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Boosting the ionic conductivity of PEO
electrolytes by waste eggshell-derived fillers for
high-performance solid lithium/sodium batteries†

Laiqiang Xu,a Jiayang Li,a Wentao Deng,a Lin Li,a Guoqiang Zou, a

Hongshuai Hou, a Lanping Huang*b and Xiaobo Ji *a

Poly(ethylene oxide) (PEO)-based polymer electrolytes are extensively investigated, and they have rapidly

developed in all-solid-state batteries (ASSBs) over recent years for their good interface contact with

electrodes, easy shaping and decent flexibility. However, their low ionic conductivity remains a serious

issue to be solved urgently. Researchers have found that the addition of fillers can improve the ionic

conductivity via creating more amorphous regions conducive to ion transport in PEO. Here, we adopted

waste eggshell as a precursor to prepare a sub-micron filler, which is mainly CaO, and it was added into

the PEO electrolyte to get a composite polymer electrolyte. Close contact via Lewis base-acid interaction

between CaO and PEO can be obtained, as CaO is an effective filler with strong alkalinity. To the best of

our knowledge, this is the first time it is applied in the PEO electrolyte. The filler significantly decreases

the crystallinity of PEO, and hence, boosted ionic conductivity of the composite polymer electrolyte is

observed, which is about 4.5 times higher than that of the polymer reference electrolyte. It additionally

brings a higher tensile strength along with a more stable electrochemical window (up to 5 V) to the

composite electrolyte. Therefore, as expected, the all-solid-state Li/Na battery with this composite

electrolyte exhibits long cycling life and excellent rate performances. The corresponding Li/LiFeO4 battery

has a stable capacity of 142.8 mA h g�1 at 1C after 200 cycles, and the corresponding solid-state

Na/Na3V2(PO4)3 battery gives a reversible capacity of 101.2 mA h g�1 at 0.5C after 100 cycles.

1. Introduction

Conventional lithium/sodium-ion secondary batteries based on
liquid electrolytes have been vastly developed in recent years,1–4

yet disadvantages such as unsafety, liquid leakage, uncontrol-
lable side reactions and dendrite issues seriously limit their
further development.5–8 All-solid-state batteries (ASSBs), the
batteries with all parts solid including the electrolyte, can
provide effective solutions to those practical problems.9–11

Particularly, the solid electrolyte, as a key part in ASSBs, plays
a vital role in facing the challenges of traditional batteries.
It includes inorganic electrolytes and polymer electrolytes.
Though some inorganic solid electrolytes own the ionic con-
ductivities comparable to that of liquid electrolytes,12–15

towards practical application in full batteries, the interface

and mechanical rigidity concerns are hard to overcome.16–18

In comparison with the inorganic electrolyte, the solid polymer
electrolyte is more promising for the advantages of compati-
bility with electrode materials, good flexibility, easy shaping
and cost-effectiveness.19,20

Polyethylene oxide (PEO)-based electrolytes are the most
extensively utilized polymer solid electrolytes.21–23 The other
frequently used polymer electrolytes include polyacrylonitrile
(PAN),24 polyvinylidene fluoride (PVDF)25 and polymethyl
methacrylate (PMMA).26 However, similar to other polymer
electrolytes, PEO electrolytes suffer from low ionic conductivity,
which is B10�7 S cm�1 at room temperature.27 Various strate-
gies involving addition of liquid plasticizers,28 construction of
block copolymers29 and introduction of fillers30 have been
applied to improve the ionic conductivity. Introducing fillers
to get a composite electrolyte can obviously improve the ionic
conductivity without sacrificing the thermal stability or electro-
chemical stability. For instance, research on Al2O3,31 SiO2,32

TiO2,33 and ZrO2
34 has reported enhancement in the ionic

conductivity of polymer electrolytes by increasing the amor-
phous region of the polymer, which promotes the lithium ion
transport. Recently, Luo group has reported that vertically
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aligned vermiculite sheets (VAVSs) could be applied as fillers.35

Its corresponding composite electrolyte can provide continuous
paths for Li+ transport at the interface. The ionic conductivity and
Li+ transference number were enhanced by the addition of the
VAVS. Li et al. synthesized a composite electrolyte by incorporat-
ing MnO2 nanosheets with PEO.36 The MnO2/PEO electrolyte
exhibited an ionic conductivity of 1.95 � 10�5 S cm�1 at 30 1C,
while it is only 1.38 � 10�5 S cm�1 for the pure PEO. Apart from
the conductivity, better tensile strength was observed in the
composite electrolyte.

