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d biodegradable solid polymer
electrolytes for high voltage and high temperature
lithium batteries

Yue Lin,a Yun Cheng,a Jie Li,a Jan D. Miller,b Jin Liu *a and Xuming Wang*b

Solid polymer electrolytes (SPEs) have significant potential to improve the energy density of lithium batteries

and exhibit good flexibility, electrochemical stability and increased safety. In this study, a biocompatible and

biodegradable SPE is prepared by using the natural product, wheat flour. The SPE is found to have an ionic

conductivity of 2.62 � 10�5 S cm�1 at 25 �C with a Li+ ionic transference number of 0.51. FTIR and SEM are

used to characterize the chemical and physical structures of the SPE. The results show that the enhanced

ionic conductivity is mainly due to good compatibility of wheat flour with PEO and the decreased

crystallinity of the electrolyte. Using the SPE, both NCM-811 and LiFePO4 batteries can be used in the

temperature range of 25–100 �C. The experimental results demonstrate the potential of nature-derived

solid materials for high energy and high safety green energy storage systems.
1. Introduction

Modern applications of electrical systems require energy
storage systems with high temperature, high energy, and high
safety at the same time.1,2 However, most of the present
batteries based on combustible organic solvents cannot simul-
taneously meet these requirements.3 This necessitates the
discovery of solid electrolytes. Among advanced electrolytes,
solid polymer electrolytes (SPEs) are fascinating due to their
exible properties, which enable the fabrication of batteries of
various shapes.4–9 In this way, the overall battery packaging and
cost can be reduced and the energy density enhanced.10 Besides,
SPEs also make the use of high energy cathodes safer thanks to
SPEs' high thermal and electrochemical stability. Thus, the
energy density of SPE batteries can be increased.

SPE research began with polyethylene oxide (PEO) based
electrolytes, which are also widely studied today.11–15 Various
methods have been used to improve the ionic transport perfor-
mance of these electrolytes including adding nanoparticles,
crosslinking to make a new polymer host, and blending poly-
mers.14–20 Recently, nanotube halloysite modied electrolytes
were reported to achieve ionic conductivity of 1.11 � 10�4 S
cm�1.17 By using the electrolyte, the all-solid-state lithium–sulfur
battery obtained a capacity of 1350 mA h g�1 initially at 25 �C
and 0.1C. Besides, micro size lithium ionic conductive ceramic
Li10GeP2S12 was used in a PEO electrolyte, which exhibited ionic
conductivity of 1.18� 10�5 S cm�1 and 1.21� 10�3 S cm�1 at 25
tral South University, Changsha, Hunan,

University of Utah, Salt Lake City, UT

63
and 80 �C, respectively.13 The LiFePO4/Li battery achieved
capacities of 158, 148, 138 and 99 mA h g�1 at current rates of
0.1C, 0.2C, 0.5C and 1C at 60 �C, respectively. Our previous
results show that a food grade starch hosted polymer electrolyte
presents both high ionic conductivity of 3.39 � 10�4 S cm�1

and high lithium ion transference number of 0.80 at 25 �C.21

Finally, it was reported that a cellulose nonwoven membrane
supported PEO:PCA:LiBOB SPE displayed ionic conductivity of
1.3 � 10�5 S cm�1 at 20 �C.22 These publications demonstrate
the possibility of using natural materials for the design and
fabrication of SPEs.

Natural materials are largely composed of carbon and
oxygen, which are similar to –C–C–O– units of PEO. Besides,
PEO is biocompatible and hence has been widely used in
pharmaceutical industries.23 Therefore, it is expected that PEO
will be compatible with natural materials.24 The food grade
natural materials for our daily life such as corn starch, wheat
our and protein powder are nano- to micro-sized powders with
well controlled size. Thus, these products hold great potential
as direct ller material in PEO based electrolytes.

