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Cycling Characteristics of Lithium Powder Polymer
Batteries Assembled with Composite Gel Polymer

Electrolytes and Lithium Powder Anode

Yoon-Sung Lee, Jae Ha Lee, Ji-Ae Choi, Woo Young Yoon,* and Dong-Won Kim*

Novel composite gel polymer electrolytes exhibiting high ionic conductivity
and good mechanical stability are prepared, and their electrochemical proper-
ties are characterized. As lithium ion sources of a single ion conductor, the
core-shell structured SiO,(Li*) nanoparticles with uniform spherical shape are
synthesized and used as functional fillers in the composite gel polymer elec-
trolytes. By using the composite gel polymer electrolytes, the lithium powder
polymer batteries composed of a lithium powder anode and a layered lithium
vanadate (LiV3;Og) cathode are assembled and their cycling performance is
evaluated. The resulting lithium powder polymer batteries deliver a high
discharge capacity of 264 mAh g™' at room temperature and exhibit good
capacity retention even at high current rates. The morphological analysis of
the lithium powder anode reveals that the dendrite growth during cycling can
be effectively suppressed by using the composite gel polymer electrolytes.

electrode was higher than that of lithium
foil electrode.! The control of solid elec-
trolyte interface (SEI) on lithium powder
electrode demonstrated that the electro-
chemical properties and safety of lithium
powder anodes could be improved.[-8l The
use of safe liquid electrolytes is another
issue that must be considered in the suc-
cessful development of lithium metal bat-
teries. Highly flammable organic solvents
in common liquid electrolytes may cause
fires or explosions due to short circuits
or local overheating. The quest for safer
and more reliable electrolyte systems is
therefore urgent, and polymer electro-
lytes are promising candidates in this

1. Introduction

Rechargeable lithium batteries using lithium metal as an anode
material are attractive candidates for high energy density power
sources in portable electronic devices, electric vehicles and
energy storage systems, because the lithium metal offers the
highest specific capacity (~3862 mAh g™!) for an active negative
electrode material.'l However, the use of lithium metal anode
has been limited by the occurrence of dendrite growth during
repeated charge and discharge cycles. The formation and growth
of lithium dendrites give rise to safety problems and gradual
degradation of cycling efficiency.l?# Therefore, the control of
dendritic growth is important for developing the lithium metal
batteries with enhanced safety and good capacity retention.
In previous studies, the compacted lithium powder instead of
lithium foil was suggested as a new anode material to prevent
dendritic growth.>® The cycling efficiency of lithium powder
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regard.1%"13] After the first suggestion that

poly(ethylene oxide) (PEO) could be used

as a polymer-based solid electrolyte,?
solid polymer electrolytes have been considered ideal alterna-
tives to liquid electrolytes. However, their low ionic conductivi-
ties, ranging from 107 to 10 S cm™, preclude their practical
applications for use in lithium batteries at ambient tempera-
tures. Accordingly, most relevant research has focused on the
preparation and characterization of gel polymer electrolytes that
exhibit higher ionic conductivities at room temperature.l'*1°!
Such gel polymer electrolytes encapsulate a large amount of
liquid electrolyte in matrix polymer, and their ionic conductivi-
ties usually exceed 10 S cm™ at room temperature, which is
necessary for battery applications. Gel polymer electrolytes are
also more flexible than conventional inorganic glass or ceramic
electrolytes, which enables them to conform to the volume
change of both electrodes (anode and cathode) during charge-
discharge cycling. Polyacrylonitrile (PAN), poly(vinylidene fluo-
ride) (PVAF), poly(vinylidene fluoride-co-hexafluoropropylene)
(P(VdF-co-HFP)) and poly(methyl methacrylate) (PMMA) are the
host polymers most commonly used for preparing gel polymer
electrolytes.'*2% However, the host polymers lose mechanical
strength when plasticized by organic solvents. Most efforts to
increase ionic conductivity by incorporating larger amounts
of liquid electrolyte are detrimental to mechanical proper-
ties and also cause poor compatibility with lithium electrodes.
The high reactivity of lithium metal towards organic solvents
negatively affects the cycle life and safety of lithium metal bat-
teries. Accordingly, to obtain the gel polymer electrolytes with
improved electrical and mechanical properties, ceramic fillers
such as SiO,, Al,0s, TiO, and BaTiO; have been incorporated
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into host polymers.'?2173% The addition of ceramic fillers
improves ionic conductivity of polymer electrolytes and interfa-
cial properties at the lithium electrode, which are important for
practical applications in lithium metal batteries. In these com-
posite gel polymer electrolytes, the ceramic particles promote
electrochemical properties of the polymer electrolytes, but only
by physical actions without directly contributing to the lithium
ion transport process. It has been reported that the ceramic
filler particles could also act as a source of charge carriers by
facilitating suitable surface modifications of particles.?1-*3
However, it was difficult to control the morphologies of the
resultant ceramic particles containing lithium ions. Thus, it is
of great interest to synthesize and introduce nano-sized inor-
ganic materials containing dissociative lithium ions, which are
based on a core-shell structure with unique advantages in terms
of controlling the final morphology. Layered lithium vanadate
(LiV30g) has been considered an attractive electroactive material
for use as a cathode in lithium metal batteries.>**% Based on
theoretical calculations, the lithium vanadate can deliver a high
specific capacity (approximately 280 mAh g~! for 3Li* insertion/
deinsertion) that is nearly double that of LiCoO,. Additionally,
the lithium vanadate works in a potential range in which no
side reactions due to electrolyte oxidation are expected.

