at 95 °C and carbonized at 3000 °C for 1 h in a graphite furnace 
which was under the protection of argon flow to remove oxygen-
containing groups and restore defects. The resulted aerogel was finally 
compressed into porous papers to get the PGA cathode. Zn/GFF anode 
was formed by in situ deposition of Zn on graphene fiber non-woven 
fabrics,[52] which was prepared by filtration of GO fibers in a mixture of 
water and ethanol (volume ratio of 3:1), followed by chemical reduction 
and high temperature carbonized at 3000 °C.

Electrochemical Measurements: In the three-electrode cells, the PGA 
cathode (Zn/GFF anode or Ti current collector) was used as the working 
electrode, Zn foil as the counter-electrode, and Ag/AgCl as the reference 
electrode. Cyclic voltammetry tests were carried out by a CHI 660E 
electrochemical work station. The EIS measurement was performed on the 
Multi Autolab M204 (Metrohm) using a 5-mV perturbation with frequency in 
the range of 0.01–1 000 000 Hz at room temperature. The dual-ion batteries 
were assembled as CR2025-type coin cells using PGA as the cathode (areal 
loadings were ≈2.79  mg  cm−2) and Zn/GFF as the anode. A titanium 
metal foil disk was placed between the cathode and the coin cell case to 
prevent corrosion. Glass microfiber filters (thickness of 435 µm; Whatman 
934-AH) were used as the separator. After assembly, the electrochemical 
performances were evaluated by CHI 660E and Multi Autolab M204. The 
galvanostatic cycling measurements at 25  °C (in a constant temperature 
humidity chamber) were carried out on a Land BT2000 battery test system. 
The Zn|WSOE45-1|Zn symmetric cell was assembled and tested in a similar 
way. Soft pack cells were fabricated with the PGA cathode, Zn/GFF anode, 
WSOE45-1, titanium foil current collector (for cathode), and glass fiber filters.

In Situ Raman Spectroscopy for PGA Cathode: For the in situ Raman 
measurements, a Zn/GFF|WSOE45-1|PGA cell with a kapton optical 
window on the cathode side was charged and discharged at 1  A  g−1. 
Raman spectra and mapping patterns were directly collected on the in 
Via-Reflex (Renishaw plc) using a laser of 532 nm wavelength.

In Situ XRD Study of PGA Cathodes: For the in situ XRD measurements, 
a Zn/GFF|WSOE45-1|PGA cell with a Kapton window on the cathode side 
was charged and discharged at 1 A g−1. During this process, the battery 
was directly put on the X-ray diffractometer to obtain immediate results. 
The d-spacing of PGA cathodes could be calculated from the diffraction 
angles by Bragg’s law.

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

About two thirds of global greenhouse emissions is caused by burning of fossil

fuels for energy purposes and this has spurred great research interest to

develop renewable energy technologies based on wind, solar power, and so

on. Redox flow batteries (RFB) are receiving wide attention as scalable energy-

storage systems to address the intermittency issues of renewable energy

sources. However, for widespread commercialization, the redox flow batteries

should be economically viable and environmentally friendly. Zinc based batte-

ries are good choice for energy storage devices because zinc is earth abundant

and zinc metal has a moderate specific capacity of 820 mA hg�1 and high volu-

metric capacity of 5851 mA h cm�3. We herein report a zinc-iron (Zn-Fe)

hybrid RFB employing Zn/Zn(II) and Fe(II)/Fe(III) redox couples as positive

and negative redox systems, respectively, separated by a self-made anion

exchange membrane (AEM). The battery delivers a good discharge voltage of

approximately 1.34 V at 25 mA cm�2, with a coulombic efficiency (CE) of 92%,

voltage efficiency (VE) of 85% and energy efficiency (EE) of ~78% for

30 charge-discharge cycles. Repeated galvanostatic charge/discharge cycles

show no degradation in performance, confirming the excellent stability of the

system. A key advancement in the present Zn-Fe hybrid redox flow battery

with AEM separator is that no dendrite growth was observed on zinc electrode

on repeated charge-discharge cycles, which was the serious drawback of many

previously reported zinc based redox flow batteries.

KEYWORD S

anion-exchange membrane, dendrite growth suppression, energy storage, redox flow
battery, renewable energy, zinc deposition

1 | INTRODUCTION

Global climate change resulting from greenhouse emis-
sions is causing increasingly severe risks for ecosystems,
human safety and health. This combined with the large-
scale demand for electricity expected during the coming
decades has aroused great interest in the development of

new technologies for energy production from renewable
energy sources, such as wind, solar, and so on. However,
these renewable energy sources are intermittent in nature
and hence the success of these new renewable energy
harvesting technologies needs to be associated with the
introduction of competitive energy storage devices for grid
scale energy storage. Unlike traditional batteries, the
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redox flow batteries (RFBs) are attractive electrochemical
systems which store energy in two electrolyte solutions
comprising of different redox couples separated by an ion-
exchange membrane (IEM).1–5 Among various traditional
flow battery systems, the hybrid flow batteries involve the
deposition of a metal coating on at least one of the elec-
trodes.4,6 The main advantages of RFBs over other battery
systems are their safety, moderate cost, modularity, trans-
portability and flexibility in charge-discharge cycles.7–9

Unfortunately, the inadequate ionic selectivity of the exis-
ting IEMs leads to undesired crossover of redox species
between negative and positive electrolytes through the
membrane. This results a permanent loss of both coulom-
bic efficiency (CE) and battery capacity and will lead to
overall performance degradation of RFBs.5,10–13

There are many redox flow batteries under develop-
ment and among which the vanadium redox flow battery
(VRFB) reported by Skyllas-Kazacos et al. at the Univer-
sity of New South Wales (UNSW), Australia is considered
as most successful RFBs to date but its commercialization
is hindered mainly by the high costs of vanadium salts
and perfluorosulfonic acid (PFSA) membrane.14–16 Other
RFBs that uses low-cost redox materials are all-copper,17–
20 all-iron21,22 and all-lead23–25 RFBs, but all these sys-
tems have low performances. Due to slow kinetics of
Cu/Cu(I) redox couple, all-copper RFBs have low energy
efficiency and low cell voltage.17,26 In all-iron RFBs, the
standard redox potential of Fe2+/Fe (�0.44 V vs SHE) is
more negative than that of hydrogen evolution reaction
(HER) and lower hydrogen overpotential of iron causes
hydrogen evolution and coulombic losses.27–29

Zinc-based redox flow batteries are generally more
attractive due to favorable electrochemical properties of
zinc such as its low cost, fast electrode kinetics, negative
electrode potential (E0 = �0.76 V vs SHE) and high over-
potential for the hydrogen evolution reaction (HER).30–32

A Zn-Fe flow battery system reported by Selverston et al.
used mixed zinc-iron electrolytes and porous separator
in place of expensive ion-exchange membranes.31 Gong
et al. reported a zinc-iron RFB based on double-
membrane triple electrolyte design.33 Yuan et al. reported
a battery that employs Zn(OH)4

2�/Zn and Fe(CN)6
3�/Fe

(CN)6
4�as the negative and positive redox couples,

respectively, while a self-made polybenzimidazole (PBI)
membrane was used as a separator. Xie et al. reported an
energy efficiency of 71.1% over 50 cycles for a zinc-ferrum
redox flow battery (Zn/Fe RFB) employing an ion
exchange membrane as a separator.34 Wu et al. developed
a chloride acid-based tin-iron hybrid flow battery with
good rate and cycle performance.35,36 Wang and co-
workers developed a zinc-polyiodide flow battery and
reported high energy density.29 During the charging pro-
cess of Zn based flow batteries, zinc dendrites form and

ultimately pierce the separator, causing a short circuit
and battery failure.37–40 Additionally, zinc dendrites can
easily fall from anodes, reducing efficiency, capacity and
life time of the cell.41 As a result, inhibiting the formation
of zinc dendrites is essential for the successful commer-
cialization of zinc based RFBs. Researchers have recently
focused their efforts on modifying the electrolyte, anodes,
electric field, and rate of zinc ion transfer to solve zinc
dendrite formation.37,39 To prevent negative effects of
zinc dendrites on the performance and lifetime of zinc-
based batteries, the separator should also have good
mechanical stability to prevent the direct contact of the
anode and cathode.42 Thus, developing a high efficiency,
dendrite free zinc based RFB electrical energy storage
system having negligible crossover of the electroactive
materials between the anode and cathode compartments,
is an important goal towards widespread use of renew-
able energy sources.