Among these natural materials, wheat our has been widely
used to make dumplings because of its excellent lming
properties.25 In this study, food grade wheat our was directly
used to prepare a PEO electrolyte. The electrochemical and
thermal properties of the solid polymer electrolyte were
studied. The chemical and physical structures of the electro-
lyte were characterized to investigate the ionic transport. The
wide temperature application potential of the biodegradable
and biocompatible electrolyte was demonstrated by assem-
bling the SPE into both high voltage Li(Ni0.8Co0.1Mn0.1)O2

(NCM-811) and high safety LiFePO4 batteries working in the
temperature range of 25–100 �C.
This journal is © The Royal Society of Chemistry 2017
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2. Experimental
2.1 Materials

Polyethylene oxide (PEO, Mw ¼ 4 000 000, 99.9%) and aceto-
nitrile (CH3CN, chromatographic grade) were obtained from
Aladdin. Jinshahe brand wheat our was bought from the
supermarket. The wheat our is mainly composed of wheat
starch and protein. Lithium bis(triuoro-methanesulfonyl)
imide (LiTFSI, +99.5%) was purchased from Sigma-Aldrich
and stored in a glove box before use.

2.2 Preparation of PEO + LiTFSI + wheat our electrolyte

The preparation of the exible SPE was carried out as follows.
PEO and wheat our were dried at 40 �C in vacuum for 24 h. The
LiTFSI was used directly in an argon lled glove box. With all
materials in the glove box, the PEO, wheat our, LiTFSI and
acetonitrile were stirred in a beaker until the mixture was
uniform. Then the suspension was casted and dried to form
a exible PEO + LiTFSI + wheat our electrolyte lm at 80 �C in
the glove box. The ratios of PEO, wheat our and LiTFSI were
adjusted to optimize the performance of the SPE.

2.3 Electrochemical properties of the SPE

Electrochemical impedance was used to measure the ionic
conductivity of the SPE in the temperature range from 25 to
100 �C. The SPE lms were sandwiched between two stainless
steel (SS) disks and assembled into a CR2025 cell. The ampli-
tude voltage was 10 mV and the frequency range was 100 kHz–
1 Hz. The ionic conductivities were calculated as follows:

s ¼ l

SRb

where l is the thickness of the SPE lm, Rb is the resistance of
the electrolyte, obtained from the intercept of the x-axis of the
straight line, and S is the area of the blocking stainless steel
electrodes.

Lithium ionic transference number was obtained by using
the polarization method. The SPE was sandwiched between two
lithium discs and assembled in a CR2025 cell. The cell was
polarized with a voltage of 10 mV and the current changing with
elapsed time was recorded. The impedances of the cell before
and aer polarization were measured.

Electrochemical stability of the SPE was tested by using
stainless steel as the working electrode, and lithium as refer-
ence and counter electrodes. The cell consisting of the elec-
trodes and SPE was sealed in CR2025 shells. Testing was
conducted from open circuit voltage (OCV) to 6 V vs. Li/Li+ at
a scan rate of 10mV s�1. Cyclic voltammetry of the Li/SPE/SS cell
in the voltage route of OCV/�2 V/OCV at 25 �C and of OCV
/�0.5 V/ OCV at 100 �C at a scan rate of 10 mV s�1 was used
to investigate the plating/striping performance of Li+/Li.

2.4 Thermal, physical and chemical structural
characterization of the SPE

Morphologies of the wheat our particles and solid polymer
electrolyte were observed with a scanning electron microscopy
This journal is © The Royal Society of Chemistry 2017
(SEM, JSM-6360LV) and the elemental distribution of the elec-
trolyte sample was examined by energy dispersive spectrometer
(EDS, EDX-GENESIS). The thermal behavior of the electrolyte
was identied by thermogravimetric analysis (TGA, SDTQ600)
under an Ar atmosphere at a heating rate of 10 �C min�1 from
room temperature to 800 �C. Additionally, combustion test was
carried out to characterize the ame-retardant ability of the
electrolyte. The SPE or Celgard separator used with liquid
organic electrolyte was placed near to the ame and the results
were recorded by camera. Attenuated total reectance Fourier
transform infrared spectroscopy (ATR-FTIR, Bruker Tensor II)
was performed to analyze the chemical structure of the elec-
trolyte lm.
2.5 Battery performance