In this study, we prepared the composite gel polymer elec-
trolytes based on P(VdF-co-HFP) and core-shell structured SiO,
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nanoparticles containing lithium ions. The SiO, particles have
unique core-shell morphology with a thin layer of poly(lithium
4-styrene sulfonate) surrounding a nano-sized SiO, core par-
ticle. The composite gel polymer electrolyte prepared with core-
shell structured SiO, particles exhibited high ionic conductivity
and good mechanical strength to prepare thin films (~40 um).
Using these gel polymer electrolytes, we assembled lithium
powder polymer batteries composed of a lithium powder anode
and a LiV30g4 cathode. The cycling performances of the bat-
teries were evaluated and compared to those of batteries assem-
bled with liquid electrolyte or lithium foil anode. Our results
confirm the superior performance of lithium powder polymer
batteries using a core-shell SiO,-based composite polymer elec-
trolyte and lithium powder anode.

2. Results and Discussion

2.1. Characterization of Core-Shell Structured SiO,(Li*) Particles

Figure 1 shows the SEM images of silica core particles obtained
after the first step shown in Figure S1. All particles have very
uniform spherical shapes with average diameters of approxi-
mately 230 to 640 nm. The particle size of the silica cores could
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Figure 1. SEM images of SiO, core particles with different particle size. In synthesizing the SiO, core particles, the concentrations of VTMS were (a)

0.10, (b) 0.15, (c) 0.25 and (d) 0.40 M, respectively.
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be controlled by adjusting concentrations of vinyltrimetoxylsi-
lane (VIMS) from 0.10 to 0.40 M in the presence of NH,OH.
FT-IR measurements were performed to confirm the chemical
structure of the silica core particles. Symmetric stretching vibra-
tions of the siloxane (Si-O-Si) group appeared at 766 cm™, while
asymmetric stretching vibrations of siloxane were observed
between 1200 and 1000 cm™'. The spectrum also revealed two
sharp peaks at 1603 and 1410 cm™!, which are characteristic of
the C=C double bond introduced by the VTMS molecules, =]
indicating that the silica core particles contain vinyl groups.
These reactive vinyl groups permit the growth of silica particles
by radical polymerization with 4-styrenesulfonic acid sodium
salt during the second step to produce core-shell structured
silica particles. Among the silica core particles obtained at the
first step, the particles with a diameter of 400 nm were chosen
as the base material for synthesizing core-shell structured SiO,
particles at the second step.