Herein we report a novel zinc-iron hybrid redox
flow battery (Zn/Fe hybrid RFB), in which Zn/Zn
(II) and Fe(II)/Fe(III) redox couples act as negative
and positive redox materials and the two redox couples
are separated by a self-made anion exchange mem-
brane. Both zinc and iron are the two advantageous
elements for energy storage due to their low cost and
high abundance.33 The ferric/ferrous chloride redox
pair, which has been used in a variety of flow battery
systems, is promising as an active material on the posi-
tive side due to its rapid kinetics.27 Electrodes were
densified graphite sheets and cell housings were made
of acrylic sheets. A schematic representation of the Zn-
Fe hybrid redox flow battery is shown in Figure 1. The
electrochemical reaction through which Zn-Fe RFB
stores and releases electricity can be expressed by fol-
lowing reactions:

At anode : Zn2þþ2e�⇌Zn E0¼�0:76V ð1Þ

At cathode : 2Fe2þ ⇌ 2Fe3þþ2e� E0¼þ0:77V ð2Þ

The overall reaction is : Zn2þþ2Fe2þ⇌Znþ2Fe3þ

E0¼ 1:53V ð3Þ

During the charging process, the Fe(II) ions at the
positive electrode release the electrons, and get oxidized
to Fe(III) ions; the Zn(II) ions at the negative electrode
acquire these electrons from the external circuit, and
electrodeposits onto the electrode as metallic Zn. The
chloride ions move through the anion-exchange mem-
brane from zinc compartment to the iron compartment,
to maintain charge neutrality. During the discharge, the
above electrochemical processes are reversed. At the
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positive electrode, the Fe(II)/Fe(III) redox couple have
good solubility in acidic media and exhibits facile kinet-
ics.33 At the negative electrode, the Zn/Zn(II) redox cou-
ple also exhibit fast kinetics and has high overpotential
for hydrogen evolution reaction.

2 | EXPERIMENTAL

2.1 | Chemicals

All chemicals were of reagent grade and the electrolytes
were prepared with deionized water. Iron(II) chloride
tetrahydrate (FeCl2�4H2O), iron(III) chloride (FeCl3),
ammonium chloride (NH4Cl) and zinc chloride (ZnCl2)
were obtained from Merck India.

2.2 | Preparation of electrolyte

1 M Zn/Zn(II) electrolyte is prepared by dissolving
Zn(II) chloride in deionized water (pH = 5.8). The posi-
tive electrolyte is a mixture of 0.5 M FeCl2 and 0.5 M
FeCl3 with 2 M NH4Cl in deionized water (pH = 1.7).
The NH4Cl was added to the positive electrolyte as a
supporting electrolyte in order to improve conductivity of
the solution.

2.3 | Preparation of anion-exchange
membrane

The anion-exchange membrane was prepared by con-
densing guanidine carbonate with formaldehyde followed
by cross-condensation with melamine. The dried powder
was mixed with a polymer powder as a binder and made
in to a homogeneous suspension and converted in to
membrane by solvent casting method. The prepared
membranes were highly flexible and had a thickness of
~120 μm. The prepared membranes exhibited hydroxide
ion conductivity around 80 mS�1 at room temperature.
The ion exchange value of the membrane was 1.2 mmol/
g. To study the alkaline stability, the membranes were
kept immersed in 2 M NaOH at room temperature for
2 weeks. The FT-IR and weight loss measurements of the
washed, dried membrane after alkali treatment show no
signs of degradation and weight loss indicating high alka-
line stability. Figure 2 shows the SEM images of the
membrane. More details about the membrane will be
published elsewhere.

2.4 | Cyclic voltammetry

Cyclic voltammetry (CV) experiments were conducted in
a three-electrode cell as shown in Figure 3, using a

FIGURE 1 Schematic of a Zn-Fe

flow battery
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potentiostat/galvanostat (Autolab PGSTAT, Metrohm
50519) instrument. A graphite sheet, platinum sheet and
an Ag/AgCl electrode were used as working, counter
and reference electrodes, respectively. The CV was mea-
sured from �1.6 to �0.2 V vs Ag/AgCl reference elec-
trode using 0.085 M ZnCl2 as the electrolyte at a scan rate
of 50 mV/s. The measurement was performed at room
temperature.

2.5 | Battery test

The redox flow battery consists of a reaction chamber
(cell) and two reservoirs to store electrolytes exter-
nally. The cell was made of acrylic sheet and the posi-
tive and negative electrodes were densified graphite
sheets with an area of 16 cm2 and thickness of 2 mm.
The negative and positive electrodes were separated by
the self-made anion-exchange membrane. The total
volume of each compartment of the cell is
3 cm � 3 cm � 1 cm. The negative electrolyte of this
zinc-iron flow cell consisted of 1 M ZnCl2 and the

positive electrolyte is a mixture of 0.5 M FeCl2 and
0.5 M FeCl3 with 2 M NH4Cl. The electrolytes were
stored in two external reservoirs (each of 75 mL vol-
ume). Both positive and negative electrolytes were cir-
culated through the cell using two peristaltic pumps.
The cell performance was measured under a constant
current charge-discharge measurement using an Auto-
lab PGSTAT (Metrohm 50519 with NOVA 1.11 soft-
ware) instrument connected to a PC. The charge-
discharge measurements were carried out using a stan-
dard two-electrode setup as shown in Figure 4, in
which the graphite sheets act as both working elec-
trode and counter electrode, respectively.

The charge-discharge experiment of the zinc-iron
redox flow cell is performed by charging the cell at a
constant current of 25 mA cm�2 for 1800 seconds
followed by discharge at the same current, until the cell
reached a voltage of 0.0 V to completely strip off any
deposited zinc. The cell parameters like coulombic effi-
ciency (CE), voltage efficiency (VE) and energy effi-
ciency (EE) of the battery are calculated using the
following equations43:

CE¼ td
tc
�100% ð4Þ

VE¼Vd

Vc
�100% ð5Þ

EE¼VE�CE ð6Þ

Here td represents the discharge time; tc represents the
charge time; Vd represents the average discharge voltage;
and Vc represents the average charge voltage.

2.6 | Zn electrodeposit characterization

Electrodeposits are analyzed using scanning electron
microscope (JEOL-JSM 6390 JED 2300 scanning
electron microscope).

FIGURE 2 (A-C) The SEM images of the membrane and (D) cross-sectional image of membrane

FIGURE 3 The electrochemical set-up of a three-electrode cell
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3 | RESULTS AND DISCUSSION

3.1 | Cyclic voltammograms

A cyclic voltammogram of 0.085 M electrolyte of ZnCl2
on a graphite sheet working electrode in the range of
�1.6 to �0.2 V (vs Ag/AgCl) at the scan rate of
50 mV s�1 is shown in Figure 5. From figure, it is clear
that the cathodic peak at �1.28 V corresponds to the elec-
trodeposition of zinc and the anodic peak at �0.74 V cor-
responds to the dissolution of zinc to the solution.

3.2 | Battery performance

The performance of a Zn-Fe RFB employing 1 M
Zn(II) chloride aqueous solution as negative active spe-
cies and 0.5 M FeCl2 and 0.5 M FeCl3 with 2 M NH4Cl
aqueous solution as positive species was evaluated with
constant-current charge-discharge measurements.
Figure 6 represents the characteristic charge/discharge
curves during the 15th cycle at 25 mA cm�2. This curve
was obtained from 30 minutes of charging followed by
30 minutes of discharging under a current density of
25 mA cm�2 using graphite electrodes. It shows a rela-
tively flat voltage profile for charge and discharge pro-
cess. The charge-discharge measurements were repeated
over 30 cycles and are shown in Figure 7. The cycling
studies at 25 mA cm�2 revealed good stability of the

battery, without any evidence of degradation. The curves
are identical with a charge voltage of approximately
1.59 V and a discharge voltage of 1.34 V.