Batteries based on the SPE were assembled and sealed in
CR2025 coin cells by contacting in sequence a NCM-811 or
LiFePO4 cathode (d ¼ 10 mm), a layer of SPE, and a lithium
metal anode disk (d ¼ 15.6 mm, thickness ¼ 0.3 mm). The
electrode–electrolyte was housed and sealed in a CR2025 coin
cell. The cathode was prepared by making NCM-811 or LiFePO4,
binder and carbon with weight ratio of 8 : 1 : 1 into NMP slurry.
The slurry was coated on aluminum foil and heated at 100 �C to
remove the solvent. The cathode was cut into discs. The
batteries were assembled in the argon lled glove box. The cut-
off voltage of the discharge and charge process for LiFePO4

battery was respectively 2.0 and 4.2 V at 25 �C, 2.0 and 3.8 V at
100 �C. The cut-off voltage of the discharge and charge process
of NCM-811 battery was respectively 2.5 and 4.2 V at both 25 and
100 �C. Rate performance of the batteries at 100 �C was con-
ducted at 1, 3, 5, 10C and back to 5, 3, 1C. In each rate, the
battery was cycled for 5 times. All the tests were performed in
a LAND CT2001A battery test system.
3. Results and discussion
3.1 Lithium ionic conductivity, chemical structure and
morphology of the wheat our modied SPE

As a crucial parameter, the ionic conductivity of the PEO +
LiTFSI + wheat our SPE was optimized by adjusting the weight
ratio of PEO, wheat our and LiTFSI, and the results are shown
in Fig. 1.

In Fig. 1a, the ionic conductivities of the SPEs at 25 �C with
PEO : wheat our weight ratio of 10 : 1, 9 : 1 and 4 : 1 and
LiTFSI weight concentration of 20%, 30%, 40% and 50% are
shown. Further increase in the weight of wheat our leads to
rupture of the lm. So the PEO : wheat our weight ratio was
kept higher than 4 : 1. It is seen that at the LiTFSI concentra-
tions of 30%, 40%, and 50%, the SPEs with PEO : wheat our
ratio of 9 : 1 exhibit highest ionic conductivities compared with
those with PEO : wheat our ratio of 10 : 1 and 4 : 1. At low
LiTFSI concentration of 20%, the SPEs with all PEO : wheat
our ratios have almost the same ionic conductivity of about
2.12 � 10�6 S cm�1.

The ionic conductivity increases with LiTSFI content for
each PEO : wheat our ratio at rst. At 40%, the SPEs present
RSC Adv., 2017, 7, 24856–24863 | 24857
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Fig. 1 (a) Ionic conductivity of the SPEs at 25 �C with PEO : wheat flour weight ratio of 10 : 1, 9 : 1 and 4 : 1 and LiTFSI weight concentration of
20%, 30%, 40% and 50%. (b) Ionic conductivity as a function of temperature of the SPE with PEO : wheat flour weight ratio of 9 : 1 and LiTFSI
concentration of 40%. Inset is the EIS spectra at some selected temperatures for ionic conductivity calculation. The ionic conductivity of PEO +
LiTFSI SPE with LiTFSI concentration of 40% is also shown as comparison. (c) Chronoamperometry of the Li/SPE/Li cell at a potential step of
10 mV. Inset: the AC impedance spectra of the same cell before polarization and after the steady-state current. (d) ATR-FTIR spectra of PEO,
wheat flour, LiTFSI, PEO + LiTFSI and PEO + LiTFSI + wheat flour. The spectra of PEO + LiTFSI and PEO + LiTFSI + wheat flour were fitted with the
same half-width of the peaks at 1360 cm�1 and 1340 cm�1 in PEO spectrum and 1326 cm�1 in LiTFSI spectrum.
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the highest value. When the content is raised to 50%, the
ionic conductivities decline. The highest ionic conductivity of the
SPEs is 2.62 � 10�5 S cm�1 and is obtained at PEO : wheat our
ratio of 9 : 1 and LiTFSI concentration of 40%. The optimal
conditions were maintained in the following measurements.