Despite the above-mentioned progress, the effect of inorganic
fillers on increasing the amorphous region of polymers and
improving the transport of ions is limited because of the insuffi-
cient interaction between the fillers and polymer chains.
In addition, the complex synthesis process for constructing
effective nanoscale inorganic fillers is an obstacle to obtain
high-ionic-conductivity electrolytes. Compared with the common
metallic oxide filler, CaO with a stronger alkalinity can more
efficiently destroy the crystalline area of the polymer electrolyte,
realizing a composite electrolyte with high ionic conductivity.
As the main component of the waste eggshell is calcium carbo-
nate, it is facile to obtain a CaO-based filler using the waste
eggshell as the precursor. At the same time, it is an environment-
friendly strategy, as it is a waste utilization approach.

In this work, we put forward a novel inorganic filler derived
from eggshell (FDE). Since eggshell is mainly CaCO3, the filler
obtained by first ball-milling and then calcination of the egg-
shell is almost CaO. This is the first time that CaO is applied
as a filler for a composite electrolyte. CaO is a lithiophilic
material, and it can adsorb/desorb Li+/Na+ on the surface to
promote the diffusion. This filler shows superior ionic con-
ductivity, which we propose is from its stronger alkalinity than
that of the other inorganic fillers and its mixed ingredients
derived from multiple components of the eggshell. The pair of
factors has a synergetic effect on the PEO polymer chain,
making the filler-based electrolyte deliver a higher ionic con-
ductivity than the composite electrolyte with commercial CaO.
The ionic conductivity of the FDE-based Li+ polymer electrolyte
(a mix of FDE, PEO and LiClO4) can reach 6.39 � 10�5 S cm�1 at
ambient temperature, much higher than that of the FDE-free
Li+ polymer electrolyte (7.06 � 10�6 S cm�1). Meanwhile, the
FDE-based Na+ polymer electrolyte (a mix of FDE, PEO and
NaClO4) achieves an ionic conductivity of 4.9 � 10�5 S cm�1

at room temperature. With the addition of FDE, the whole
amorphous regions of the PEO polymer are increased, and
the tensile strength and electrochemical stability windows are
improved. As expected, the all-solid-state Li/LiFeO4, Na/Na3V2(PO4)3

batteries based on composite electrolytes display outstanding
cycling stabilities and rate performances.

2. Experimental section
Preparation of FDE materials

Chicken eggshell was collected from the local market, Changsha,
Hunan province of China. The eggshell was washed several times

with deionized water aiming at getting rid of impurities. After
that, the pretreated eggshell was dried at 60 1C overnight.
Then, the eggshell was subjected to ball-milling treatment
at 500 rpm for 12 h to get uniform eggshell bits. At last,
calcination of eggshell bits was conducted in a muffle oven at
1000 1C for 2 h to get the filler.

Preparation of composite polymer electrolytes

Polyethylene oxide (PEO, Sigma-Aldrich), lithium perchlorate
(LiClO4, 99.99%, Aladdin), and sodium perchlorate (NaClO4,
99.99%, Aladdin) were dried in a vacuum oven at 50 1C for 24 h
before use. A solution casting technique was applied to prepare
composite electrolytes. PEO, LiClO4 (or NaClO4), and FDE
material were mixed in acetonitrile (CH3CN, AR grade) and
stirred for 12 h to obtain a homogenous suspension (nEO : nLi/
Na = 20 : 1). Then the suspension was casted on a polytetra-
fluoroethylene (PTFE) plate and dried at 80 1C under vacuum
for 24 h to get composite polymer electrolytes (CPEs) with a
thickness of B90 mm. For comparison, the polymer electrolyte
without inorganic fillers was prepared by the same method.
All the solid electrolyte films were placed in an argon-filled
glove box before testing.