Any crossover of Fe2+/Fe3+ through the membrane
to the anodic compartment will result in a gradual fading
of coulombic efficiency on repeating the charge-discharge
cycles.31,34 However, this phenomenon is not observed in
the present redox flow system indicating that the cross-
over of Fe2+/Fe3+does not occur appreciably. This may
be due to the good cation-blocking ability of the anion
exchange membrane. In this case, during charging,

FIGURE 4 The standard two-

electrode setup for charge-discharge

measurements

FIGURE 5 CV of 0.085 M ZnCl2 on a graphite electrode at the

scan rate of 50 mV s�1
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excess chloride ions left in the anode compartment move
towards cathode compartment through the membrane
for electrical neutrality. During discharge process, oppo-
site changes take place. When we repeated the experi-
ments with a porous PVC membrane instead of an AEM,
dendrite formation was observed on zinc electrodes even
on first charging step. When an AEM is used, only chlo-
ride ions can diffuse from anode compartment to the
cathode compartments through the AEM, during charg-
ing. From the above observations it clear that selective
migration of chloride ions has a strong influence on the
uniform deposition of the zinc. Similar results of suppres-
sion of dendrite formation in zinc RFBs with different

kinds of membranes have been reported by many other
groups.44–46

The dependences of cell performance on concentra-
tion and current density were also investigated by per-
forming the galvanostatic charge-discharge measurement
at different electrolyte concentrations (1 M, 3 M and 5 M)
and at different current densities (15, 25 and
50 mA cm�2). The results are tabulated in Table 1 and 2.

From Table 1, it is found that the average dis-
charge voltage decreases from 1.34 to 1.01 V on
increasing concentration of ZnCl2 from 1 M to 5 M,
while the coulombic efficiency (CE) remains nearly
constant at ~92 to 90%, which indicates the high anion
selectivity of the membrane. A higher CE compared to
that of the cells reported by other researchers is
mainly due to the negligible crossover of Fe3+ ions
through AEM used in our redox flow battery. This
result also confirms the high anion selectivity of our
anion exchange membrane when used as a separator
in Zn-Fe redox flow battery. The decrease in energy
efficiency (EE) values from 78.2% to 53.46% with
increase in electrolyte concentration is mainly due to
the decreasing voltage efficiency (VE) arising from the
increased electrolyte resistance.47,48

The electrochemical performance of the Zn-Fe system
with 1 M ZnCl2 at different current densities (such as
15, 25, and 50 mA cm�2) is given in Table 2. The coulom-
bic efficiency is mainly influenced by three key factors:
temperature, current and state-of-charge. The relation-
ship between charge or discharge currents and coulomb
efficiency can be expressed by the Peukert equation.20

This states that the overall battery capacity or the total
energy supplied by the battery, decreases disproportion-
ately as the discharge current rises.

Ƞc¼
Qd

QN
¼ Id

IN

� �1�n
ð7Þ

where Id is discharge current, IN is base current, Qd is the
capacity discharged by Id and QN is the capacity dis-
charged by base current IN. The equation relating inter-
nal resistance, discharge current and energy efficiency
can be written as

Ƞw ¼ȠcȠv¼
Id
IN

� �1�nVB�RiId
VBþRiIc

ð8Þ

From Equations (7) and (8), it is clear that the internal
resistance and discharge current values are obviously two
key factors that reduce energy efficiency. Reducing inter-
nal resistance and maintaining an optimum charge and

FIGURE 6 Cell potential vs time response for the 15th charge-

discharge cycle at 25 mA cm�2

FIGURE 7 Cell potential vs time response for 30 cycles of Zn-

Fe RFB at 25 mA cm�2

JEENA ET AL.

		  57



discharge current will help to increase the energy
efficiency.

From charge-discharge plot, the coulombic, voltage
and energy efficiencies were calculated and plotted vs
cycle number in Figure 8. From the figure, it is clear that
the Zn-Fe RFB shows no decrease of coulomb efficiency
(92%), voltage efficiency (85%) or energy efficiency
(78.2%) on 30 repeated charge-discharge cycles at
25 mA cm�2. The average coulombic efficiency of about
92% in all the cycles indicates that the products formed
during battery discharge return almost completely to
their initial conditions on charging. Low coulombic effi-
ciency in aqueous electrolytes is generally attributed to
the side reactions due to water electrolysis.5 The standard
reduction potential of zinc in acid media is �0.76 V vs
the standard hydrogen electrode (SHE). During the
charging process, proton or water reduction leading to H2

evolution is the preferred reaction, thermodynamically.
However zinc is a relatively poor electrocatalyst for the
H2 evolution and hence high overpotential of zinc for
hydrogen evolution increase the overall cell efficiency by
suppressing hydrogen evolution reaction.30 After
repeated charge-discharge cycles, no appreciable changes
in pH were observed. Hydrogen evolution reaction
(2H+ + 2e� ! H2 (g)) is a side reaction that decrease the
efficiency of many redox flow batteries. This will also
increase the pH of the anolyte. Higher coulombic effi-
ciency and near consistency of the pH values after many
charge-discharge cycles indicates that the hydrogen evo-
lution on the anode is negligible in the present system.
The cell capacity is also calculated for each discharge
cycles at a current density of 25 mA cm�2 and plotted vs
cycle number in Figure 9. From the figure, it is clear that
the discharge capacity is almost constant even after

TABLE 1 Zn-Fe RFB performance as a function of ZnCl2 concentration at a current density of 25 mA cm�2

ZnCl2 (M) OCV (V) Avg. charge voltage (V) Avg. discharge voltage (V) CE (%) VE (%) EE (%)

1 M 1.44 1.58 1.343 92 85 78.2

3 M 1.31 1.65 1.138 92 68.9 63.38

5 M 1.09 1.7 1.01 90 59.4 53.46

TABLE 2 The electrochemical performances for Zn-Fe cell with 1 M ZnCl2 run at different charge/discharge current density

Current density (mA cm�2) OCV (V) Avg. charge voltage (V) Avg. discharge voltage (V) CE (%) VE (%) EE (%)

15 1.52 1.55 1.4 90 90 81

25 1.44 1.58 1.343 92 85 78.2

50 1.38 1.71 1.27 92 74 68.08

FIGURE 8 Efficiency of the cell with 1 M ZnCl2 under the

current density of 25 mA cm�2
FIGURE 9 Discharge capacity vs number of cycles at a current

density of 25 mA cm�2
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30 charge-discharge cycles. No zinc dendrite formation
was observed on increasing the current densities to
15, 25, 50, 100 and 150 mA cm�2.

3.3 | SEM Analysis

The deposition of a uniform, thick zinc layer onto an
inert current collector has become a necessity in all zinc-
based redox flow batteries. Figure 10 shows SEM micro-
graph of zinc electrodeposit obtained during the charging
phase of the zinc half-cell under a current density of
25 mA cm�2. Visually, all the electrodeposited Zn coat-
ings were homogeneous and metallic gray. It is pertinent
to note that no dendrite growth occurs on the zinc elec-
trode which was a severe drawback of previously
reported zinc based rechargeable batteries. Absence of
dendrite growth might be due to the fact that, only the
chloride ions shuttles between two electrolyte solutions
through AEM and this probably promotes uniform zinc
deposition and prevent the dendrite growth.

4 | CONCLUSION

In conclusion, the feasibility of a Zn-Fe RFB system uti-
lizing Zn(II)/Zn and Fe(III)/Fe(II) redox couples and an
anion exchange membrane as a separator has been dem-
onstrated. Densified graphite sheets were used both as
positive and negative electrode current collectors and the

performance of the test cell was evaluated with repeated
constant current charge-discharge experiments. The cell
delivered an average discharge voltage of ~1.34 V at
25 mA cm�2, with a high average coulombic efficiency of
92%, voltage efficiency of 85% and energy efficiency
of 78.2% over 30 cycles at 298 K. During charge-discharge
cycles, only chloride ions shuttle between anode and
cathode compartments through AEM, which eliminates
the issue of cross contamination of electroactive materials
and thus increase the performance of the battery. From
SEM images, it was clear that the Zn coatings were
homogeneous and dendrite-free.