Previous research on PEO based electrolyte shows that the
ionic conductivity was higher in the amorphous state than in
the crystalline state because of a better segment motion leading
to quicker carriers' movement.26,27 In the crystalline state,
the logarithm ionic conductivity shows a linear relation with

1000/T, which obeys the Arrhenius equation (s ¼ A exp
Ea

RT
).28

In amorphous state, the Vogel–Tamman–Fulcher equation

(VTF, s ¼ AT�0:5 exp
�
� B

kðT � T0Þ
�
) can describe the ionic

conductivity behavior.28 So, the ionic conductivities of the PEO +
LiTFSI + wheat our with highest room temperature ionic
conductivity were measured at different temperatures to inves-
tigate the physical state of the SPE and the results are shown in
Fig. 1b. The EIS spectra for calculation at some selected
temperatures are present in the inset of Fig. 1b. The ionic
conductivity of PEO + LiTFSI without wheat our is also shown
in Fig. 1b as comparison. At 25 �C, the ionic conductivity of PEO
+ LiTFSI + wheat our electrolyte is 2.62� 10�5 S cm�1, which is
24858 | RSC Adv., 2017, 7, 24856–24863
6 times of that of PEO + LiTFSI electrolyte (4.47 � 10�6 S cm�1).
Besides, it is found that for PEO + LiTFSI electrolyte, the loga-
rithm ionic conductivity shows a linear relation with 1000/T at
low temperature, while a curve relation at high temperature.
Aer tted the data with the Arrhenius equation at low
temperature and the VTF equation at high temperature, there is
an inection point at 60 �C corresponding to phase transition
(crystalline to amorphous) of PEO. As a comparison, the ionic
conductivity of PEO + LiTFSI + wheat our changes smoothly
with temperature. These results mean that the crystalline state
almost disappears in the wheat our modied SPE, which
benet for ionic transportation.

Lithium ionic transference number was measured by polar-
ization and AC impedance to evaluate the Li+ ion contribution
for the total ionic conductivity29 and the results are presented in
Fig. 1c. The value was calculated by the following expression:30

tþ ¼ IsðV � I0R0Þ
I0ðV � IsRsÞ

where V is the DC voltage applied to the cell, 10 mV in this
test; R0 and Rs are the initial and steady-state interfacial resis-
tances, 2946.6 and 3230.6 U respectively herein; and I0 and Is-
are the initial and steady-state current, 0.00296 and 0.00246
mA respectively. So, the lithium ionic transference number
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Morphology and elemental distribution in wheat flour modified
SPE. (a) SEM image of wheat flour particles, (b) SEM image of PEO +
LiTFSI + wheat flour SPE, (c) O and (d) S elemental distribution in the
SPE.

Fig. 3 Thermal stability characterization of the wheat flour modified
SPE. (a) Thermal analysis of the SPE. The SPE (b) was placed close to
the flame, the electrolyte at (c) and (d) were still self-standing after 10
seconds. As a comparison, the Celgard separator with liquid organic
electrolyte (e) was also placed close to the flame and stopped at
almost the same position with SPE, (f) the separator shrunk in less than
1 second and (g) the electrolyte burned.
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calculated is 0.51. Compared to the pure PEO + LiTFSI system,
the value is greatly enhanced.31,32 This value is also higher than
0.2–0.4 of commercial liquid electrolytes.33,34

It is generally accepted that the ionic conductivity of SPEs is
decided by the number of charge carriers and the carrier
mobility.28 The addition of wheat our decreases the crystal-
linity of the electrolyte. So, at low our concentration, the ionic
conductivity increases with our, while further increases in
our concentration leads to the decline of PEO segment motion
and ionic conductivity decreases. Besides, the ionic conductivity
is also affected by LiTFSI concentration, which inuences the
number of Li+ ions. At low LiTFSI concentration, the ionic
conductivity is simply improved by increasing the number of
carriers. When the concentration of lithium salt is high, the ion
pairs begin to form and the ionic conductivity is declined. In
addition, from the Li+ ionic transference number result, it is
suspected that the wheat our also contributes to the dissoci-
ation of the LiTFSI salt and improves the pure lithium ionic
conductivity.