Material characterization

A field-emission scanning electron microscope (FESEM, JSM-
7001F) was used to observe the structure of the eggshell and the
derived filler. X-ray diffraction (XRD, Rigaku Model ULTIMA IV,
CuKa radiation) and inductively coupled plasma mass spectro-
metry (ICP-MS, Agilent 7800ce) were employed to investigate
the structure and composition of the sample. FTIR spectra were
recorded in the frequency range of 400–4000 cm�1 using an
FTIR spectrophotometer (Jasco, FT/IR-4100, Japan). Thermo-
gravimetric analysis (TGA, STA2500) and differential scanning
calorimetry (DSC, NETZSCH DSC 200PC) were carried out in a
N2 atmosphere at a temperature ramp of 10 1C min�1.
The particle size of final FDE materials was determined using
a Winner802 DLS Photon correlation nano particle size analy-
zer. The mechanical properties of the composite polymer
electrolyte film were analysed using an MTS Insight machine
(23 MTS Insight). A three-dimensional video microscope
(KH-7700, HIROX) was used to observe the crystal particle of
the composite electrolyte.

Electrochemical measurements

The ionic conductivity of the composite polymer electrolyte was
calculated using the equation (s = L/RbS), where L is the
thickness of the polymer electrolyte film, Rb is the electrolyte
resistance calculated from the blocking stainless steel electrode
by electrochemical impedance spectroscopy, and S stands for
the surface area of the electrolyte film. The electrolyte resis-
tance was obtained by electrochemical impedance spectro-
scopic testing of symmetric blocking cells using a PARSTAR
2273 in the a frequency range from 200 kHz to 0.1 Hz.
The electrochemical window of the composite electrolyte was
determined by linear sweep voltammetry of the stainless steel/
CPE/Li or stainless steel/CPE/Na battery.
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For full-cell performance test, LiFeO4 (Hefei Kejing Materials
Technology Co., Ltd)/Na3V2(PO4)3 (reported in our previous
work) was the active material.3 The working electrode included
70.0 wt% of active materials (LiFeO4 or Na3V2(PO4)3), 15.0 wt%
of conductivity agent (acetylene black) and 15.0 wt% of binder
(polyvinylidene difluoride, PVDF). The mixed materials in
N-methyl-2-pyrrolidone (NMP) were spread on the aluminum
foil, and then dried at 100 1C under vacuum for 12 h. Metallic
lithium or sodium were applied as the reference electrode.
The full cells were assembled in an argon-filled glove box.
A LAND-CT2001C test system was used for the electrochemical
measurement.

3. Results and discussion

The samples were characterized by XRD, as shown in Fig. 1a.
The XRD pattern of the eggshell shows the same diffraction
pattern as Mg0.03Ca0.97CO3 (JCPDS no. 89-1304), indicating that
the eggshell is mainly composed of CaCO3 and MgCO3. After
being calcined at different temperatures (700 1C, 800 1C, 900 1C,
and 1000 1C) to investigate the most appropriate calcination
temperature, the eggshell was eventually calcined at 1000 1C to
prepare the filler. As depicted by XRD patterns in Fig. 1a, at
700 1C, the calcined eggshell has obvious peaks of residual
CaCO3. As the temperature raised to 800 1C, the diffraction
peaks of CaCO3 disappeared, implying that the CaCO3 in
eggshell was fully decomposed.

Distinct peaks of CaO (JCPDS no. 77-2010) for the calcined
eggshell at 1000 1C appeared at at 32.21, 37.31, 53.81, 64.11,
67.41, and 79.61 corresponding to the (111), (200), (220), (311),
(222) and (400) lattice planes. The results can be further
confirmed by TG analysis. As demonstrated in Fig. 1b, the
eggshell has an endothermic reaction at 727.7 1C. Therefore, for
the following eggshell precursors, they were calcined at 1000 1C
to assure complete conversion of Mg0.03Ca0.97CO3. Fig. 1c and

Table S1 (ESI†) list the composition of this sample, which was
determined by ICP, and it shows that the calcined eggshell
mainly consists of CaO and MgO. This multiple-component
property of the filler can provide a synergetic effect on the
polymer chain, leading to a higher ionic conductivity. Addi-
tionally, the XRD technology was utilized to explore the crystal
structure change of PEO after the addition of the FDE filler. As
depicted in Fig. 1d, PEO has two obvious diffraction peaks at
19.01 and 23.21. No phase change occurs after the introduction
of the FDE filler. However, the diffraction peaks become weaker
and broader, demonstrating the decrease in the crystallinity of
LiClO4/NaClO4-based PEO composite electrolytes, which are
ascribed to the Lewis acid–base interactions caused by the
PEO electrolyte and filler. The decreased crystallinity of PEO
is beneficial for increasing its ionic conductivity, as the amor-
phous regions of the PEO electrolyte are effective to enhance
the ionic conductivity.13 Therefore, the performance of the
composite electrolyte is expected to be enhanced.