The dependence of cell performance on concentration
and current density was also investigated by performing
the galvanostatic charge-discharge measurements at dif-
ferent electrolyte concentrations (1 M, 3 M and 5 M) and
at different current densities (15, 25 and 50 mA cm�2).
The results show that the average discharge voltage
decreases from 1.34 to 1.01 V on increasing concentration
of ZnCl2 from 1 M to 5 M, while the coulombic efficiency
(CE) remains nearly constant (90-92%). Higher coulom-
bic efficiency confirms negligible hydrogen evolution side
reaction and high anion selectivity of AEM. The energy
efficiency (EE) values, however, decrease from 78.2 to
53.46% with increase in electrolyte concentration and this
is mainly due to the decreasing voltage efficiency
(VE) arising from the increased electrolyte resistance. On
increasing the current densities to 15 to 50 mA cm�2 the
coulombic efficiency remained almost same (90-92%).
However, voltage efficiency decreased from ~90% to 74%

FIGURE 10 (A-D) SEM images

of zinc deposition at various

magnifications
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and energy efficiency decreased from ~81% to 68%. The
results show that the operating conditions are crucial
impact factors for the cell performance and the Zn-Fe
RFB can exhibit good performance at low concentration
(1 M) and at low current density (15 mA cm�2). Thus, we
have successfully demonstrated working of a high effi-
ciency and stable Zn-Fe hybrid redox flow battery with
no dendrite growth during zinc deposition by optimizing
charge-discharge conditions and employing an anion
exchange membrane as separator.
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A High-Performance Asymmetric Supercapacitor Based on
Tungsten Oxide Nanoplates and Highly Reduced Graphene Oxide
Electrodes

Muhammad Ashraf,[a] Syed Shaheen Shah,[b, d] Ibrahim Khan,[c] Md. Abdul Aziz,[d]

Nisar Ullah,[a] Mujeeb Khan,[e] Syed Farooq Adil,[e] Zainab Liaqat,[f] Muhammad Usman,[d]

Wolfgang Tremel,*[f] and Muhammad Nawaz Tahir*[a]

Abstract: Tungsten oxide/graphene hybrid materials are at-
tractive semiconductors for energy-related applications.

Herein, we report an asymmetric supercapacitor (ASC, HRG//

m-WO3 ASC), fabricated from monoclinic tungsten oxide (m-
WO3) nanoplates as a negative electrode and highly reduced

graphene oxide (HRG) as a positive electrode material. The
supercapacitor performance of the prepared electrodes was
evaluated in an aqueous electrolyte (1m H2SO4) using three-
and two-electrode systems. The HRG//m-WO3 ASC exhibits a

maximum specific capacitance of 389 Fg�1 at a current den-
sity of 0.5 Ag�1, with an associated high energy density of

93 Whkg�1 at a power density of 500 Wkg�1 in a wide 1.6 V

operating potential window. In addition, the HRG//m-WO3

ASC displays long-term cycling stability, maintaining 92% of

the original specific capacitance after 5000 galvanostatic
charge–discharge cycles. The m-WO3 nanoplates were pre-
pared hydrothermally while HRG was synthesized by a modi-
fied Hummers method.

Introduction

Meeting the growing global energy demands is one of the

future challenges because the current energy resources are
coming to an end in the near future. In addition, the use of

fossil fuels has a negative impact on the environment due to
CO2 emission that contributes to global warming.[1–3] The envi-

ronmental problems have stimulated the interest in exploring
new energy horizons.[4,5] Renewable resources like solar and
wind energy are considered the most suitable and reliable sup-

plies of alternative energy.[6,7] The energy harvested from these
resources could generate enough electricity to power-up most
daily energy requirements (including transportation and indus-
trial systems),[8] but this requires strategies for high per-
formance and efficient energy storage devices.[2, 8–10]

Supercapacitors are potential electrochemical energy stor-

age devices (EESDs) that hold much promise because of their
high-power density, long-term cycling stability, high-power at-
tainment, low maintenance costs, and high stability.[11,12] Ac-

cording to their method of operation, supercapacitors are clas-
sified as (i) electrode double-layer capacitors (EDLCs) and (ii) p-

seudocapacitors.[6, 13, 14] EDLCs uses electrostatic charge storage
in the form of a double layer at the electrode–electrolyte inter-

face (EEI), which leads to physical storage of charges by ad-

sorption/desorption of electrolyte ions at the EEI.[13–15] The cor-
responding cyclic voltammetry (CV) curves show a characteris-

tic rectangular shape. EDLC electrode materials contain carbo-
naceous materials like activated carbon (AC),[16–18] reduced gra-

phene oxide (rGO),[19] carbon nanotubes (CNTs),[20] or carbon
nanofibers (CNFs).[21] In contrast, fast and reversible redox reac-
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tions occur at the electrode surfaces of pseudocapacitors
giving rise to sharp peaks in the CV curves.[22] Typical active

electrode materials in pseudocapacitors are metal oxides,[23]

metal sulfides,[24] and conducting polymers.[25] Nanomaterials

have shown great promise in energy conversion and stor-
age[26–28] as their properties depend not only on composition
but also on size and morphology.[10,29] Thus, their size- and
morphology-controlled synthesis is crucial from a basic science
and technological perspective.[10,18, 30,31]

Tungsten oxides (WO3�x) have been tested for energy stor-
age devices because of their stability, availability, and econom-
ic viability. WO3 is very promising because of its high theoreti-
cal capacity, good chemical stability, and relative better con-

ductivity as already documented in literature.[32] It is an n-type
semiconductor with variable oxidation states, high energy and

packing density, and large pseudocapacitance.[33] It has been

used not only in secondary batteries,[34] photocatalysis,[35] gas
sensing,[36] or electrochemical[37] and solar[38] energy devices,

but also as an electrode material for flexible and portable su-
percapacitors.[39] Much consideration has been devoted to its

pseudocapacitor performance.[40] Particularly, its reversible va-
lence change, that is, the change in the oxidation states be-

tween W6+ and W5+ , and especially towards low potential re-

sults in enhanced conductivity. Moreover, it is worth mention-
ing that nano-dimensions and morphology of the m-WO3 plays

important role in its energy storage applications.[41] Also m-
WO3 works best as negative electrode as already reported in

the literature.[40] Gao et al. reported a hydrothermal synthesis
of WO3 nanowires supported over conductive carbon sup-

ports.[42] This nanocomposite was used to make a supercapaci-

tor with a specific capacitance (Csp) of up to 521 Fg�1 at a cur-
rent density of 1 Ag�1.[43] Wu et al. prepared WO3 nanotubes in

a surfactant-free hydrothermal reaction. The prepared WO3

nanotubes were applied as a negative electrode in asymmetric

supercapacitors (ASCs) with polyaniline (PANI) as a positive
electrode.[42] These ASCs showed a high energy density and

long-term cycling stability with up to 10000 galvanostatic

charge–discharge cycles.[42] Two dimensional (2D) monoclinic
WO3 (m-WO3) showed an exceptional high surface area, which

resulted in enhanced photocatalytic activities.[44]

Graphene has been used in many energy-related applica-
tions[26,45] because of its high specific surface area (SSA) and
good electrical conductivity.[46] The SSA depends on the

number of layers.[46] Single-layer graphene sheets can have the-
oretical surface areas of up to 2360 m2g�1[47] and a theoretical
capacitance up to 550 Fg�1.[48] Based on the high SSA and elec-

trical conductivity of around 2000 Sm�1[49] graphene-based su-
percapacitors exhibit EDLC behavior[48] with higher power den-

sities and exceptional cycling stability compared to batteries.[50]

Graphene is a superior support for flexible, transparent, and

high-power density supercapacitors due to its high optical

transmittance (ca. 98%), superior elastic modulus (ca. 1.0 TPa)
mechanical strength of around 130 GP.[51,52] For instance, Zhao-

dong et al. reported hybrid supercapacitors with ultrafast
charging capability and negligible self-discharge. The devel-

oped supercapacitors effectively resolved the critical self-dis-

charge challenge and provided more opportunities for applica-
tions of metallic-based electrodes in supercapacitors.[53,54]

In general, graphene oxide (GO) has attracted the attention
due to its promising route towards production of large quanti-

ties of graphene-based materials because the intercalation of
graphite with oxygen containing groups, gives the possibilities

to nucleate and grow metal oxides to synthesis nanocompo-
sites at ease for various.[55] However, the oxygen containing
functionalities cause strong and robust electron localization

which could result in shutting down the charge transport pro-
cess in graphene oxide. In contrast, the reduction of graphene
oxide (HRG) leads to a structure close to graphene having high
electrical conductivity.[56] Therefore, HRG is a unique class of

two-dimensional (2D) carbon nanostructures that has emerged
as promising candidate for the energy storage devices because

of large electrical conductivity, thermal and chemical stability

with broad surface electrochemical window.[57,58]

Supercapacitors with high energy density and excellent

power density require a good ion diffusion and electrical con-
ductivity of the electrode materials.[14,15] Therefore, HRG was

used as positive electrode material. Matching both require-
ments in a single device can be accomplished in asymmetric

supercapacitors by combining electrical double layers and

pseudocapacitive materials.[59]

Here we report an asymmetric supercapacitor HRG//m-WO3

serving as efficient EESD devices with a maximum Csp of
389 Fg�1 at 0.5 Ag�1 (Scheme 1). Nanoparticles of m-WO3 were

prepared hydrothermally, highly reduced graphene oxide
(HRG) by a modified Hummers method. The ACSs have a maxi-

mum energy density of 93 Whkg�1 at a power density of

500 Wkg�1 over a wide operating potential window (OPW).
The ASCs show good cycling-stability and maintain 92% of its

original Csp after 5000 charge–discharge cycles.

