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ABSTRACT: We have explored new Li—polymer batteries composed
of surface functionalized Si nanoparticles (SiNPs) as anode active
materials and nanostructured block copolymers as solid electrolytes.
Surface protection of SiNPs with poly(ethylene oxide) chains success-
fully prevents aggregation of SiNPs during cycling and also helps fast
Li" transport to the active centers in the anodes. The self-assembly
nature of block copolymer electrolytes in ca. 50 nm periodicity is aimed
to restrain the formation of macroscopic ionic clusters during Li-
insertion/desertion. To decouple the electrical and mechanical proper-
ties of polymer electrolytes, two different nonvolatile additives (ionic
liquid and non ionic plasticizer) were incorporated and remarkably
different cycle performances have been observed. The incorporation of
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ionic liquid yields the utmost ionic conductivity and distinctly large first

lithium insertion capacity of 2380 mA h/g was seen. However, the formation of solid electrolyte interphase (SEI) was responsible for
highly irreversible lithium desertion capacity and the system indicate fast capacity fading during cycling. With the use of non ionic
plasticizer, in contrast, the SINPs anode can store lithium up to a reversible capacity of ~1850 mA h/g under aggressive test profiles
of 80 °C and voltage window between 0—4.5 V. The focused ion beam technique was successfully used to obtain ex-situ
transmission electron microscopy images of cycled polymer electrolytes and anode materials to underpin the origin of capacity
retention or fading upon cycling. The results suggest that the structural retention of both polymer electrolytes and SiNPs during

cycling attributes to the improved battery performance.

B INTRODUCTION

In recent years Li-batteries have attracted significant interests
for a variety of applications such as portable electronics and
electric vehicle (EV) batteries due to their high energy densities."
Although, Li-batteries have already been widely used in portable
electronics, the development of a commercial Li-battery powered
EV that replaces a gasoline powered vehicle, aimed to relieve
global warming, is still painstakingly slow. Key challenges in
advancing the technology lie in specific energy density (>200 W
h kg™ '), the long-term cycle properties (1,000 charge/discharge
cycles), and durability at elevated temperature (operating tem-
perature —40 to 85 °C).?

Significant efforts have been devoted to replace commercial
graphite anode (theoretical capacity of 370 mA h g~ ') by a wide
range of anode active materials such as Si,* Ge,> and Sn°
elements due to their high theoretical capacity of 4200, 1600,
and 990 mA h g™, respectively. However, their practical usage in
Li-ion batteries appears to be distant since the long-term cycle
property is hampered by huge volume changes of above elements
during Li-insertion/desertion cycles.7 The volume changes even-
tually result in the loss of electrical contact between the active
material and the current collector.® One of appealing solutions to
solve these issues is the use of nanometer-sized anode active
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materials*~®*~*® such as nanoparticles (NPs)**'*~'? and nano-

wires (NWs)**®131% 55 that the anodes can accommodate large
strain originated from volume changes during cycling.

With regard to the durability issues, the replacement of the
liquid electrolytes with solid polymer electrolytes is essential on
account of (1) the potential risk of fire and (2) decomposition
reactions of liquid electrolytes at high cell potential. Polymer
electrolytes composed of salts and polymers can offer ionic con-
ductivity in solid form and poly(ethylene oxide) (PEO) based
polymer electrolytes have been extensively studied to date."®”'®
However, the lack of mechanical stability of PEO chains owing to
the low glass transition temperature (Tj) limits the battery cycle
properties."® To decouple conductivity and mechanical proper-
ties, a variety of polymer electrolyte systems have been proposed;
example includes (1) dry polymer electrolytes containin% stiff
polymer chains,"*** (2) composite polymer electrolytes,* >
and (3) polymer gel electrolytes.”® Despite numerous reports on
conductivities of the different polymer electrolytes, relatively
limited numbers of studies are concerning cycle performances of
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Li—polymer batteries by varying conductivity, mo hology, and
mechanical property of polymer electrolytes.”>>32¢%2642