The SEM technique was applied to look into the structure of
the eggshell and the corresponding filler. Fig. 2a displays the
initial morphology of the eggshell, which shows a few large
chunks. It is a common morphology of the eggshell (i.e. a whole
piece including some pores on the surface). In order to even the
size of the final product, the ball-milling technique was
employed to crush the large pieces and smash all particles.
It can be seen that the whole structure of the eggshell is destroyed
and particles become more uniform in size after ball-milling
(Fig. 2b). Therefore, the corresponding filler is mainly composed
of 220 nm and 260 nm size particles (Fig. 2c and d), which was
confirmed using a nanoparticle size analyzer. In contrast, when
not treated by ball-milling, the obtained filler consisted of
aggregated micro-size particles, as shown in Fig. S1 (ESI†), which
is not favorable for ion transport.48 In general, micro-size fillers
will increase the blocking effect, which is not favorable for ion
transfer, and the decrease in the particle size can mitigate the
blocking. The FDE from the eggshell treated by ball-milling

Fig. 1 (a) XRD patterns of uncalcined and calcined eggshell at 700, 800,
900, and 1000 1C. (b) TG and DTA curve of eggshell. (c) ICP data of
calcined eggshell at 1000 1C. (d) XRD patterns of each component and the
corresponding composite electrolytes.

Fig. 2 SEM pattern of (a) untreated eggshell, (b) ball-milling-treated egg-
shell, and (c) calcined eggshell. (d) Size distribution of calcined eggshell
obtained using a nanoparticle size analyzer.
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demonstrates a decreased particle size, and thus, it could effec-
tively avoid the blocking effect and bestow the polymer electrolyte
with a better ionic conductivity.37,38 Moreover, samples with tiny
particles possess a large specific surface area, causing a more
significant effect on destroying the crystalline area of PEO.

The ionic conductivity related to the ability of Li+/Na+

transport is crucial to a polymer electrolyte, which has a great
influence on the electrochemical performance of a full cell.
In Fig. 3, the temperature-dependent ionic conductivities of the
composite electrolyte with different FDE contents are shown in
detail. It was found that with the addition of FDE, the ionic
conductivity of polymer electrolyte is enhanced, which is
ascribed to the decrease in the crystalline region of PEO.
As the increase in the amorphous region leads to enhanced
segmental motion, the ionic conductivity is correspondingly
improved. A further increase in the filler content will result in a
decrease in the ionic conductivity, owing to the aggregation of
the filler. Compared with the FDE-free polymer electrolyte, all
the FDE-based composite polymer electrolytes show an obvious
increment in the ionic conductivity due to the improved polymer
chain segment mobility.39 The comparison of the ionic conduc-
tivity of the FDE-based composite electrolyte and the FDE-free
electrolyte is discussed in Table S2 (ESI†). For the Li+ system, the
optimal ionic conductivity reaches 6.39 � 10�5 S cm�1 (25 1C),
which belongs to the PEO–FDE–Li composite electrolyte with

7 wt% FDE filler (PEO–7FDE–Li). At the same time, the PEO–
FDE–Na composite electrolyte with 5 wt% FDE (PEO–5FDE–Na)
shows a maximum ionic conductivity of 4.9 � 10�5 S cm�1

(25 1C). Moreover, the composite polymer electrolyte with com-
mercial CaO was also investigated. In the same ratio, the FDE-
based composite electrolytes possess a higher ionic conductivity
than that of the commercial CaO-based electrolyte (Fig. S2, ESI†),
which are all higher than that of the pure PEO electrolyte.
The sub-micron size and the synergetic effect of multicompo-
nents are the main reason that FDE composite electrolyte can
have a better function.40 As observed in the Fig. S3 (ESI†),
commercial CaO consists of micron-size particles, which is not
conducive to ion transmission. Furthermore, commercial CaO
has a much lower specific surface area (2.83 m2 g�1) than the FDE
(19.09 m2 g�1) (Fig. S4, ESI†), which is inferior in destroying the
crystallinity of PEO.