Experimental Section

Materials : All chemicals and reagents, except stainless steel foil
(SSF), were purchased from either Sigma–Aldrich or Alfa Aesar and
used as received without further purification. SSF was purchased
from Tmax Battery Equipments Limited, China, Absorptive Glass
Mat (AGM) from Anhui Fengxin Industrial Co., Ltd. , China.

Characterization : The morphology, phase structure and composi-
tion of the products were characterized by field-emission scanning
electron microscopy FE-SEM (Tescan Lyra-3) at 20 kV. The energy
dispersion spectrum (EDS) analysis of our samples was carried out
on a Lyra 3 attachment to the FESEM using LINK INCA program
system. Powder X-ray diffraction pattern (XRD) of the dried sam-
ples was recorded on Rigaku miniflex II X-ray diffractometer in step
scan mode between 20 and 908 2q (scan rate 0.028 2q s�1) using
Cu Ka radiation (l=1.5414 �). Raman Spectrometer (Tag
no.340326 RR-1115) with charge-coupled device (CCD) detector at
a spectrum window of 30–2000 cm�1, laser (green type, 532 nm)
was used for Raman spectra. A micro-focusing X-ray monochroma-
tor XPS (ESCALAB 250Xi XPS Microprobe, Thermo Fisher Scientific,
USA) was applied for the chemical analysis of the prepared sample.
TEM instrument FEI Tecnai G2 Spirit microscope operating at
120 kV (LaB6 filament), equipped with a Gatan US1000 CCD-
camera (16-bit, 2048�2048 pixels), using the Gatan Digital Micro-
graph software was used to characterize the morphology.
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Synthesis of m-WO3 nanoplates : Na2WO4·2H2O (2.5 g) was dis-
solved in 6m aqueous HCl under constant magnetic stirring for 1
hour. NH4NO3 (2.00 g) was added to the 50 mL of the precursor so-
lution to obtain the m-WO3. The flask contents were transferred
into a 100 mL Teflon-lined stainless-steel autoclave and kept in a
preheated oven at 180 8C for 24 hours. Subsequently, the autoclave
was cooled to room temperature, and the resultant green-yellow
precipitate was filtered and washed successively with de-ionized
(DI) water (100 mL) and ethanol (100 mL). m-WO3 nanoplates were
obtained after drying in an oven for 6 hours at 80 8C.

Synthesis of HRG : HRG was prepared by a modified Hummers
method.[60] Graphite powder (GP) (0.7 g) and NaNO3 (0.7 g) were
added to a cold solution of H2SO4 (25 mL) at 0 8C. After stirring for
10 minutes, KMnO4 (2.5 g) was added portion-wise to the reaction
mixture. The mixture was then stirred at 37 8C for one hour, ensur-
ing the thick paste formation. After adding 40 mL of DI water, stir-
ring was continued for 30 min at 90 8C. Subsequently, more DI
water (100 mL) was added to the reaction mixture, followed by the
slow addition of H2O2 (2.5 mL), which led to a color change from
dark brown to yellowish. The resulting mixture was cooled to
room temperature, filtered, and washed with DI water (100 mL).
The obtained thick brown paste was dispersed in DI water (80 mL)
and centrifuged at a low speed (1000 rpm) for 2 minutes. In the
last step, the product was dispersed in DI water, and centrifugation
was repeated for 4 times until a clear supernatant layer was ob-
tained. The same step was repeated by increasing the speed
(8000 rpm) of centrifugation. The final product, a thick paste, was
re-dispersed in DI water using mild sonication techniques to ac-
quire a graphene oxide (GRO) solution for further processing. GRO
was reduced according to our previously reported procedure.[61]

Briefly, 100 mg of GRO was dispersed in DI water (30 mL) and soni-
cated for 30 min. The obtained suspension was heated at 100 8C,
and 3 mL of hydrazine hydrate was added. After 2 minutes, the re-
action temperature was dropped to 98 8C and stirring continued

for 24 hours. The resulting black powder formed was filtered and
washed with water (100 mL). This suspension was centrifuged for
4 minutes at a slow speed (4000 rpm). The end product was fil-
tered and dried under vacuum.

Fabrication of working electrodes and ASC cell assembly : Work-
ing electrodes were fabricated by mixing 90% of active materials
(HRG or m-WO3) with 10% of polyvinylidene fluoride (PVDF) as a
binder. PVDF was dissolved in dimethyl sulfoxide at 80 8C, followed
by the slow addition of active material into the solution. The stir-
ring was continued for 4 hours until a homogeneous slurry was at-
tained, which was then cast on a SSF (working area of 2�1 cm2;
used as a current collector) with an automatic film coater doctor
blade (Shandong Gelon Lib Co., Ltd.). Subsequently, the coated
electrodes were dried in an electric oven for 5 hours at 80 8C. Each
of the fabricated electrodes contained 0.25 mg of the active mate-
rials. The HRG//m-WO3 ASC was assembled with two electrodes in
the sandwich-type cell assembly, where HRG coated SSF was used
as a positive electrode and m-WO3 nanoplates coated SSF was
used as a negative electrode. The HRG//m-WO3 ASC was assem-
bled with two working electrodes separated by an AGM separator
soaked in 1m H2SO4 aqueous electrolyte.

Electrochemical measurements : Galvanostatic charge–discharge
(GCD), CV, and electrochemical impedance spectroscopy (EIS)
measurements of the prepared electrodes and HRG//m-WO3 ASC
were performed with an Autolab/PGSTAT302N Potentiostat/Galva-
nostat (Metrohm, Utrecht, Netherlands). The supercapacitor per-
formances of the HRG and m-WO3 electrodes were evaluated ini-
tially with a three-electrode system in an aqueous electrolyte of
1m H2SO4. Where HRG or m-WO3 coated on the SSF was used as a
working electrode. Ag/AgCl (saturated KCl) and a platinum wire
were used as reference and counter electrodes, respectively. In the
three-electrode configuration the Csp (Fg�1) values were calculated

Scheme 1. (a) Fabrication of an asymmetric supercapacitor using highly reduced graphene oxide (HRG) as a positive electrode and m-WO3 as a negative elec-
trode; (b) comparative CV curves of HRG and m-WO3 electrodes (scan rate: 100 mVs�1) and (c) CV curves at different scan rates in an OPW between 0.0 and
1.6 V.
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from CV and GCD profiles with Equations (1) and (2), respective-
ly.[62–65]

Csp ¼
R
Idv

2msnDV
ð1Þ

Csp ¼
2I
R
Vdt

msV2jVf
Vi

ð2Þ

in which,
R
Idv, ms, n, DV , and I represent the integrated area

under the CV curve over the whole OPW, the mass (g) of active
material in the working electrode, the scan rate (mVs�1), the OPW
(V), and the discharging current (A), respectively. While

R
Vdt repre-

sents area under the discharge curve and Vi and Vf are initial and
final values of the applied potential (V).

The HRG//m-WO3 ASC was also tested with a two-electrode elec-
trochemical system using 1m H2SO4 as an electrolyte. The Csp

values were obtained from the CV curves and GCD profiles using
Equations (3) and (4), respectively.[63–65]

Csp ¼
R
Idv

mtnDV
ð3Þ

Csp ¼
2I
R
Vdt

mtV2jVf
Vi

ð4Þ

in which,
R
Idv, mt , n, DV , and I represent the integrated area

under the CV curve over the whole OPW, the total active materials
mass (g) of both positive and negative electrodes, the scan rate
(mVs�1), the OPW (V), and the discharging current (A), respectively.
While

R
Vdt represents the area under the discharge curve and Vi

and Vf are initial and final values of the applied potential (V).