Chemical structure and morphology of the PEO + LiTFSI +
wheat our SPE was investigated to further understand the
ionic conductivity improvement in the SPE. The chemical
structure of the wheat our modied SPE was investigated by
ATR-FTIR. Fig. 1d shows the FTIR spectra at 1400–1300 cm�1 of
pure PEO, pure LiTFSI, wheat our, PEO + LiTFSI and PEO +
LiTFSI + wheat our SPE. For pure PEO, there are two peaks at
1360 and 1340 cm�1, which are from wagging absorptions of
–CH2– in the helical structure and the trans planar structure,
respectively.35 The appearance of these two –CH2– vibrations in
PEO illustrates that crystalline structures are present.36,37 For
wheat our there are also absorptions in 1360 and 1340 cm�1.
The peak at 1326 cm�1 in LiTFSI spectrum is from asymmetric
–SO2– stretching.38 Aer mixing PEO with LiTFSI, the peak shi
of PEO at 1360 cm�1 to 1357 cm�1, 1340 cm�1 to 1346 cm�1 and
the peak shi of –SO2– at 1326 cm�1 in LiTFSI to 1334 cm�1

prove that dissociation of LiTFSI by PEO occurs. Aer addition
of wheat our to PEO + LiTFSI, the two peaks of –CH2– in PEO
further shi to 1351 cm�1 and 1349 cm�1. The peak of –SO2–

remains almost the same. These results demonstrate that the
wheat our particles interact with PEO and change the crystal-
line structure. Thus, the ionic conductivity is enhanced by
reducing the crystallinity.

The morphology and elemental distribution of the wheat
our modied SPE were studied respectively by SEM and EDS,
and the results are seen in Fig. 2. The wheat our particles
present diameters of 1–10 mm in Fig. 2a. Aer mixing PEO,
LiTFSI and wheat our in acetonitrile and cast in argon lled
glove box, a lm with quite a smooth surface (see Fig. 2b) was
formed. Only some small particles with diameter of about 1 mm
are found on the surface. Fig. 2a and b were obtained at the
same magnication. Therefore, the wheat our particles can be
well dispersed in the SPE lm.

From the EDS results, the elements of O and S (Fig. 2c and
d respectively) are uniformly distributed in the PEO + LiTFSI +
wheat our SPE. These results demonstrate that the three
components of PEO, wheat our and LiTFSI are compatible and
well dispersed in the SPE. Wheat starch and protein are two
This journal is © The Royal Society of Chemistry 2017
main compositions in wheat our.39 In previous reports, it is
found that SiO2, Al2O3, MOF and halloysite llers can reduce
PEO crystallinity, and Li+ ion channel is formed by the inter-
action of PEO, llers and lithium salt.16,17,31,32 There are plenty of
–C–O–, –N– and –C]O functional groups in wheat our, which
can coordinate with Li+ ions like –C–O–C– in PEO. Thus, special
Li+ ion channels on the surface of wheat our particles are
formed. In addition, the interactions reduce the crystallinity of
PEO. Therefore, the Li+ ionic conductivity is enhanced.

3.2 Thermal and electrochemical stability of the SPE

Thermal and electrochemical stability of the SPE were tested to
decide the application temperature and voltage range of the
SPE. Thermal stability was characterized by thermal analysis
and combustion test, and the results are presented in Fig. 3.

Thermal degradation of the SPE is seen in Fig. 3a. Below
270 �C, the electrolyte has a weight loss of about 2.0%. This may
be due to the water absorbed during sample transfer. The rst
degradation from 270 to 362 �C with a weight loss of 5.0%
comes from the decomposition of wheat our. The main weight
RSC Adv., 2017, 7, 24856–24863 | 24859
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loss of about 83% from 362 to 460 �C corresponds to the
decomposition of PEO and LiTFSI.40,41 The residual of 10% may
be carbon materials.

Combustion test shows a ame retardant ability of the wheat
our modied SPE. When the SPE (Fig. 3b) was placed close to
Fig. 4 Linear sweep and cyclic voltammetry results at (a) 25 �C and (b)
100 �C. The negative scan OCV / �2 V / OCV and OCV / �0.5 V
/OCV at respectively 25 �C and 100 �C, and the positive scanOCV/
6 V at a rate of 10 mV s�1 were conducted.