A microscope was used to directly observe the crystallization
behavior of the polymer electrolyte after the addition of FDE
(shown in Fig. 4). When FDE was introduced, the polymer
crystal was different from that observed before (Fig. 4b and d).
Yellow circles represent the spherocrystal of the PEO electrolyte.
The crystal size was decreased and a larger amorphous region
was formed, which explained the increase in the ionic con-
ductivity. TG and DTA measurements were further employed
to characterize the crystallization variation of electrolytes.
Compared with FDE-free PEO–Li or PEO–Na polymer electro-
lytes, PEO–7FDE–Li and PEO–5FDE–Li indicate lower melting
temperatures, as shown in Fig. 5a and b, which is assigned to
the decreased polymer crystallization. At the same time, the
thermostability of the composite electrolytes is improved upon
introducing the FDE. It can be addressed to eliminating the risk
of thermal runaway under extreme conditions.41 In addition,
the DSC measurement was applied to observe the crystalline
change caused by the FDE filler.42 As displayed in Fig. 5c and d,
the endothermic peak temperatures of PEO–Li/PEO–Na are
higher than those of the composite polymer electrolyte, which
is in agreement with the DTA curves. As listed in Table 1, the
enthalpy of melting (DHm) and crystallinity (wc) were calculated

Fig. 3 Temperature-dependent ionic conductivity of (a) PEO–FDE–Li
and (b) PEO–FDE–Na with different FDE contents.

Fig. 4 Microscope images of (a) PEO–Li, (b) PEO–7FDE–Li, (c) PEO–Na,
and (d) PEO–5FDE–Na.

Fig. 5 TG and DTA (a and b) and DSC (c and d) curves of PEO–Li,
PEO–7FDE–Li, PEO–Na, and PEO–5FDE–Na.
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to verify the changes in the polymer electrolyte.43 In comparison
with the pure PEO–Li and PEO–Na, composite electrolytes all
demonstrate lower melting enthalpies and crystallinities, which
can explain their enhanced ionic conductivity. It is worth noting
that the dissociation of LiClO4 or NaClO4 is an important factor
improving the ionic conductivity. Hence, Fourier transform
infrared (FTIR) spectroscopy was conducted to test the dissociation
of LiClO4 or NaClO4. The peaks located at 624 and 635 cm�1 are
attributed to the dissociated ‘‘free’’ ClO4� ions and ion pairs
LiClO4/NaClO4.44 As shown in Fig. 6a and b, the dissociation of
LiClO4 in the PEO–Li and PEO–Na electrolytes is 95.2% and
95.4%, respectively, which is lower than that of PEO–7FDE–Li
(97.6%) and PEO–5FDE–Na (97.5%), implying that the FDE filler
composite polymer electrolyte can improve the dissociation of
the electrolyte salt.

Based on the above-mentioned results, a schematic of the
mechanism of FDE boosting the ionic conductivity was
proposed, which is plotted in Fig. 7. Without the addition of
FDE, the PEO electrolyte shows high crystallinity, which is not
beneficial for the Li+/Na+ transport. There are a couple of
positive influences that FDE can have on a composite electro-
lyte. First, the introduction of the FDE filler can effectively
destroy the crystalline structure of the PEO polymer electrolyte,
creating more amorphous regions. The polymer chain segment
mobility is then enhanced, causing the rapid movement of
Li+/Na+ in the electrolyte. Besides, FDE can adsorb/desorb
Li+/Na+ on the surface, which could promote ion diffusion.

Besides the ionic conductivity, mechanical property is an
important factor to evaluate the performance of a solid electrolyte.

To investigate the influence of the FDE filler on the mechan-
ical property of polymer electrolytes, tensile strength testing
was performed. As represented in Fig. 8a and b, the tensile
strength of the PEO–7FDE–Li film can reach 1.71 MPa, while for
PEO–Li, it is only 1.08 MPa. For PEO–5FDE–Na, the tensile
strength increases as well (1.38 MPa) in comparison with the

PEO–Na electrolyte (1.22 MPa). All the results indicated that the
introduction of FDE can enhance the mechanical property of
the composite electrolyte film. Moreover, as shown in Fig. S5
(ESI†), all the composite electrolyte films have good flexibility.
After continuous folding and refolding, the electrolyte film can
always recover to its initial appearance, indicating the potential
to apply this composite electrolyte in flexible electronic devices.
Electrochemical stability is important for ASSBs, especially for
devices with high-voltage cathode materials. The composite
electrolytes demonstrate enhanced electrochemical stability
over the reference polymer electrolyte, and the curves are
shown in Fig. 8c and d. It is observed that the PEO–7FDE–Li
electrolyte has a stable electrochemical window up to 5 V, while
an oxidative peak of the PEO–Li electrolyte appears at 4.6 V.
In addition, the electrochemical window of the PEO–5FDE–Na
electrolyte can reach 5 V, which has a significant improvement
when compared with the PEO–Na electrolyte (3.5 V). Due to the
addition of the FDE filler, the composite polymer electrolyte
exhibits a wider electrochemical window, implying that the
composite electrolyte can match well with high-voltage cathode
materials.