Whereas, energy density (E) and power density (P) derived from
the GCD measurements of the HRG//m-WO3 ASC in the two-elec-
trode system were determined with the aid of Equations (5) and
(6), respectively.[63–68]

E ðWh=kgÞ ¼ Csp � DV2 � 1000
2� 3600

ð5Þ

P ðW=kgÞ ¼ E � 3600
Dt

ð6Þ

Here DV is the OPW (V), Csp is given in Fg�1, and Dt is the dis-
charging time (s) of the HRG//m-WO3 ASC. EIS measurements were
also performed in the two-electrode system for the HRG//m-WO3

ASC.

Results and Discussion

Synthesis and characterization of m-WO3 nanoplates

The synthesis of m-WO3 nanoplates was carried as illustrated in
Figure 1. Monoclinic WO3 was synthesized hydrothermally[29] by
adding 2.00 g of NH4NO3 to 50 mL of a precursor solution
(H2WO4·H2O). Subsequently, the mixture was heated under au-

togenous pressure for 24 hours at 180 8C. Under hydrothermal
conditions, the decomposition of H2WO4 (formed by the reac-
tion of Na2WO4·2H2O and HCl) leads to the formation of WO3

nuclei that serve as seeds for the growth of m-WO3 nano-
plates.

Phase purity and crystal structure of the as-synthesized m-
WO3 nanoplates was first demonstrated by X-ray powder dif-

fraction (XRD). All intensities of the m-WO3 nanoplates match
well with the positions and intensities of monoclinic WO3

(JCPDS No. 83–0950).[69] The well-defined and sharp intensities

indicate are compatible with a highly crystalline product. The
(002) main reflection centered at 2q=238 (Figure 2a) indicates

the anisotropic growth of monoclinic WO3 structure along the
c axis. The concentration of NH4NO3 plays an important role

for controlling the morphology of m-WO3. Increasing NH4NO3

concentration leads to an increase of the intensities of the
(022) and (202) reflections and to a decrease of the intensities

of the (120) and (112) reflections, which indicates a plate-like
growth of m-WO3.

[42]

The crystal structure of m-WO3 was confirmed by Raman
spectroscopy (Figure 2b). The positions and intensities of the

Raman bands match those reported for m-WO3. The bands
centered at 135 and 185 cm�1 are attributed to vibrations of

the (W2O2)n backbone. The characteristic bands at 270 and

Figure 1. Schematic representation for synthesis of m-WO3 nanoplates.

� 2021 Wiley-VCH GmbH

Figure 2. (a) X-ray powder diffractogram and (b) Raman spectrum of m-WO3 nanoplates. 
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330 cm�1 are associated with the W-O-W bending vibrations.
The sharp bands centered at 715 and 810 cm�1 were assigned

to the W-O-W vibrational stretching modes.
Size and morphology of the m-WO3 nanoplates were con-

firmed by field emission scanning electron microscopy (FESEM)
and transmission electron microscopy (TEM). Figure 3 shows

the TEM images confirming the plate-like morphology (Fig-
ure 3a). Interestingly, some of the nanoplates were found lying

at their lateral side on the TEM sample grid which give the

chance to measure the thickness of these nanostructures. The
average thickness of the nanoplates is around 13 nm (Fig-

ure 3b). The high resolution TEM analysis (Figure 3c&d)
showed the d-spacing of around 0.38 nm corresponding to the

(200) plane of the monoclinic phase of WO3. The overview
FESEM image (Figure S1a) also shows a plate-like morphology.

The high-resolution FESEM micrograph (Figure S1b) revealed

the dimensions of the nanoplates. The elemental mapping

analysis using energy dispersive spectroscopy (EDS), of the m-
WO3 nanoplates confirmed the homogeneity of the product.

Synthesis and characterization of HRG

HRG was prepared as outlined in Figure 4. The crystallinity and

phase purity of the as-synthesized HRG were confirmed by X-
ray diffractometry. The XRD diffractogram of GP (Figure 5a) dis-

played an intensive and narrow reflection at 2q=26.48. Similar-

ly, the HRG diffractogram showed a broad reflection at 2q=
26.48, which corresponds to the (002) reflection that is associ-

ated with the stacking of the graphene layers with a d spacing
of 0.34 nm. Upon oxidation, different functional groups with

oxygen atoms are generated within the carbon nanosheets,
leading to an increase of the stacking distance and shift the

GRO reflection to a lower Bragg angle (2q=10.98). Similarly,

H2O molecules between the graphene layers lead to an in-
crease (almost twice that of GP) of the GRO d-spacing to

0.79 nm. GRO’s main reflection at (2q=10.98) vanished in HRG
due to the reduction, indicating a loss of long-range order.

The Raman spectra of GP, GRO, and HRG are presented in
Figure 5b. The GP (black line) spectrum shows a strong G and
less intense D bands centered at 1589 cm�1 and 1345 cm�1, re-
spectively. After oxidation, GRO showed two bands which were
broadened and slightly red-shifted by 10 cm�1. After the reduc-
tion of GRO to HRG, the intensity of the D band increased, in-
creasing the relative intensity ratio of the D/G bands. This indi-
cates that the formation of SP2 domains is more pronounced
in HRG compared to GRO, because of the reduction of GRO to

HRG.[26] The reduction of GRO to HRG was also confirmed

using X-ray photoelectron spectroscopy (XPS). The core-level
signals for C 1 s XPS spectrum of HRG, (Figure S2) shows four

peaks corresponding to the four different carbon bonds. The
strong peak centered at 284.8 eV correspond to the sp2 carbon

that is, C=C bond in graphene Skelton.[70–73] The peaks located
at a position approximately 285.9 eV and 289 eV, are due to

the C�O bond and C=O bond, respectively. The significant de-

crease in the peak intensities related to oxygen containing

Figure 3. Transmission electron microscopy (images) of as synthesis WO3

nanoplates; (a) overview TEM image, (b) some of the image lying on the lat-
eral axis which also shows the thickness of the nanoplates, and (c & d) corre-
sponding HRTEM images confirming the d-spacing of 0.38 nm related to the
(200) crystal plane of m-WO3.

Figure 4. Synthetic Scheme for the oxidation of graphite powder and reduction of GO to GRO and HRG.
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functional groups in C 1 s spectrum, indicate considerable re-
duction.

The surface topology and layering nature of HRG were con-

firmed by FESEM and transmission electron microscopy (TEM).
The FESEM micrograph (Figure 6a) revealed the layered struc-

ture of HRG. Likewise, the TEM image (Figure 6b) suggests

that HRG contains graphene sheets that are only a few layers
thick.

Electrochemical performance of HRG and m-WO3 electrodes

The electrochemical performance of the HRG and m-WO3 elec-

trodes was evaluated individually with a three-electrode elec-
trochemical cell in aqueous electrolyte, containing 1m H2SO4

at various scan rates and OPWs. The CV curves of HRG elec-
trode were recorded at different scan rates from 20–100 mVs�1

within an OPW from 0.0 to 1.0 V (vs. Ag/AgCl) (Figure 7a). The

HRG electrode exhibited a capacitance behavior with CV
curves of symmetrical quasi-rectangular shape due to the pure
EDLC behavior, which is characteristic of a good reversible su-
percapacitor performance.[74] These results indicate fast ion dif-

fusion and rapid transport during charging and discharging
with a fast-current response to the change of potential from

0.0 to 1.0 V (vs. Ag/AgCl). In addition, the current densities and

Figure 5. (a) XRD diffractograms and (b) Raman spectra of GP (black line), GRO (red line), and HRG (green line).

Figure 6. (a) FESEM and (b) TEM images of as-prepared HRG sheets.