Herein, we were motivated to prepare high performance Li-
polymer battery by optimizing the electrical and mechanical
properties of both anode materials and polymer electrolytes. First,
as anode active materials, the system of interest consists of
uniformly sized SiNPs, functionalized with Li* conducting PEO
chains. PEO chains at the surface of SINPs act as protective layers,
preventing aggregation of SiNPs during cycling. Furthermore, the
PEO chains help fast Li* transport to the active centers in the
anodes. This is in sharp contrast to the methodologies of carbon
coating®® or surface capping with short alkyl chains® on the
nanoobjects surfaces. In fact, even the particles were well covered
by carbon layers or short alkyl chains, the anode active materials
were easily pulverized during the early stages of cycling.”**’

As solid electrolytes, in present study, we have used a PEO-based
block copolymer, poly(styrene-b-ethylene oxide) (PS—PEO,
40.5-b-30.8 kg/mol), blended with PEO (3.4 kg/mol) homo-
polymer. In these systems, the conducting pathways are
provided by PEO chains while a nonconducting PS block im}l)arts
the mechanical stability at high temperature up to 100 °C."" In
particular, self-assembly nature of the PS—PEO copolymer
in nanometer scales attributes to the restrained formation of
macroscopic ionic clusters during Li insertion/desertion. To
develop methodologies for decoupling the electrical and me-
chanical properties of polymer electrolytes, three major strategies
are identified: (1) use of dry PS—PEO/PEO electrolyte; (2)
incorporation of PS-selective, nonionic additive (dimethyl
phthalate, DMP, T, = 283 °C) into the PS—PEO/PEQ mixture;
(3) impregnation of PEO-selective, nonvolatile ionic liquid
(1-ethyl-3-methylimidazolium tetrafluoroborate, [EMIm][BF,])
into the PS—PEO/PEO mixture. We have investigated the
proposed Li—polymer battery under aggressive test profiles of
80 °C and voltage window between 0 and 4.5 V to alleviate the
durability concerns at elevated temperature.

B EXPERIMENTAL SECTION

Synthesis of PEO—SiNPs. Inside a glovebox, SiCl, (100 4L) and
tetraoctylammonium bromide (1.5 g) were dissolved in toluene
(100 mL), and the solution was stirred for 1 h. Lithium aluminum hydride
in THF (1 M, 2 mL) was added slowly, followed by stirring for 3 h. The
H-terminated SiNPs (H-SiNPs) were collected by the addition of
methanol (20 mL). Hydrosilylation of H-SiNPs was then performed by
adding w-allyl-terminated PEO methyl ether (MW = 1310 gmol *,0.5 g,
Polymer Source) and HPtCls-6H,O (0.1 M, 100 uL) catalyst. The
mixture was stirred for 3 h. The resulting PEO—SiNPs were extracted into
water with sonication, and unreacted reagents were further removed by
dialysis (cellulose acetate bag, Spectrum Laboratories, MWCO 2 kDa).

Synthesis of Polymer Electrolytes. The poly(styrene-b-ethy-
lene oxide) (PS—PEO, 40.5-b-30.8 kg mol ', M,/M, = 1.08) is
synthesized by sequential high-vacuum anionic polymerization as de-
scribed in ref 30. The PEO homopolymer (M,, = 3.4 kg mol ') was
purchased from Sigma-Aldrich. PEO chains are doped with LiClOy salts
where the ratio of [Li*]/[EO] was fixed as 0.056. 10 wt % solutions of
PS—PEO/PEO mixture containing 1-ethyl-3-methylimidazolium tetra-
fluoroborate (HPLC grade, Sigma-Aldrich) or dimethyl phthalate
(299%, Sigma-Aldrich) were prepared using 50/50 vol % THF and
methanol mixture. Solutions were stirred overnight at room tempera-
ture, and the dried samples were pressed into 300 «m thick disks using a
mechanical press with pressures of up to 2000 psi at 80 °C. The through-
plane conductivity of different polymer electrolytes was measured
using a homemade test cell on thermostated pressed samples, using a
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Figure 1. SAXS profiles and TEM images of PS=PEO/PEQ electrolytes
in the presence or absence of additives. The loading level of DMP and
ionic liquid is 30 and 10 wt %, respectively. The scattering profiles are
vertically offset for clarity. The arrows (4, neat), the inverted open triangles
(V,DMP), and the inverted filled triangles (¥, ionic liquid) indicate Bragg
peaks at g%, 24, 3q%, 49, 6q*%; at q*, 2q%, 3¢*,4q%; and at ¢, 2q%, 34", 49",
5q%, 64", 7q%; respectively. TEM images of no additive, DMP, and ionic
liquid incorporated PS—PEO/PEO copolymers represent qualitatively
similar lamellar morphology. The salt-doped PEO domains were dar-
kened by RuQj, staining, and the scale bars represent 100 nm.