Table 1 DSC data for the PEO–FDE composite electrolyte

Sample Tm/1C DHm/J g�1 wc (%)

PEO–Li 64.09 154.08 78.97
PEO–7FDE–Li 62.17 82.56 42.34
PEO–Na 62.76 108.84 55.82
PEO–5FDE–Na 61.58 67.32 34.52

Fig. 6 . FTIR spectra of (a) PEO–Li, PEO–7FDE–Li and (b) PEO–Na,
PEO–5FDE–Na at a wave number of 600–650 cm�1.

Fig. 7 Schematic of the mechanism for improving ionic conductivity.

Fig. 8 Stress–strain curves of (a) PEO–Li and PEO–7FDE–Li and
(b) PEO–Na and PEO–5FDE–Na. Electrochemical stability windows for
(c) PEO–Li and PEO–7FDE–Li and (d) PEO–Na and PEO–5FDE–Na.
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The investigations mentioned above can confirm that FDE is a
promising filler. To further understand the effect of composite
electrolytes on the electrochemical performance of a device, their
corresponding batteries were assembled. Electrochemical
measurement was performed at 1C (1C = 170.0 mA g�1) at
60 1C, as plotted in Fig. 9a. The LiFePO4/Li cell with the PEO–
7FDE–Li electrolyte delivers an initial capacity of 121.0 mA h g�1.
Impressively, the reversible capacity is 142.8 mA h g�1 after
200 cycles, and during the cycling process, the coulombic effi-
ciency reaches nearly 100%. Conversely, the capacity of the full
cell based on the PEO–Li electrolyte shows a continuously
declining trend and 78.5 mA h g�1 is retained after 200 cycles.
The rate performances of the above-mentioned devices were also
studied in detail (Fig. 9b). At a high rate of 3C, the LiFePO4/Li cell
with PEO–7FDE–Li electrolyte has a relatively high capacity of
139 mA h g�1, which is much higher than that of the PEO–Li-
based cell (77.9 mA h g�1). At the same time, the capacity can
recover to its original level when the current density is back to
0.1C, indicating a great rate retention of the capacity. All the
results indicated the positive effect of the composite electrolyte
on electrochemical performances. In addition to CE and rate
performance, the polarization between the charging and the
discharging platform, revealing the cycle stability, was studied
to judge the comprehensive performance of a battery. As shown
in the curves (Fig. 9c and d), it can be found that the polarization
voltage first increased and then decreased for PEO–7FDE–Li and
PEO–Li, implying the interface between the polymer electrolyte
and the electrode is not stable at the very beginning. (The initial
cycle is an interface activation process.) This trend of interface
change is also reflected in the capacity of the cycle test (Fig. 9a).
As shown in Fig. S6a (ESI†), the charge transfer resistance in the
high-frequency semicircles displays the same trend, implying the
activation process. Moreover, the PEO–7FDE–Li electrolyte-based
cell displays a more stable polarization than the cell with the
PEO–Li electrolyte, demonstrating the steady cycling perfor-
mance of the PEO–7FDE–Li electrolyte.

Additionally, we studied the sodium-ion battery with com-
posite electrolytes. Here, Na3V2(PO4)3 (NVP), as a promising
cathode for sodium-ion batteries,45 was applied in the device to
assess the potential of the PEO–5FDE–Na and PEO–Na electro-
lytes in all-solid-state sodium-ion batteries. The full cell with
Na3V2(PO4)3 as the cathode, Na metal as the anode, PEO–5FDE–
Na as the electrolyte has an initial capacity of 49.2 mA h g�1 at
0.5C (1C = 117.6 mA g�1). Moreover, the capacity can remain at
101.2 mA h g�1 after 100 cycles (Fig. 10a), while the capacity of
the battery based on the PEO–Na electrolyte is much lower,
which only delivers 67.5 mA h g�1 at 0.5C after 100 cycles
(Fig. 10a). The rate performance and polarization voltage of the
above-mentioned batteries are also discussed in detail. A high
capacity of 74.0 mA h g�1 can be obtained from the battery
based on the PEO–5FDE–Na electrolyte at a high rate of 3C, and
impressively, the PEO–Na electrolyte-based cell shows no capa-
city (Fig. 10b). As plotted in Fig. 10c and d, the polarization
voltage shows the same trend as that of the lithium-ion battery:
first decreased and then increased. It can be found that the all-
solid-state Na+ battery also displays an interface activation
process. The EIS trend shown in Fig. S6b (ESI†) demonstrates
the same process. Note that the NVP/Na cell based on PEO–Na
has a less stable polarization voltage than the corresponding
PEO–5FDE–Na cell, demonstrating that cycling is more steady
with the PEO–5FDE–Na electrolyte.