Figure 7. Electrochemical performance of the electrodes in the three-electrode system. CV curves of (a) HRG and (b) m-WO3 electrodes at scan rates of 20, 40,
60, 80, and 100 mVs�1, (c) comparative CV curves of HRG and m-WO3 electrodes at a scan rate of 100 mVs�1, and (d) specific capacitances calculated for each
electrode in 1m H2SO4 at different scan rates.
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the area under the corresponding CV curves increased with in-
creasing scan rate in order to keep Csp constant. Equation (1)

was used to calculate the Csp values of HRG electrode at scan
rates of 20, 40, 60, 80, and 100 mVs�1 leading to Csp values of

472, 449, 395, 302, and 256 Fg�1, respectively.
To study the electrochemical performance of the m-WO3

electrode, CV measurements were conducted in the aqueous
electrolyte of 1m H2SO4, using a three-electrode electrochemi-
cal system. Figure 7b indicates the CV curves of the m-WO3

electrode at different scan rates from 20 to 100 mVs�1 over an
OPW from �0.65 to 0.2 V. The CV curves of the m-WO3 elec-
trode exhibit characteristics redox peaks of m-WO3 at around
�0.41 V of the cathodic scan and �0.36 V of the anodic

scan.[75, 76] These redox peaks may be attributed to the reversi-
ble intercalation/deintercalation of H+ ions into/out of the m-

WO3 structure during the charge (H+ intercalation) and dis-

charge (H+ deintercalation) process (Equation (7)).[76]

WO3 � yH2Oþ xHþ
charging

discharging

�����! �����HxWO3 � yH2O ð7Þ

The current densities increased with increasing scan rates,

and the anodic peaks were shifted to higher voltages in the
applied OPW. Likewise, the cathodic peaks shifted to lower vol-
tages. This shows the excellent electrochemical performance of
the m-WO3 electrode with a pseudocapacitance behavior. The

Csp of the m-WO3 electrode was determined from the CV
curves with equation 1, and the acquired Csp values were 378,

351, 303, 229, and 164 Fg�1 at scan rates of 20, 40, 60, 80, and

100 mVs�1, respectively.

The CV performance of the HRG and m-WO3 electrodes was

analyzed in 1m H2SO4 to assess the appropriate OPW of the

negative and positive electrodes before the evaluation of the
HRG//m-WO3 ASC. The CV performance was in line with each

electrode’s behavior at a scan rate of 100 mVs�1 (Figure 7c).
The HRG electrode exhibited a stable OPW between 0 and

1.0 V while the m-WO3 electrode displayed a stable OPW be-
tween �0.65 and 0.2 V. Therefore, we estimated that the OPW

might be extended to approximately 1.6 V after assembling
both electrodes as HRG//m-WO3 ASC. Likewise, the oxidation
peak in the CV related to m-WO3 electrode at around �0.4 V

(vs. Ag/AgCl) represent its pseudocapacitance behavior and
could be attributed to the H+ insertion/storage in nanostruc-
tured m-WO3 and also responsible for the reduction of W6+

and W5+ .[75,76] The small reduction peak in the CV of HRG at

around 0.3 V may be attributed the irreversible reactions of
oxygen functional groups attached to the HRG. Figure 7d

shows the relationship between the specific capacitance and

CV scan rate. The specific capacitance for both electrodes de-
creased with increasing CV scan rate. The lower values of the

specific capacitance at high CV scan rates may be due to the
slower ion diffusion at the electrode surface.

GCD measurements were performed to study the charge/
discharge rate performance of HRG and m-WO3 electrodes in a

three-electrode system in 1m H2SO4. The GCD profiles of the

HRG electrode were studied at different current-densities, rang-
ing from 0.5 to 5.0 Ag�1 in an OPW and from 0.0 to 1.0 V (vs.

Ag/AgCl) as shown in Figure 8a. All GCD curves are symmetric,
corresponding to the typical pattern of a carbon-based capaci-

tor. Similarly, the GCD curves of HRG electrode show good line-
arity with nearly isosceles-triangular behavior, which confirms

their EDLC behavior.[77] The Csp of the HRG electrode at differ-

ent current densities were extracted from the GCD profiles

Figure 8. Electrochemical performance of HRG and m-WO3 electrodes in a three-electrode setup. GCD profiles of (a) HRG and (b) m-WO3 electrodes at current
densities of 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 Ag�1). (c) Comparative GCD profiles of HRG and m-WO3 electrodes measured at a current density of 0.5 Ag�1 and
(d) Csp measured at different current densities for each electrode in 1m H2SO4.
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using Equation (2). The HRG electrode exhibited a Csp within
the range from 448 Fg�1 to 169 Fg�1 at current densities of

0.5–5.0 Ag�1 (Figure 8a). Likewise, GCD curves of m-WO3 elec-
trode (Figure 8b) at different current densities from 0.5 to

5.0 Ag�1 in the OPW and from �0.65 to 0.2 V showed non-line-
arities owing to the pseudocapacitive behavior. In addition, the

GCD profiles displayed plateau regions in the OPW range
>�0.18 V. This, in turn, was in agreement with the observed
decrease of the current densities at higher redox potentials in

the CV curves (Figure 7b). The Csp calculated from Equation (2)
based on the discharge profiles ranged between 317 Fg�1 and
101 Fg�1 at current densities between 0.5 and 5.0 Ag�1. To
identify the optimum working OPW prior to the setup of the

HRG//m-WO3 ASC, separate GCD measurements of HRG and
m-WO3 electrodes were compared (recorded at 0.5 Ag�1, Fig-
ure 8c). As the HRG and m-WO3 electrodes have stable OPWs

from 0.0 to 1.0 V and �0.65 to 0.2 V, respectively, one could an-
ticipate a maximum OPW for HRG//m-WO3 ASC cell of up to

1.6 V.[67]

One of the most appealing characteristics of supercapacitors

is their capacity to operate at high current densities. A compar-
ison of the specific capacitances measured at different current

densities for the electrodes is illustrated in Figure 8d. Although

the specific capacitances decreased with increasing current
densities, high specific capacitances with enhanced charge and

discharge times compared to most established systems
(Table 2) were achieved for both HRG and m-WO3 electrodes,

indicating superior capacitance performance.

Electrochemical performance of HRG//m-WO3 ASC

To further assess the HRG and m-WO3 electrodes supercapaci-
tor performance in 1m H2SO4, an HRG//m-WO3 ASC was fabri-

cated with m-WO3 as negative and HRG as a positive electrode.
The ASC revealed OPWs between 0.0 and 1.0 V and between

�0.65 and 0.2 V, which is in accordance with the expected
OPW of 1.6 V for the HRG//m-WO3 ASC.

[67] These results are in
agreement with CV and GCD measurements of the single elec-

trodes (Figure 7). Therefore, the HRG//m-WO3 ASC was tested
in an OPW from 0.0 to 1.6 V. The width of the OPW for two-
electrode system is matched by the OPW for the three-elec-
trode system. CV measurements of the HRG//m-WO3 ASC were

performed at scan rates between 20 and 100 mVs�1 (Fig-
ure 9a). The CV curves show a symmetric rectangular behavior

compatible with Faradaic pseudocapacitance behavior and an

ideal and fast charge/discharge capacitive performance. More-
over, the CV curves revealed redox peaks in the OPW, ranging

from 0.1 to 0.5 V and verified the pseudocapacitor per-
formance of the m-WO3 electrode. The specific capacitances

were extracted from the CV measurements of the HRG//m-
WO3 ASC using Equation (3). The specific capacitances were

426, 412, 377, 286, and 190 Fg�1 for scan rates of 20, 40, 60,

80, and 100 mVs�1, respectively. Similarly, the current densities
and the areas under the CV curve increased with increasing

scan rate (required to keep Csp values constant). The reversibili-
ty and stable OPW of the HRG//m-WO3 ASC were tested in dif-

ferent OPWs between 1.0 and 1.8 V at a scan rate of 20 mVs�1.
The OPW of the HRG//m-WO3 ASC may be extended to 1.8 V

due to the combination of an EDLC and a pseudocapacitor

electrode (Figure 9b). The HRG//m-WO3 ASC shows a typical

Figure 9. Electrochemical performance of HRG//m-WO3 ASC. (a) CV curves at scan rates of 20, 40, 60, 80, and 100 mVs�1 tested in a maximum OPW between
0.0 and 1.6 V. (b) CV curves at constant (20 mVs�1) scan rate with increasing OPWs between 1.0 and 1.8 V. (c) GCD profiles measured at different current densi-
ties, and (d) Csp vs. scan rate (extracted from the CV curves) and current density (extracted from the GCD profiles).
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capacitive behavior in all OPWs from 1.0 V to 1.6 V, with quasi-
rectangular CV curves, compatible with an ideal capacitance

performance with good reversibility. The current densities were
strongly enhanced when the OPW was raised to values >1.6 V

owing to electrolyte decomposition coupled with hydrogen/
oxygen evolution reactions. Therefore, the optimum stable

OPW for a supercapacitor performance of HRG//m-WO3 ASC is
in the range between 0.0 and 1.6 V.

The supercapacitor evaluation of HRG//m-WO3 ASC was as-

sessed by the GCD technique at different current densities be-
tween 0.5 and 5.0 Ag�1 in an OPW from 0.0 to 1.6 V (Fig-
ure 9c). All GCD profiles show electrochemical reversibility and
EDLC behavior in addition to a fast redox reaction at the elec-

trode surface, indicating excellent capacitive performance for
HRG//m-WO3 ASC.