Solartron 1260 frequency response analyzer connected to a Solartron
1296 dielectric interface. All procedures were performed inside the
glovebox with oxygen and moisture level of 0.1 ppm.

Preparation of Coin-Type Half-Cells. The composite anode
materials for the battery testing were prepared by mixing PEO—SiNPs,
super P carbon black, and poly(vinylidene fluoride) (PVDEF, Solef) in a
weight ratio of 8:1:1 with aid of N-methyl-2-pyrrolidone (NMP,
Aldrich). The coin-type half-cell consists of the composite anode
materials, polymer electrolytes, and Li foil. No separator was used.
The loading of active material was 2 mg/ cmz, and the same charge and
discharge rates of 0.1 mA were used for entire cycling tests.

Ex-Situ FIB—TEM Experiments of Cycled Anodes. For the ex-
situ TEM analysis of the cycled samples, cross-sectional anode materials
and polymer electrolytes were prepared with a FEI Strata 235 dual beam
FIB using 30 keV Ga" beam and a Leica Ultracut UCT (—120 °C),
respectively. Samples were characterized with a JEOL JEM-2100F micro-
scope operated at 200 kV. X-ray diffraction analysis on anode materials
was carried out at 8C2 beamline (4 = 1.5418 A) of Pohang Accelerator
Light Source (PAL) equipped with a MAR34S imaging plate detector.
Synchrotron SAXS measurements on the polymer electrolytes before/
after cyclings were performed using the 4C1 SAXS beamline at the PAL.

B RESULTS AND DISCUSSION

Figure 1 describes the morphologies of three polymer electro-
lyte systems by combining small-angle X-ray scattering (SAXS)
and transmission electron microscopy (TEM) experiments. For
the dry PS—PEO/PEO electrolyte, the PS—PEO and PEO are
blended with a weight ratio of 1:1 where the PEO phase is doped
with LiClO, salts at a fixed concentration of [Li*]/[EO] = 0.056.
The PS—PEO/PEQ, is referred to as “no additive” sample, and
the amount of incorporated ionic liquid and DMP is 10 and
30 wt %, respectively. The “no additive” sample exhibits lamellar
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Figure 2. Synthesis of PEO-capped SiNPs.

morphology with Bragg peaks (V) at 1g% 24% 3q% 44", and 64"
where q* = 27w/dyop with digp = S1.5 nm. Qualitatively similar
SAXS peaks are observed with DMP added PS—PEO/PEO
mixture, as shown by inverted open triangles (V), where the
presence of Bragg peaks at 14%, 2%, 3%, and 6q* with ¢* = 27t/d; o0
and d; o = 59.8 nm is seen. Note that 16% increase in domain size is
seen upon adding 30 wt % DMP due to the swelling of PS domains.
Although the SAXS profile indicative of lamellar structure is
observed, it is evident that the degree of ordering in the sample
becomes poor as seen from smeared high-order peaks. In contrast,
when PEO-selective ionic liquid is incorporated to PS—PEO/PEO
mixture, distinctly well-defined lamellar morphology is detected
with Bragg peaks (¥) at 14, 2q%, 3q% 4% Sq*, 64%, and 7¢* where
q* = 27/d, g with dyoo = 57.1 nm. This is presumably due to the
increase in segregation strength between hydrophobic PS blocks
and hydrophilic PEO blocks upon adding ionic moieties.

SAXS profiles in Figure 1 are confirmed by TEM experiments
as shown in the inset TEM images (salt-doped PEO phases are
darken by RuQ, staining). Although all three polymer electro-
lytes show similar lamellar morphologies, it is evident that the
lamellar structure of ionic liquid doped sample indicates sharp
interface between hydrophobic and hydrophilic domains. This
leads us to conclude that while the addition of either DMP or
ionic liquid into lamellar forming PS—PEO/PEO mixture does
not alter its morphology, the degree of ordering is affected. Note
that the effects of degree of ordering on ionic conductivity for
microphase-separated block copolymers are yet debating.>"**
For example, Balsara et al. reported no significant changes in ionic
conductivity for several PS—=PEO block copolymer electrolytes
upon undergoing order—disorder transition”'* while Mahanthap-
pa et al. and our group observed significantly enhanced conduc-
tivity with good long-range ordered polymer electroly‘ces.z'lb’32 In
following section, we will briefly discuss the data regarding the
effect of long-range order on conductivity and cycle performance
of our PS—PEO/PEO systems.