Core-shell structured SiO, nanoparticles were synthesized by
radical copolymerization of cored-silica nanoparticles and 4-sty-
renesulfonic acid sodium salt, as depicted in Figure S1. Figure 2
shows the TEM image and EDXS profile of a core-shell silica
particle containing poly(sodium 4-styrenesulfonte) (PSS) in the
shell. The particle has a very uniform core-shell morphology
with a 200 nm-thick shell layer of PSS (in gray) surrounding
a SiO, core particle (in black) (Figure 2(a)). The core diameter
was estimated to be about 400 nm. The EDXS profile in the
direction of diameter of the core-shell SiO, particle (Figure 2(b))
reveals that the silicon atoms are positioned at the particle core
(~400 nm), while sulfur and sodium atoms arising from the
PSS appear in the shell (~200 nm). In the shell layer, the atomic
ratio of sulfur and sodium was estimated to be about 1.0. These
findings are well consistent with the TEM image shown in
Figure 2(a), confirming that the SiO, particles were encapsu-
lated by PSS with a uniform thickness and that spherical core-
shell structured SiO, particles were successfully synthesized.
The shell layer thickness was controlled by varying the concen-
tration of 4-styrenesulfonic acid sodium salt monomer and the
reaction time at the second step in Figure S1. Using these core-
shell structured SiO,(Na*) particles, we replaced the sodium
ions in the shells of the core-shell structured SiO, particles with
lithium ions. The XPS spectrum of the core-shell structured
SiO, particles shown in Figure S2 revealed a 57.4 eV charac-
teristic peak corresponding to lithium,*! confirming that the
SiO,(Na*) particles converted to SiO,(Li*) particles.

2.2. Composite Gel Polymer Electrolytes Containing SiO,(Li*)
Particles

Hybrid composite polymer membranes were prepared from
P(VdF-co-HFP) and core-shell structured SiO,(Li*) powders. The
addition of SiO,(Li*) nanoparticles provided sufficient mechan-
ical integrity to process a free-standing film with a thickness
of 40 um, as shown in Figure S3, and thereby eliminated the
need for a cross-linking step. As the content of core-shell silica
particle increased, the membrane turned to white opaque film,
as illustrated in the figure. EDXS mapping images of the sur-
face of the hybrid composite polymer membrane containing
20 wt.% SiO,(Li*) particles are shown in Figure 3. The EDXS
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Figure 2. (a) TEM image and (b) EDXS profile of core-shell structured
SiO, particle in the direction of diameter.

mapping images illustrate the homogeneous distributions of
chosen elements (fluorine, silicone, sulfur) across the image,
which suggests that the core-shell structured SiO,(Li*) particles
are homogeneously distributed in the composite membrane
without agglomeration.

A composite gel polymer electrolyte was obtained by soaking
the hybrid composite polymer membrane in liquid electrolyte.
The electrolyte solution was well encapsulated in the composite
gel polymer electrolyte by physical gelation. Figure 4 is a sche-
matic representation of lithium-ion conduction in the com-
posite gel polymer electrolyte containing core-shell SiO,(Li")
particles as a filler. As illustrated in the figure, the lithium ions
can dissociate from the core-shell structured SiO,(Li*) pow-
ders, thus acting as charge carriers. In addition, the incorpora-
tion of SiO,(Li*) powders resulted in a filler network providing
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Figure 3. EDXS mapping images of (a) fluorine, (b) silicone and
(c) sulfur in the composite polymer membrane containing 20 wt.% core-
shell structured SiO,(Li*) powders.

mechanical integrity to the gel polymer electrolyte and the con-
sequent formation of free-standing films. Figure 5 shows the
evolution of the ionic conductivity and lithium transport of the
composite gel polymer electrolyte as a function of the core-shell

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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@ Lithium ion dissociated from core-shell
@ Lithium ion in electrolyte

Figure 4. Schematic representation of lithium-ion conduction in the com-
posite gel polymer electrolyte containing core-shell structured SiO,(Li*)
particles.

structured SiO,(Li*) particle content. The ionic conductivity
increases with increasing SiO,(Li*) particles, up to a maximum
at 20 wt.%. The increase in ionic conductivity promoted by the
SiO,(Li") particles is associated with the enhancement of elec-
trolyte uptake, as well as the increase in mobile lithium ions dis-
sociating out of the shell of the SiO,(Li*) particles. The amount
of electrolyte solution absorbed after soaking the membrane in
the liquid electrolyte increased with the SiO,(Li*) particle con-
tent, as shown in Figure S4, which resulted in an increase in
ionic conductivity. This is due to the fact that the hydrophilic
poly(lithium 4-styrenesulfonte) (PLS) in the shell of core-shell
structured SiO,(Li*) particle has a high affinity for the electro-
lyte solution. Moreover, it is confirmed that the lithium trans-
port number increases with increasing content of SiO,(Li)
particles in the composite gel polymer electrolytes. It gradually
increases from 0.35 to 0.48 upon the addition of SiO,(Li*) par-
ticles (30 wt.%). The SiO,(Li*) particles are intrinsic single ion
conductors, since the sulfonate anions (-SO;”) are anchored to
pendant group on the polymer around silica core. Thus it is
plausible that the lithium ions dissociated from the SiO,(Li*)
particles contribute to the ionic conductivity, resulting in an
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Figure 5. lonic conductivities and Li* transport number of composite gel