Fig. 5 Cycling performance of LiFePO4/SPE/Li battery at (a) 25 �C and 0.
(b) different rates of 1C (black), 3C (red), 5C (blue), and 10C (pink) at 100 �

100 �C and 10C.

24860 | RSC Adv., 2017, 7, 24856–24863
the ame, the electrolyte was still in a self-standing lm state
and did not burn (Fig. 3c and d). As a comparison, when the
Celgard separator with liquid organic electrolyte (Fig. 3e) was
also placed near the ame and at almost the same position
above the ame with SPE in Fig. 3c, the separator shrunk
quickly (Fig. 3f) and the electrolyte burned (Fig. 3g).

Fig. 4a and b shows linear sweep and cyclic voltammetry
results at 25 and 100 �C to evaluate the electrochemical stability
of the wheat our modied SPE. The electrolyte began experi-
encing decomposition from 5.5 and 5.1 V at 25 and 100 �C
respectively in the positive scan. Both of these values are higher
than the decomposition voltage of commercial liquid organic
electrolytes (�4.2 V). The value at 100 �C is also higher than that
of PEO + LiTFSI,17 showing that the electrochemical stability
was enhanced by wheat our. Besides, the plating/striping of
Li+/Li at near 0 V was investigated by cycling the SPE in the
voltage route of OCV / �2 V / OCV at 25 �C and OCV /

�0.5 V / OCV at 100 �C. This once again validates the lithium
ionic transfer ability in the wheat our modied SPE in the
temperature range of 25 to 100 �C.

These results indicate good thermal and electrochemical
stability of the wheat our modied electrolyte. The SPE is able
to be applied in the battery with high voltage and high
temperature.
3.3 LiFePO4 battery performance at 25 and 100 �C

The optimal SPE lms with PEO : wheat our ratio of 9 : 1 and
LiTFSI concentration of 40% were used to fabricate all-solid-
2C, inset is the charge/discharge curve at 1st, 10th, 50th, and 80th cycle,
C, inset presents the charge/discharge curves at different rates and (c)

This journal is © The Royal Society of Chemistry 2017
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state LiFePO4/Li batteries, the performance of which is shown
in Fig. 5. At 25 �C and 0.2C, the capacity of the battery increases
with cycling number in Fig. 5a. Aer 50 cycles, a stable value of
about 130 mA h g�1 was obtained. Aer 80 cycles, the capacity
still retained 135.2 mA h g�1. At stable cycling state, the battery
presents a discharge plateau at 3.37 V.

High temperature performance of the battery was also
tested. In Fig. 5b, a battery was cycled at various C-rates of 1C,
3C, 5C, 10C and back to 5C, 3C and 1C to investigate the rate
performance of the battery at 100 �C. The average capacities at
these rates are respectively 148.0 � 1.1, 144.8 � 0.3, 139.9� 0.3,
132.3 � 1.2, 139.6 � 0.2, 141.8 � 0.8, and 145.0 � 0.6 mA h g�1.
The charge/discharge curves of the battery at different rates are
seen in the inset of Fig. 5b. The discharge voltage at 1C, 3C, 5C
and 10C are respectively 3.42, 3.39, 3.37 and 3.34 V. The recovery
of the capacity and high discharge voltage even at high rate of
10C reveal excellent rate performance of the battery.

The cycling performance of the battery at high temperature
of 100 �C and high rate of 10C are shown in Fig. 5c. The battery
had an initial discharge capacity of 109.8 mA h g�1. Aer about
40 cycles, highest capacity of 133.7 mA h g�1 was obtained. Aer
1000 cycles, the capacity of 60.2 mA h g�1 was retained.
Fig. 6 (a) Charge/discharge curves of PEO+ LiTFSI and PEO+ LiTFSI +
wheat flour based LiFePO4 battery at 25 �C and (b) charge/discharge
curves of PEO + LiTFSI based LiFePO4 battery at 100 �C and 1C.

This journal is © The Royal Society of Chemistry 2017
The performance of LiFePO4/Li battery with unmodied PEO
+ LiTFSI SPE was tested at 25 �C and 100 �C. In Fig. 6a at 25 �C
and 0.2C, the battery cannot be charged. When the current rate
changed to 0.05C, the battery can be charged. But the capacity of
about 2.3 mA h g�1 is much lower than that of the PEO + LiTFSI
+ wheat our based battery. This may be caused by the poor
ionic conductivity of the PEO + LiTFSI electrolyte at room
temperature.