As anode active materials, the system of interest consists of
uniformly sized SiNPs functionalized with PEO capping layers,
aimed to prevent aggregation of SiNPs during Li insertion/
desertion cycles. It is worthwhile to mention here that the use
of PEO capping layers should help fast Li" transport into/out of
SiNPs during charging/discharging cycles.‘?’3 In addition, the
PEO—SiNPs anode offers small interfacial resistance of battery
cell by virtue of improved wetting between PEG-capped SiNPs
and PEO blocks of PS=PEO/PEO electrolytes. Figure 2 shows
the synthesis of PEO-capped SiNPs, hereafter, PEO—SiNPs, by
reduction of silicon tetrachloride (SiCl,) in the presence of
lithium aluminum hydride (LiAIH,) and tetraoctylammonium
bromide (TOAB),” followed by hydrosilylation of H-SiNPs
using alkene-functionalized PEO with aid of chloroplatinic acid
(HPtClg-6H,0) catalyst.>* PEO—SiNPs are in white powder
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Figure 3. (a) A schematic illustration showing the coin-type half cell
consists of Li metal, polymer electrolyte, and PEO—SiNPs composite
anode. (b) FIB—TEM image of PEO—SiNPs composite anode. Photo-
graph of the anode with 2 X 2 cm X 100 ##m dimension is shown in the
figure as an inset box. (c) XRD pattern of composite anode before
cycling indicative of amorphous Si phase.

form, which is well soluble in both benzene and methanol,
indicative of successful surface capping of SiNPs with PEO chains.
The chemical composition of PEO—SiNPs is measured by
combining elemental analysis and thermogravimetric analysis,
which yield the Si/EO stoichiometry of PEO—SiNPs as weight
ratio between SiNPs and PEO capping layer as 4:6 (data not
shown here). Since the average size of SiNPs used in present
study is ca. 4 nm, each SiNP contains ~1800 Si atoms,> and
thus, the estimated number of PEO chains at the particle surfaces
is 58. Accordingly, grafting density of PEO chains on the surface
of SiNPs is 1.1/nm”. To estimate the length of PEO capping
layers, Flory radius (Rg) was calculated using the equation®®

Re = Ip\/MCoo/mo (1)

where [y is the average backbone bond length of the polymer, M is
molecular weight, C, is the characteristic ratio, and my is the
monomer molecular mass per backbone. We used Iy = 0.145 nm,
Co = 5.59, and my = 14.7 from the literature®® and the chain
length (2Rg) of PEO capping layers with M,, = 1.3 kg/mol is
estimated at 6.4 nm. Note that the PEO monomer size is
0.35 nm,”” and the length of the fully stretched PEO chain
(L = 1yM/my) is 129 nm. This implies that the size of PEO
capping layers is large enough to keep the particle—particle distance
against particle aggregation during the Li insertion/desertion.
The composite anodes are fabricated by integrating PEO—
SiNPs, carbon (C), and poly(vinylidene fluoride) (PVDF)
binders at a weight ratio of 8:1:1. PEO—SiNPs serves as an active
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Figure 4. (a) Temperature-dependent ionic conductivities of PS—PEO/PEOQ electrolytes in the presence or absence of additives measured under
anhydrous conditions. Galvanostatic charge/discharge curves of the PEO—SiNPs anode at the 0.1 mA between 0 and 4.5 V in coin-type half-cells using
(b) PS—PEO/PEO electrolyte (no additive), (c) ionic liquid incorporated PS—PEO/PEO electrolyte, and (d) DMP-doped PS—PEO/PEO electrolyte.
Charge/discharge capacities and Coulombic efficiency vs cycle number are plotted in right side of each voltage profile.

material, and C/PVDF are regarded as a supporting medium for
electrical conductivity. In the literature,***” it was reported that
the PEO and PVDF are well miscible and improved ionic
conductivity by 2 orders of magnitude is seen by introducing
PVDF into PEO/salt systems. Accordingly, in our system, the
PEO capping layers may help the adhesion of PEO—SiNPs to the
conductive supporting medium layer, which leads to maintain
large contact area.