Since the interface between the polymer electrolyte and the
electrode material is critical to the performance of the full cell,
cycling tests of symmetric cells of Li|PEO–7FDE–Li|Li and
Na|PEO–5FDE–Na|Na were conducted to investigate the inter-
face (Fig. 11).46,47 It is obvious that the polarization voltages of
both samples show a gradually stabilizing process, in agree-
ment with the previous cycling test results, and the curves
indicate that both the overpotentials are stable after the activa-
tion process. The corresponding EIS tests were also conducted
to confirm the trend (Fig. S7, ESI†). The resistance decreased

Fig. 9 Electrochemical performance of LiFePO4/Li cells with PEO–7FDE–
Li or PEO–Li as the electrolyte. (a) Cycling performance and coulombic
efficiency at 1C rate between 2.5 V and 4.0 V vs. Li+/Li. (b) Rate perfor-
mance from 0.1C to 3C. Charge/discharge curves at different cycles for
(c) PEO–7FDE–Li and (d) PEO–Li.

Fig. 10 Electrochemical performance of NVP/Na cells with PEO–Na or
PEO–5FDE–Na as the electrolyte. (a) Cycling performance and coulombic
efficiency at 0.5C between 2.0 V and 4.2 V vs. Na+/Na. (b) Rate perfor-
mance from 0.1C to 3C. Charge/discharge curves at different cycles for
(c) PEO–5FDE–Na and (d) PEO–Na.
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during the initial cycling, indicating the activation process.
The overpotential of the Li|PEO–7FDE–Li|Li cell remains stable
for over 200 h at a current density of 0.5 mA cm�2, and the Na
symmetric cell with the PEO–5FDE–Na electrolyte has a steady
overpotential within 250 h. The uniform plating and stripping
of Li or Na in batteries based on PEO–7FDE–Li or PEO–5FDE–
Na polymer electrolytes have a potential role in inhibiting the
dendrite issues of Li and Na.

4. Conclusions

A sub-micron FDE filler has been fabricated by a facile eggshell
conversion method with the assistance of ball-milling, and it
was added with PEO to get a composite polymer electrolyte. In
the composite electrolyte, the FDE filler can act as a Lewis base,
relying on the Lewis acid–base interaction to combine the PEO
polymer. The XRD results, microscope images and DSC data
indicated that the crystallinity of PEO decreased and more
amorphous regions were formed after the addition of the FDE
filler, which is beneficial for Li+/Na+ transport. Compared with
commercial CaO, the sub-micron size and multi-components
of FDE cause a synergetic effect on improving the ionic con-
ductivity of the electrolyte. Due to these advantages, composite
polymer electrolytes of PEO–7FDE–Li and PEO–5FDE–Na exhibit
ionic conductivities of 6.39 � 10�5 and 4.90 � 10�5 S cm�1

at room temperature, respectively, which are much higher
than those of the PEO–Li (7.06 � 10�6 S cm�1) and PEO–Na
(6.10 � 10�6 S cm�1) electrolytes. Furthermore, a stable cycling
and excellent rate performance of the full cell based on the
composite electrolyte were observed. The LiFePO4/Li cell with
the PEO–7FDE–Li electrolyte delivers a capacity of 142.8 mA h g�1

at 1C after 200 cycles. In addition, the Na3V2(PO4)3/Na battery
based on the PEO–5FDE–Na electrolyte delivers a reversible
capacity of 101.2 mA h g�1 at 0.5C after 100 cycles. The simple
fabrication method and excellent electrochemical performance
enable the FDE-based composite electrolyte extremely promising
for ASSBs.
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