polymer electrolytes as a function of core-shell structured SiO,(Li*) par-
ticle content.
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increase in the lithium transport number. The generation of a
free volume at the interface of the dispersed SiO,(Li*) nanopar-
ticles may also contribute to the improved ionic conductivity, as
previously reported in other composite polymer electrolyte sys-
tems.[?>#¢l The decrease in ionic conductivity beyond 20 wt.%
SiO,(Li*) may be attributed to the blocking effect of the charge
carrier transport, since the core of the SiO,(Li*) powder is an
insulator by nature. As a result, the connectivity of the ion con-
ducting phase becomes more tortuous at high SiO,(Li*) particle
content. Therefore, the addition of 20 wt.% SiO,(Li*) powder
yielded the most desirable environment for ionic transport in
the composite gel polymer electrolyte in this study. The ionic
conductivity of the composite gel polymer electrolyte prepared
with 20 wt.% SiO,(Li*) powders is 1.4 X 10 S cm™ at room
temperature.

2.3. Cycling Characteristics of Lithium Powder Polymer Batteries

Composite gel polymer electrolytes were used to assemble
lithium powder polymer batteries consisting of a lithium
powder anode and a LiV;0g cathode. The typical morphology
of a lithium powder electrode is shown in Figure S5. The
lithium powders are spherical in shape and particle diameters
range from 3 to 12 um. Porous characteristics of the lithium
powder electrode could be clearly observed. The surface area of
the lithium powder electrode was estimated to be 16 fold higher
than that of a lithium foil electrode, according to the current
ratio of lithium powder to lithium foil based on linear sweep
voltammetry.l*”] The larger reactive surface area may lower the
effective current density on the electrode surface, which sup-
presses dendrite formation during cycling of the cells. The
SEM image of the LiV;04 powder used in this study is shown
in Figure 6(a). The morphology of the LiV;0g powder is char-
acterized by lath-like structures with sharp edges. The powders
exhibit heterogeneous particle size distribution. Figure 6(b)
shows a SEM image of the cathode prepared with LiV;Og
powder, carboxymethyl cellulose (CMC) binder and conducting
agent. Ketchen blacks as the conductive material are homoge-
neously dispersed with active LiV;0g powders in the electrode.
The assembled batteries were cycled in the voltage range of
2.0-3.6 V at a constant current rate of 0.2 C. Figure 7 shows
the typical voltage profiles of the 1st, 10th, 20th, 30th and 50th
charge-discharge cycles of the lithium powder polymer bat-
tery assembled with the composite gel polymer electrolyte
containing 20 wt.% SiO,(Li*) particles. The battery exhibited
discharge plateaus near 2.8 and 2.6 V, delivering an initial dis-
charge capacity of 264 mAh g! based on the LiV;0g active mate-
rial in the cathode. The 2.8 V discharge plateau corresponds
to the single-phase insertion process and the 2.6 V plateau is
ascribed to the two-phase transformation between Li;+,V3;Og
(1 £x<2) and Li,V;0g, as previously reported.?**8] The voltage
drops in passing from charge to discharge are observed to be
small, which suggests that the battery has very low internal cell
resistance and is capable of delivering high capacity. The dis-
charge capacity declined to 242 mAh g! at the 50th cycle.
Figure 8 shows discharge capacity versus cycle number of
lithium powder polymer batteries assembled with composite
gel polymer electrolytes containing different amounts of
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Figure 6. SEM images of (a) the LiV;O3 powders, and (b) the cathode
prepared with LiV3O0g powders.