Figure 3a shows representative graphics of a coin-type half-cell
composed of Li-metal, block copolymer electrolyte, and PEO—
SiNPs composite anode for battery testing. The typical thickness
of Li metal, block copolymer electrolyte, and PEO—SiNPs anode
is at around 380, 300, and 100 ytm, respectively. Bright field cross-
sectional TEM images of PEO—SiNPs composite anodes are
given in Figure 3b. As can be seen from Figure 3b, the SiNPs with
the average size distribution of 3.9 &= 0.6 nm are well-dispersed
within the C/PVDF medium since the PEO capping layers
prevent the aggregation of SiNPs. Note that the PEO layers are
invisible in Figure 3b due to the lower electron contrast than Si
atoms. The inset TEM image in Figure 3b obtained at higher
magnification ensures the spherical shape of synthesized SiNPs. It
should be also noted that the cross-sectional TEM samples of
entire composite anodes examined in present study (before and
after cycles) are prepared by a dual beam focused ion beam (FIB)
instruments.*® The conventional solution extraction method is
excluded since the solvent-sensitive nature oflithiated anode active
materials. The FIB—TEM experiments enable site-specific cross-
sectioning of samples without perturbing the arrays of anode
components, which are considered as more accurate analysis of
SiNPs after electrochemical testing. The FIB—TEM experiments

7330

were performed in the presence of Cu current collector so that the
heat damage during milling process is minimized by efficient heat
transfer from anode materials to Cu substrate.

It is noteworthy that a large area, highly flexible free-standing
PEO—SiNPs composite anode is readily fabricated by the solvent
casting method. The dimension of anode typically employed in
present study is 2 cm X 2 cm X 100 ym as shown in the inserted
photograph of Figure 3b. It is also worthwhile to mention here that
the synthesized SiNPs are amorphous as confirmed by both TEM
(Figure 3b) and X-ray powder diffraction (Figure 3c). Formation
of crystalline SiNPs requires higher temperatures due to the
covalent nature of Si atoms, and at low-temperature amorphous
phases become more common.*' The inverted filled triangles (V)
in Figure 3c indicate well-known diffraction peaks from PEO
chains.

We first examine the ionic conductivity of different polymer
electrolytes under inert atmosphere conditions. In Figure 4a, the
conductivity (0) values of polymer electrolytes in the presence or
absence of additives are plotted as a function of temperature from
45 t0 80 °C, at a fixed LiClOy salt concentration of [Li*]/[EO] =
0.056. As can be seen from the figure, with the increase in
temperature the conductivity value increases owing to the en-
hanced charge transport. The temperature dependence of the ion
conductivity in polymer electrolytes scales with the temperature
dependence of the segmental motions, and thus the slope change
at around 60 °C is due to the crystallinity of PEO chains (melting
temperature of PEO is 55 °C). The addition of both nonionic
plasticizer (DMP) and ionic liquid ([EMIm][BF,]) results
in enhanced conductivity where the maximum conductivity is
obtained with the incorporation of ionic liquid. The origin of the
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increments in the conductivity of PS-selective DMP-doped
samples is apparently due to the lowering T, of PS chains while
that in ionic liquid incorporated one is attributed to the amplified
number density of ionic species in the sample. The obtained
conductivity values are well located within the window of
107 *~10"" S cm ™" in the temperature range of 60—80 °C.

The galvanostatic charge/discharge voltage profiles of the
PEO—SiNPs composite anode with three different polymer
electrolyte systems described above were investigated between
0 and 4.5 V at a 0.1 mA (the charge and discharge rates
were identical). The capacity values of each system up to
10 cycles are shown in Figure 4b—d. As shown in Figure 4b,
for the case of “no additive” sample, the first charge (Li insertion
process) and dlscharge (Li desertion process) capacities of 516
and 505 mA h g, respectively, are observed. At the second
cycle, both charge and discharge capacities increase to 863 and
579 mA h g~ ; however, gradual capacity fade was seen after
2 cycles, and the capacity retention after 10 cycles was only 39%.
The Coulombic efficiency for the first cycle was 98%; however,
the value decreases to 70% after 10 cycles.