In addition, two PEO + LiTFSI based batteries were cycled
at 100 �C and 1C. The voltage of one battery quickly dropped
to almost 0 V. The cycling performance of another battery is
presented in Fig. 6b. The battery had a charge and discharge
capacity of 142.7 mA h g�1 and 97.2 mA h g�1 in the 1st cycle
with an efficiency of only 68.1%. The battery cannot be full
charged in the second cycle. It is suggested that short circuit
or micro short circuit happened in the battery at 100 �C. The
poor mechanical stability of PEO + LiTFSI may be the reason
for the short circuit. These results reveal wide temperature
and high rate ability of PEO + LiTFSI + wheat our SPE based
battery.
3.4 NMC-811 battery performance at 25 and 100 �C

The wheat our SPE was also used to match NMC-811 cathode
to make a high voltage all-solid-state lithium battery. The
performances at both 25 and 100 �C were investigated. The
highest discharge capacity of the battery at 25 �C and 0.1C
(Fig. 7a) was 133 mA h g�1. Aer 60 cycles, the capacity of 62.9
mA h g�1 was retained. EIS was used to investigate the
capacity decay of this battery and the spectra are shown in the
inset of Fig. 6a. The bulk resistances of the battery before
cycling, aer 1st cycle, aer 4th cycle and aer 60 cycles were
respectively 626, 474, 525 and 149 U. The interfacial resis-
tances were respectively 2053, 1079, 1245 and 2555 U. The
decrease in both bulk and interfacial resistances aer the 1st

cycle may be the reason for increasing capacity at the initial
cycles. However, the interfacial resistance increased with
further cycling, which may be the reason for the subsequent
decrease in capacity.

Rate performance of the NCM-811 battery at 100 �C was
carried out, which can be seen in Fig. 7b. The capacities at 1C,
3C, 5C, 10C, 5C, 3C and 1C were respectively 145.74 � 10.0, 80.2
� 8.6, 38.5 � 3.85, 9.6 � 0.5, 24.1 � 2.6, 34.5 � 2.6 and 67.5 �
3.8 mA h g�1. Additionally, the charge/discharge curves at
different rates can be seen in the inset of Fig. 7b. Quick increase
in charge voltage and decrease in discharge voltage by
increasing rate present. This rate performance is not as good as
that of the LiFePO4 battery.

It is suspected that the capacity decay of NCM-811 battery
may be caused by the instability of the NCM-811 cathode and
the compatibility (electrochemical, chemical and physical
stability) at the NMC-811/SPE interface. Because both the
LiFePO4 and NCM-811 batteries were cycled inside the decom-
position voltage range of the SPE, the SPE did not decompose.
Improvement on the stability of NCM-811 cathode and the
NCM/SPE interface is necessary to improve the battery
performance.
RSC Adv., 2017, 7, 24856–24863 | 24861
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Fig. 7 (a) Cycling performance of the NCM-811/SPE/Li battery at 25 �C and 0.1C. Inset shows the EIS spectra of the battery before cycling, after
1st cycle and after 60 cycles. (b) Rate performance of the NCM-811/SPE/Li battery at 100 �C. Inset presents the charge/discharge curves at
different rates.
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4. Conclusions

In this work, natural product wheat our was directly used to
prepare SPEs. Due to the interaction of the our with PEO and
LiTFSI, the crystallinity of the SPE is reduced. Thus, the lithium
ionic conductivity is greatly increased. With the low cost elec-
trolyte, the all-solid-state NCM-811 and LiFePO4 batteries can
work from 25 to 100 �C. Especially, the LiFePO4 battery is able to
obtain capacity of 132.3 mA h g�1 at high rate of 10C and a good
cycling performance. The results with the wheat our demon-
strate an efficient way to apply biocompatible SPEs with various
cathodes and realize a wide temperature range application at
low cost as well as micro-scale batteries for devices in organisms
at high safety.
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