The plateau region validated the pseudocapacitor per-

formance of the m-WO3 electrode in the GCD profiles (Fig-
ure 9c). Fast redox reactions occur due to charge transfer and

the formation of an EDL at the EEI. Specific capacitances were
calculated from the GCD profiles of HRG//m-WO3 ASC using

Equation (4). The Csp values ranged from 389 Fg�1 to 138 Fg�1

at current densities between 0.5 and 5.0 Ag�1. During the GCD

cycle, the electrical potential difference between the two ends

of a conducting phase is called IR drop (Vdrop).
[78] A very small

IR drop can be seen in the HRG//m-WO3 ASC, which can be at-

tributed to the low charge transfer resistance value (0.35 W,
measured from the Nyquist plot), a key consideration for high

power applications.[79] Figure 9d presents the Csp values as a
function of scan rate (measured from the CV curves) and cur-

rent-densities (measured from the GCD profiles) for HRG//m-

WO3 ASC. The Csp values increase with increasing scan rate and
current density because the time for charges to migrate

through the electrodes (which leads to a lower capacitance) is
not sufficient. Therefore, decreasing current density or scan

rate may allow electrolyte ions to easily penetrate the electro-
des, make better contact with the electrode material’s internal

surface, and produce higher Csp.
[80] Specific capacitance values

extracted from GCD and CV measurements are compiled in
Table 1.

Electrochemical stability and long-term cycling performance
are important criteria to evaluate supercapacitor performance

for practical applications. The cycling performance of HRG//m-
WO3 ASC was tested in a maximum OPW between 0.0 and

1.6 V at a constant current density of 5.0 Ag�1 for 5000 contin-
uous GCD cycles (Figure 10a). The Csp at every 200th cycle was
calculated and the respective values up to 5000 GCD cycles

are shown in Figure 10a. The HRG//m-WO3 ASC retained 92%
of its original Csp even after 5000 GCD cycles, demonstrating a

very stable charge storage capability. The GCD curves main-
tained their quasi-triangular shape with almost similar dis-

charge time over 5000 GCD cycles. The 1st and 5000th GCD
cycle are displayed in Figure 10a for comparison.

Energy and power densities are critical factors for the per-
formance of a supercapacitor. They are used in the form of a

Ragone plot showing power density as a function of energy

density. A Ragone plot comparing HRG//m-WO3 ASC with
other asymmetric supercapacitors is shown in Figure 10b. The
energy and power densities of HRG//m-WO3 ASC, calculated
from Equation (5) and Equation (6), show a maximum energy

density of 93 Whkg�1 for HRG//m-WO3 ASC at a power density
of 500 Wkg�1. The energy density remained 44 Whkg�1 at a

high power density of 5000 Wkg�1. The energy and power

densities of HRG//m-WO3 ASC are higher than those of most
previously reported ASCs (compiled in Table 2). The exception-

al supercapacitor performance of HRG//m-WO3 ASC is attribut-
ed to the low diffusion resistance and the low charge-transfer

resistance (Rct) of the electrodes (determined by EIS). EIS is a
valuable tool to determine the electronic conductivity of su-

percapacitors during the charge–discharge process. EIS was

carried out to illustrate the advantages of HRG//m-WO3 ASC.
EIS data were recorded in the frequency range from 1.0 Hz to

1.0 MHz at an open-circuit potential of 5 mV impedance ampli-
tude. Figure 10c shows Nyquist plots of HRG//m-WO3 ASC

with an inset to compare EIS plots after the 1st and
5000th cycle. The Nyquist plots contain a semi-circle and a

nearly straight line in the high- and low-frequency ranges, re-

spectively. The semi-circle diameter on the abscissa of the Ny-
quist plot in the high-frequency range of the electrochemical

system represents the charge-transfer resistance (Rct).
[81] The

lower value of Rct indicates a higher transfer or diffusion rate

for ions into the electrodes.[82] The intercept of the Nyquist
plot on the abscissa at high frequency indicates the equivalent
series resistance (ESR) associated with the summation of the

electrode material’s intrinsic resistances, electrolyte-solution re-
sistance, and contact resistance at the EEI. The Rct values mea-

sured from the semi-circle diameter were 0.35 and 0.62 Ohm
after the 1st and 5000th cycle, respectively. While the straight
line at lower frequency represents the electrolyte ions’ diffu-
sion behavior in the electrode, the vertical curve acquired in

the low-frequency range is associated with the ideal capaci-
tance behavior along with a faster diffusion of electrolyte ions
into the electrode.[82]

Table 1. The specific capacitances of the HRG electrode, the m-WO3 electrode, and the HRG//m-WO3 ASC, measured at different scan rates (from CV
curves) and current-densities (from GCD profiles).

Scan Rate (mV/s) Specific Capacitance (F/g) Current Density (A/g) Specific Capacitance (F/g)
HRG electrode m-WO3 electrode HRG//m-WO3 ASC HRG electrode m-WO3 electrode HRG//m-WO3 ASC

20 472 378 426 0.5 448 317 389
40 449 351 412 1.0 394 288 341
60 395 303 377 2.0 337 251 286
80 302 229 286 3.0 281 209 223

100 256 164 190 4.0 235 143 197
5.0 169 101 138
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Conclusions

We have developed a new, simple, and effective approach to
prepare highly efficient electrode materials that can be assem-

bled directly into high-performance supercapacitors from m-

WO3 (acting as a negative electrode) and HRG (acting as a pos-
itive electrode). The HRG//m-WO3 ASC showed superior elec-

trochemical supercapacitor performance in an extensive OPW
range of 0.0 to 1.6 V and demonstrated a maximum specific ca-

pacitance of 389 Fg�1 at 0.5 Ag�1. A higher energy density of
93 Whkg�1 was achieved at a power density of 500 Wkg�1,

which remained at 44 Whkg�1 with a 5000 Wkg�1 power den-
sity. Moreover, the ASC showed outstanding cycling-stability
by retaining 92% of its original Csp value even after 5000 GCD

cycles. The m-WO3 and HRG-based electrodes provide a plat-

form for the fabrication of high-performance ASC for efficient
EESDs. The main finding is that the HRG and m-WO3 are stable

enough to be used as effective electrodes in supercapacitors
for the growing requirements of high-performance and low-

cost future generations of EESDs.

Figure 10. (a) Long term GCD cycling stability recorded at 5.0 Ag�1 current density shows 92% stability of Csp after 5000 GCD cycles (inset: GCD profiles of
the 1st and 5000th cycle). (b) Ragone plot comparing energy density and power density of HRG//m-WO3 ASC with other reported ASCs. (c) Nyquist plots of the
HRG//m-WO3 ASC after the 1st and 5000th cycle (inset: magnified region of the Nyquist plots in the high-frequency range).

Table 2. Comparison of the electrochemical performance of HRG//m-WO3 ASC with previously reported ASCs.

Electrodes Specific Capacitance (F/g) Energy Density (Wh/kg) Power Density (W/kg) References

rGO/NiSe2//AC 114 (1 A/g) 41 842 [81]

AC//MnMoO4·nH2O 945 (3 A/g) 37 935 [83]

AC//Co2O3@rGO 636 (1 A/g) 36 225 [84]

AC//MnOOH@rGO 116 (0.5 A/g) 41 400 [85]

Ni@rGO@Co3S4//Ni@rGO@sNi3S2 940 (1.5 A/g) 55 975 [86]

Ni(OH)2@SiC@NiCo2O4//SiC@Fe2O3 712 (2 A/g) 103 3500 [87]

MnO2/CNFs//CNFs 294 (0.5 A/g) 35 497 [88]

Ni(OH)2@MoSe2//AC 1175 (1 A/g) 43 8181 [89]

NF@MnMoO4//AC 302 (1 A/g) 107 801 [90]

AC//Graphene@WO3 465 (1 A/g) 27 6000 [32]

CoNi-LDH//AC 2616 (1 A/g) 35 1785 [91]

Na-FG-CC//C@Mn3O4-CC 318 (0.5 A/g) 110 1352 [92]

CAC/PANI//WO3 597 (1 A/g) 15 252 [93]

NF@NiMoO4@C//AC 201.3 (0.5 A/g) 72 852 [94]

HRG//m-WO3 389 (0.5 A/g) 93 500 this Work
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