When the ionic liquid doped polymer electrolyte is employed,
which indicates the utmost ionic conductivity value, remarkably
large charge capacity of 2380 mA h g~ ' is seen in the first cycle, as
shown in Figure 4c. This is 3 times higher than no additive case.
However, the system shows highly irreversible charge/discharge
behavior, i.e., low Coulombic efficiency of 18% for the first cycle,
which is closely related to the intenswe side reactions between the
active materials and ionic species.*” As a result the charge capacity
of the system is fast reduced to 934 mAh g~ 1n the second cycle
and eventually goes down below 300 mA h g™ ' in the tenth charge
cycle. The formation of the solid—electrolyte interface (SEI)
layers is responsible for the large first charge capacity of the ionic
liquid doped sample since Li" is further stored via charge separa-
tion of incorporated ionic moieties.”'*'> The gradual increase in
Coulombic efficiency with the increase in cycle number implies the
gradual decomposition of SEI layers upon cycling.*

Upon examining the battery performance composed of
PEO—SiNPs composite anode and DMP doped polymer elec-
trolyte, we observed notably different cycle behavior. As shown in
Figure 4d, the system demonstrates first charge and discharge
capacities of 456 and 495 mA h g™, respectively, corresponding
to 109% Coulombic efficiency. These initial capacity values are
smaller than other two systems. However, the charge capacity of
the sample increases to 773 mA'h g~ " in following cycle and then
reaches to nice stable values of 555 (charge) and S65mAh g~
(discharge) upon increasing cycle number. As depicted in the
inset plot of Figure 4d, in the initial 4 cycles, the Coulombic
efficiency is fade from 109% to 76%; however, the values rise and
converge to the values at 98 &= 9% from the sixth cycle. This result
suggests that part of the Li,Si is possibly left in the anode in the
initial few cycles, and during the extended cycles, the residual
Li,Si can now access the polymer electrolyte to react back to Li"
and Si during discharge cycles. We note in passing that when the
same experimental protocols are repeated with commercial Si
powder (average particle size is ca. S0 nm) using DMP-doped
electrolyte, the voltage profiles indicate rapid capacity fade after
only two cycles at 200 mA h hg ~! (data not shown here) similar to
the values in the literature.** It is evident that the optimization of
not only anode active materials but also electrolytes is necessary
to achieve the enhanced battery properties.

To underpin the cycle performance, TEM, XRD, and SAXS
experiments have been performed on both block copolymer
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Figure S. (a, b) Cross-sectional TEM images of polymer electrolytes
after 10 cycles: (a) DMP-doped PS—PEO/PEO and (b) ionic liquid
incorporated PS—PEO/PEO. The salt-doped PEO domains were
darkened by RuO, staining. (¢, d) SAXS profiles of PS—PEO/PEO
electrolytes in the presence (c) DMP and (d) ionic liquid as a function of
cycle number. The scattering profiles are vertically offset for clarity and
cycle numbers are indicated in the figure. The inset figure in (d) shows
XRD profile of ionic liquid doped PS—PEO/PEO mixture obtained
after 10 charge/discharge cycles.

electrolytes and anode materials after cycling. As shown in
Figure §, it has been revealed that the morphologies of polymer
electrolytes after cycling are sensitive function of the type of
incorporated additives. The cross-sectional TEM micrographs of
DMP incorporated electrolyte and ionic liquid doped sample,
obtained after 10 cycles, are compared in Figures Sa and Sb,
respectively. For the case on DMP incorporated sample, the
TEM image in Figure Sa indicates well-ordered lamellar mor-
phology with negligible change in domain spacing after 10 cycles.
In contrast, as seen from Figure Sb, the TEM image of ionic
liquid doped sample represents loss of long-range ordered
microstructure and significantly enlarged domain sizes.

The TEM images in Figures Sa and Sb are confirmed by SAXS
experiments and shown in Figures Sc and Sd. The ordered
lamellae morphology of DMP incorporated sample is well-
maintained even after 20 cycles with negligible changes in
domain size and high order reflections. In contrast, the well-
defined lamellar structure of ionic liquid doped sample was
abruptly disrupted even after 1 cycle undoubtedly due to the
formation of ionic clusters within the microstructure, which
block the Li" transfer in the succeeding charging process. It is
interesting to note here that the ionic liquid doped PS—PEO/
PEO mixture is transparent at 80 °C before battery cycling;
however, the sample becomes white and nontransparent after the
cycle. The inset figure in Figure Sd shows XRD profile of ionic
liquid doped PS—PEO/PEO mixture obtained after 10 charge/
discharge cycles. The diffraction peaks at 38.4° and 44.9° 1nd1cate
the formation of LiH crystallites within the polymer electrolyte.**
The sharp diffraction peak at 35.9° is not clearly understood yet.