SiO,(Li*) particles. For the purpose of comparison, the cycling
result of the cell assembled with liquid electrolyte is also given
in the figure. The initial discharge capacity slightly increased
with the addition of SiO,(Li*) up to 20 wt.% in accordance with
the associated increase in ionic conductivity. The capacity reten-
tion was also improved by adding the SiO,(Li*) particles into
the gel polymer electrolyte. As discussed earlier, the hydrophilic
PLS in the shells of the SiO,(Li*) particles holds the solvent
more effectively, and the ability to retain the electrolyte solu-
tion in the composite gel polymer electrolyte is favored by the
addition of SiO,(Li*) powder, which helps to prevent the release
of the electrolyte solution that is highly reactive toward lithium
metal. The enhancement of interfacial stability promoted by
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Thus, the ionic resistance is higher in the liquid electrolyte-
based cell than in the cells assembled with composite gel pol-
ymer electrolytes, which gives rise to the reduction of initial
discharge capacity. The capacity decline of the lithium powder
battery with liquid electrolyte may indicate the gradual forma-
tion and growth of lithium dendrites during charge-discharge
cycles. These dendrites lower the cycling efficiency and cause a
decline of reversible capacity with cycling.

SEM analysis of the lithium powder electrodes was per-
formed after charge-discharge cycles to investigate the cause of
the improved capacity retention in the batteries assembled with
composite gel polymer electrolytes. Figure 9 shows the SEM

———————— 10th cycle
—————— 20th cycle
154 —- 30th cycle
50th cycle
10 v T T T T T
0 50 100 150 200 250 300

Specific capacity (mAh g™

Figure 7. Charge and discharge curves of the lithium powder polymer
battery (Li/LiV3Og) assembled with the composite gel polymer electrolyte
containing 20 wt.% SiO,(Li*) particles (0.2 C rate, cut-off: 2.0-3.6 V).

the SiO,(Li*) nanoparticle may also have contributed to the
improved capacity retention, as reported for other composite
polymer electrolyte systems using plain inorganic materials
such as Si0,, Al,05, TiO, and BaTi05.12>#%%% It should be noted
that the batteries with the composite gel polymer electrolytes
containing SiO,(Li*) powders exhibited higher initial discharge
capacity and better capacity retention than the battery assem-
bled with liquid electrolyte. The ionic conductivity of the liquid
electrolyte used in this study is 7.1 x 10 S cm™!. However, the
ionic conductivity (1.3 x 107 S cm™) of the polypropylene sepa-
rator filled with the electrolyte solution in the cell is much lower
than that of the electrolyte solution, as the specific resistivity of
the separator saturated with liquid electrolyte is increased by
the combination of tortuosity and porosity of the separator.>!
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Figure 8. Discharge capacities of the lithium powder polymer bat-
teries (Li/LiV3Og) assembled with the composite gel polymer electrolyte
containing different contents of SiO,(Li*) particles (0.2 C rate, cut-off:
2.0-3.6 V, 25 °C).
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Figure 9. SEM images on the surface of the lithium powder electrodes
cycled in (a) composite gel polymer electrolyte and (b) liquid electrolyte,
which are obtained after 50 cycles.
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Figure 10. Cycling performance of lithium metal polymer batteries assem-
bled with different anodes and electrolytes. The C-rate was increased from
0.1 to 2.0 C after every 5 cycles. GPE means a gel polymer electrolyte.