FIB—TEM and XRD experiments have performed on anode
materials after cycling. As shown in Figure 6a, after 10 cycles, the
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Figure 6. FIB—TEM images and XRD patterns of PEO—SiNPs anodes
after 10 cycles; (a, b) PEO—SiNPs anode cycled with DMP-doped
PS—PEO/PEO and (c, d) PEO—SiNPs anode cycled with ionic liquid
incorporated PS—PEO/PEO. In (d) (111) and (311) indicate diffrac-
tion peaks from Si crystals.

homogeneously distributed spherical SiNPs with smooth surface
and average size of 3—5 nm have been observed. This is
qualitatively similar feature obtained before cycling (Figure 3b).
The inset TEM image in Figure 6a obtained with lower magni-
fication indicates regularly spaced PEO—SiNPs after 10 cycles.
The XRD pattern in Figure 6b also clearly indicates that the
amorphous PEO—SiNPs appear to retain its pristine character-
istics after cycling. The fact that the same SiNPs were seen after 10
cycles clearly demonstrates the role of PEO capping layers in
maintaining the particle size and shape against aggregation and
pulverization during cycling.

On the contrary, the anode materials cycled using ionic liquid
doped polymer electrolyte reveal obviously different characteristics
where largely aggregated particles with irregular surfaces are seen as
shown in TEM image in Figure 6c. The XRD pattern in Figure 6d
clearly indicates the formation of a variety of SEI phases after
cycling; Li,O (111) at 32.5°, LiH (111) at 38.5°, LiH (200) at
44.8°, and LiH (220) at 64.8°.* The unassigned peak at 35.9°,
which was also seen from the cycled polymer electrolytes
(Figure 5d), is consistently observed. It is interesting to mention
here that after 10 cycles we began to observe diffraction peaks from
Si crystal, which coexist with the SEI phases. At the same time the
diffraction patterns originated from PEO capping layers are sig-
nificantly distorted. This implies that particle aggregation and
growth occur during Li insertion/desertion process, which attribute
to the abrupt fade in cycle properties upon impeding the electrons
and Li" transport, although we do not rule out the possibility of loss
of electrical connection between the Si aggregates.

It is worthwhile to note here that when the fully charged anode
materials are examined (no discharge cycle is followed), signifi-
cant increases in particle sizes in range of 5—7 nm but still
regularly spaced NPs are detected, as shown in Figure 7. This
implies that the volume expansion upon inserting Li" is ca.
300—400% in our system, leading us to conclude that Li* can
access most parts of the Si atom in the PEO—SiNPs. As reported
in the literature,**~*® during the Li insertion/desertion, stresses
and strains are built up in the silicon anodes due to the large
volume change. It can be assumed that SiNPs start to break up

Figure 7. FIB—TEM image of PEO—SiNPs anode obtained after full
lithium insertion cycle.

when the fracture stress reaches the Griffith—Irwin relation:*®

Ofracture — I</\/H (2)

where K is a constant related to the fracture toughness of the
particles and d is particle size. Therefore, the improved stability in
SiNPs during battery cycling is expected with the decrease in
particle size.

Then, what would be the failure mechanism of “no additive”
case? We carefully examined both block copolymer electrolyte and
PEO—SiNPs composite anode following the same experimental
methodologies described above. Figure 8a shows SAXS profiles of
PS—PEO/PEO electrolyte in the absence of additives as a function
of the cycle number. It is revealed that the ordered lamellae
morphology of the “no additive” sample is gradually disrupted
upon increasing the cycle number. Unlike DMP incorporated
sample, the increases in the domain size as well as the low-g
scattering intensity are also detected. In contrast, we observed the
same amorphous characteristics of SiNPs after cycling with
negligible detection of SEI layers, as shown in Figure 8b. In
addition, as indicated by inverted filled triangles in the XRD
pattern, the diffraction peaks from PEO appear to be unchanged.