images of the surface of lithium powder electrodes after 50
cycles. Before cycling, the average diameter of original lithium
powder was about 7 um. After cycling of cell assembled with
the composite gel polymer electrolyte, no dendrites formed on
the lithium powder surface, and the individual lithium powders
retained most of their original spherical shapes. That is to say,
there was little change in electrode morphology after cycling.
On the other hand, in the case of lithium powder electrode
cycled in the liquid electrolyte, though most of the powders
seemed spherical, some dirt or scattered pits were observed on
the lithium powder surface, which might grow to dendrite for
further cycling. These results suggest that the use of composite
gel polymer electrolyte without continuous free electrolyte solu-
tion paths for lithium dendrites to propagate may effectively
suppress the dendrite growth during cycling. Accordingly,
lithium powder batteries assembled with composite polymer
electrolytes exhibited stable cycling characteristics compared to
that of the lithium powder battery with liquid electrolyte.
Figure 10 compares the discharge capacities of the lithium
power batteries assembled with different electrolytes, with the
C-rate increasing from 0.1 to 2.0 C every five cycles. Cycling
results of lithium polymer battery assembled with lithium
foil anode and composite gel polymer electrolyte containing
20 wt.% SiO,(Li") particles are also shown for comparison in
the figure. It is notable that the discharge capacities of the
lithium powder polymer battery are higher than those of the
lithium foil polymer battery at all C-rates tested. Because the
surface area of the lithium powder electrode for charge transfer
reaction (Li <> Li* + e) is larger than that of the lithium foil
electrode, the two electrodes may experience different effective
current densities even though the batteries are cycled at the
same current density. As a result, the lithium powder polymer
battery exhibits higher discharge capacities than the lithium
foil polymer battery, and the difference in discharge capacities
between two battery systems increases with increasing C-rate.
It is also found that both the discharge capacity and capacity

Adv. Funct. Mater. 2013, 23, 1019-1027
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retention of the lithium powder batteries are improved by
adding core-shell structured SiO,(Li*) particles into the gel
polymer electrolyte. As discussed with data in Figure 5, both
ionic conductivity and lithium transport number increase with
the addition of SiO,(Li*) particles, which reduces the concentra-
tion polarization of the electrolyte during cycling and provides
higher discharge capacity at high current rates. The favorable
interfacial characteristics promoted by the SiO,(Li*) powder
also lead to the improved capacity retention through cycling.
Our results suggest that the composite gel polymer electro-
lytes prepared with core-shell structured SiO,(Li*) particles
are promising electrolyte materials for use in lithium metal
polymer batteries with high energy density and good capacity
retention. It encourages us to continue the study on advanced
lithium batteries, such as lithium-air or lithium-sulfur, with
the aim of achieving high cycling performance by applying the
composite gel polymer electrolytes containing core-shell struc-
tured SiO,(Li*) particles as electrolyte materials.

3. Conclusions

Core-shell structured SiO, nanoparticles were synthesized by
radical polymerization of 4-styrenesulfonic acid sodium salt
with spherical SiO, core materials containing vinyl groups. The
composite gel polymer electrolytes prepared with core-shell
structured SiO,(Li*) particles exhibited high ionic conductivity
and sufficient mechanical properties for use in rechargeable
lithium batteries. The lithium powder polymer batteries assem-
bled with lithium powder anode, composite gel polymer elec-
trolyte and LiV30g cathode delivered a high initial discharge
capacity and exhibited stable cycling characteristics. The mor-
phological analysis of the lithium powder electrode demon-
strated that the dendritic growth of lithium could be effectively
suppressed by using composite gel polymer electrolytes. It is
expected that the advanced lithium metal polymer batteries
with high energy density and good capacity retention can be
produced by careful selection of cathodes with high specific

capacity.

4. Experimental Section

Synthesis of core-shell structured silica particles: The core-shell
structured SiO,(Li*) particles were synthesized through three steps
(Figure S1), as reported earlier? Different amounts of VTMS were
added to double distilled water (150 mL) under stirring for 30 minutes
until the oil (VTMS) droplets completely disappeared and a transparent
solution was obtained. NH,OH (0.1 mL) was then added to the
solution and the reaction (hydrolysis and condensation) was continued
for 12 h at room temperature. After completion of the reaction, the
resulting precipitate was centrifuged and washed several times with
ethanol. Silica core materials of different sizes were obtained. Core-
shell SiO,(Na*) particles were synthesized by radical copolymerization
of cored-silica particles with 4-styrenesulfonic acid sodium salt, as
reported in similar systems.[*3] The silica core particles (1.5 g) were
dispersed in n-methyl pyrrolidone (NMP) via ultrasonication for 30 min,
and a solution consisting of 4-styrenesulfonic acid sodium salt (6.0 g)
and azobisisobutyronitrile (AIBN, 0.4 g) dissolved in NMP was added.
To induce polymerization, the mixture was heated to 60 °C with stirring
for 72 h. After polymerization, the solution was precipitated into excess
diethyl ether with vigorous stirring. The precipitate was filtered and
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washed with methanol/ethanol several times. The Na* ions in the core-
shell structured SiO,(Na*) particles were replaced by Li* ions by ionic
exchange with LiOH-H,0.54 The resulting core-shell SiO,(Li*) powders
were washed with ethanol to remove any impurities and dried under
vacuum at 110 °C for 12 h.

Preparation of composite gel polymer electrolytes: A hybrid composite
polymer membrane consisting of P(VdF-co-HFP) and core-shell
structured SiO,(Li*) powders was prepared as follows. P(VdF-co-HFP),
SiO,(Li*) powders and dibutyl phthalate (DBP) were mixed in acetone
using ball milling for 12 hr, and cast to a thickness of 500 um using a
doctor blade. After 30 min, the cast film was immersed in methanol to
remove DBP. The resulting membrane was vacuum dried at 70 °C for at
least 12 h. The content of SiO,(Li*) powder in the prepared composite
polymer membranes varied from 0 to 30 wt.%. Free-standing composite
gel polymer electrolyte films were finally obtained by soaking the
composite polymer membranes in a 1.15 M LiPF¢-ethylene carbonate
(EC)/diethyl carbonate (DEC) (3:7 by volume, battery grade, Techno
Semichem Co.) solution. The uptake of the liquid electrolyte solution
was determined by the equation:

Uptake(%) = (Wg — Wi ) /W X 100, (1)

where W, and W, are the weights of the gel polymer electrolyte and dry
membrane, respectively.

Electrode preparation and cell assembly: Lithium powders were
prepared by the droplet emulsion technique (DET),® and Figure S6
shows the schematic diagram of the DET apparatus. A mixture of molten
lithium and carrier fluid (silicone oil) was sheared at approximately
25,000 rpm to produce an emulsion. As the emulsion was cooled
to room temperature, the liquid lithium droplets solidified to form
powders. These lithium powders were separated from the silicone oil
and cleaned with hexane. To make them into the form of an electrode,
the lithium powders were compacted by pressing at 15 MPa. The
thickness of the lithium powder electrode was about 40 um. The LiV;0g
cathode was prepared by coating a slurry containing 80 wt.% lithium
vanadate (GfE, Germany), 15 wt.% Ketchen black and 5 wt.% CMC on
an Al foil. The electrode was roll pressed to enhance particulate contact
and adhesion to the current collector. The thicknesses of the electrodes
ranged from 25 to 30 um after roll pressing. Lithium powder polymer
batteries were assembled by sandwiching the composite gel polymer
electrolyte between the lithium powder anode and the LiV;Og cathode.
For comparison, a liquid electrolyte-based lithium powder battery was
also assembled with a polypropylene separator (Celgard 2400) and
liquid electrolyte (1.15 M LiPFg-EC/DEC) instead of a composite gel
polymer electrolyte. The cells were enclosed in a metallized plastic bag
and vacuum-sealed. All the batteries were assembled in a dry box filled
with argon gas.

Measurements: The morphologies of the materials were examined
using a scanning electron microscope (SEM, JEOL JSM-6300) and a
transmission electron microscope (TEM, JEOL 2010). Fourier transform
infrared (FT-IR) spectra were recorded on a Magna IR 760 spectrometer
in the range of 400-4000 cm™ with KBr powder-pressed pellets. The
elemental composition of the core-shell structured SiO, particles
was determined using energy dispersive X-ray spectroscopy (EDXS).
X-ray photoelectron spectra (XPS) measurements of the SiO,(Li%)
powders were performed on an ESCALAB Mark || with an Al Koy(X-ray)
lamp. The lithium transport number was measured by a combination
of AC impedance and DC polarization methods.’® AC impedance
measurements were performed to measure ionic conductivity and
interfacial resistance using an impedance analyzer over a frequency
range of 1 mHz to 100 kHz with an amplitude of 10 mV. Charge and
discharge cycling tests of the lithium powder polymer batteries were
conducted over a voltage range of 2.0-3.6 V with battery test equipment
at room temperature. To observe the morphological changes of the
lithium powder electrodes, the cells were disassembled after 50 cycles
in a dry room and the electrodes were washed with dimethyl carbonate
to remove the residual electrolyte. After drying in an argon-filled glove
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box, the morphology of the lithium powder electrodes was characterized
using a field emission scanning electron microscope.

Supporting Information

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