Consequently, the possible origins of enhanced performances
of Li—polymer battery composed of DMP-doped polymer elec-
trolytes and PEO—SiNPs anodes are summarized as follows: (1)
The DMP lowers T, of PS phase offering enhanced ionic
conductivity as well as the existence of soft additives can reduce
ohmic resistance of the battery. (2) The PEG capping layers of
SiNPs restrain particle aggregation during Li insertion/desertion,
and the small particle size (ca. 4 nm) can reduce the elastic strain
during battery cycling.

We hope to conclude our paper with addressing the impor-
tance of anode thickness to achieve high performance of Li
battery. Figure 9 shows the charge and discharge curves when the
battery capacity reaches to stabilized values. The battery cycling
of the cells composed of 60, 30, and 20 ym thick anode has been
performed at the same current value of 0.1 mA. As seen in the
figure, the charge and discharge capacities of 60 xm thick anode
were found to be 705 and 707 mA h gfl, which are ~30%
increments in capacities compared to the values of 100 xm thick
anode (Figure 4d). When the thickness of anode is further decreased
to 30 um, interestingly, we observed almost 2 times increase in
charge and discharge capacities as 1390 and 1403 mAh g~ . Even
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Figure 8. (a) SAXS profiles of PS—PEO/PEO electrolytes in the
absence of additives as a function of cycle number. (b) XRD patterns
of PEO—SiNPs anode cycled with “no additive” polymer electrolyte.
The SAXS and XRD profiles are vertically offset for clarity and cycle
numbers are indicated in the figure.
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Figure 9. Charge/discharge voltage profiles of PEO —SiNPs composite
anode between 0—4.5 V in coin-type lithium cells using DMP doped
PS—PEO/PEO solid electrolyte where the capacity is sensitive function
of anode thickness. The thicknesses of anode are indicated in the figure.
Galvanostatic charge/discharge capacities and Coulombic efficiency of
60 um thick PEO—SiNPs composite anode vs cycle number are shown
in the inset figure.

further reduction in the anode thickness results in more en-
hanced charge and discharge capacities of 1851 and 1983
mA h g, respectively. It is obvious that the optimization of

anode thickness and kinds of polymer electrolytes can open
possibility to obtain highly performing Li—polymer battery with
capacity close to the theoretical values. We note in passing that
regardless of the anode thickness, only for the batteries consisting
of DMP doped polymer electrolytes, high Coulombic efficiency
close to 100% is obtained once the battery becomes stabilized. In
the inset figure of Figure 9, we plotted charge/discharge capacities
and Coulombic efficiency of 60 m thick PEO—SiNPs composite
anode as a function of cycle number. It is also noted here that we
were not able to make even thinner anode than 20 ¢m by solution
casting due to the roughness and homogeneity issues, and future
studies are needed to examine how the performance of PEO—
SiNPs anodes changes with thicknesses down to submicrometers.

B CONCLUSIONS

We have demonstrated a new strategy to produce high-perfor-
mance Li—polymer battery by optimizing both polymer electro-
lytes and anode active materials. The enhanced cycling perfor-
mance of Li—polymer batteries based on PEO—SiNPs as anode
active materials benefits from restrained particle aggregation, elastic
strain minimization, and fast Li" transport to the active centers. Self-
assembled block copolymer electrolyte is an interesting model
system to study the morphology effects on the performance of
Li—polymer batteries with a flexible design in material composi-
tions. It has been revealed that the addition of ionic liquid and/or
hydrophobic plasticizer in block copolymer electrolytes results in
enhanced ionic conductivity, which has been considered to be an
important parameter in battery efficiency. However, the
FIB—TEM results suggest that the structural retention of both
block copolymer electrolytes during cycling is more critical issues to
achieve the improved battery properties. For example, although the
addition of ionic liquid into the block copolymer electrolyte
indicates the utmost ionic conductivity value, the system shows
highly irreversible charge/discharge behavior due to the intensive
side reactions between the active materials and ionic species. In
present study, upon utilizing surface functionalized SiNPs anode
and nonionic hydrophobic plasticizer (DMP) incorporated block
copolymer electrolyte, a reversible capacity of 1850 mA h g~ is
achieved under aggressive test profiles of 80 °C and voltage window
between 0 and 4.5 V. Our work established a new methodology for
improving the performance of Li—polymer batteries and thus
impacts a broad spectrum of electrochemical systems. A funda-
mental study on the thickness effects of both anodes and block
copolymer electrolytes will be the subject of future studies.
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