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We report a 6-fold ion conductivity enhancement in PEO/LiTFSI -based solid
electrolytes upon the addition of fullerene derivatives.
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Abstract

Solid polymer electrolytes, such as polyethylene oxide (PEO) based systems, have the potential
to replace liquid electrolytes in secondary lithium batteries with flexible, safe, and mechanically
robust designs. Previously reported PEO nanocomposite electrolytes routinely use metal oxide
nanoparticles that are often 5-10 nm in diameter or larger. The mechanism of those
oxideparticle-based polymer nanocomposite electrolytes is under debate and the ion transport
performance of these systems is still to be improved. Herein we report a 6-fold ion conductivity
enhancement in PEO/ lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) -based solid
electrolytes upon the addition of fullerene derivatives. The observed conductivity improvement
correlates with nanometer-scale fullerene crystallite formation, reduced crystallinities of both
(PEO)6:LiTFSI phase and pure PEO, as well as significantly larger PEO free volume. This
improved performance is further interpreted by enhanced decoupling between ion transport and
polymer segmental motion, as well as optimized permittivity and conductivity in bulk and grain
boundaries. This study suggests that nanoparticle induced morphological changes, in a system
with fullerene nanoparticles and no Lewis acidic sites, play critical roles in their ion conductivity
enhancement. The marriage of fullerene derivatives and solid polymer electrolytes opens up
significant opportunities in designing next-generation solid polymer electrolytes with improved

performance.
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Solid polymer electrolytes attract significant scientific attentions because of their excellent
potentials in a wide range of energy storage and energy harvest applications such as lithium
batteries, high dielectric constant thin film capacitors, solid-state capacitors, supercapacitors, as
well as solid-state photochemical solar cells and dye sensitized solar cells.""" Solid state block

1-4,12 are

copolymer electrolytes™’ and metal-oxide nanoparticle based polymer nanocomosites
two examples of novel solid polymer electrolytes. Block copolymer electrolytes take advantages
of bottom-up self assembly as well as covalent linking of an insulating polymer block and an
ion-conducting block. Metal-oxide nanoparticle based polymer nanocomposites, on the other
hand, heavily rely on the geometry, size, size distribution, aggregation, and surface chemistry of
metal oxide nanoparticles as well as their matrix-particle interactions. Both block copolymer
electrolytes and metal-oxide/polymer nanocomposite electrolytes have been explored
extensively, with their performance reaching plateau at optimized block copolymer composition
or ideal metal-oxide loading. Oxide nanoparticles with individual particles sizes of 5 nm or
larger were often used in previously reported nanocomposite electrolytes (typically at an optimal
concentration of ~10wt%)."> "*'® The underlying mechanisms for ion conductivity enhancement
in polymer nanocomposite electrolytes are still under debate. The interactions between lewis
acidic sites on nanoparticle surfaces and matrix were described as a main mechanism in some
studies, "' while there was evidence suggesting that nanoparticle-induced changes in polymer-
matrix segmental dynamics, rotation, or crystallization suppression make dominating

contributions. *'*?° These conclusions are further complicated by oxide nanoparticle

aggregation and the different polymer-salt systems studied. An accurate correlation between
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nanostructure and ion transport is challenging and elusive in these nanocomposite electrolyte

systems.

Herein we introduce fullerene based polymer nanocomposite electrolytes as a new class of solid
polymer electrolytes, and report for the first time a study on nanostructures and properties of
fullerene-based solid polymer electrolytes. There are several important aspects of the fullerene-
based solid state electrolytes that make them highly attractive as compared to conventional
nanocomposite electrolytes: (1) The functionalized fullerenes are monodisperse, solution-
processible, molecular nanoparticles, which makes it much easier to study structure-property
correlations in nanocomposite electrolyte systems. Here we used a benchmark fullerene
derivative C7,H140,, known as phenyl-Cg;-butyric acid methyl ester (PCBM), which has a
molecular weight of 910.88 Da. For an oxide-particle-based composite electrolyte, the
nanostructural details of polymer-nanoparticle assembly and their correlation with ion transport
are scarce, partly because of the polydispersity and insolubility of oxide nanoparticles. Other
factors such as inadequate solid-state mixing, particle aggregation, non-uniform dispersion,
surface functionality and topographical features can further complicate these studies.

(2) Fullerenes allow a high percentage (>40wt%) of incorporation into polymer matrix, as shown
in high-performance organic solar cell systems,”' while conventional oxide nanoparticle based
electrolytes have a typical nanoparticle loading of 10wt%." If the comparison is made on a
volumetric percentage, the differences will be even larger, considering that the reported PCBM
density is typically 1.3-1.5 g/cm’,”** which is much lower than those of metal oxide

nanoparticles (for example, ALOs has a density of 4 g/cm®).** Fullerene derivatives such as

PCBM are well known as n-type semiconductors, and thus will not contribute significantly to
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leakage current of the electrolyte systems.”' The potentially higher additive loading can provide
important opportunities in further tuning structure and properties of composite electrolytes.
(3)The use of fullerenes provides an unprecedentedly small additive size (0.7 nm) and well-
defined surface chemistry. The geometrical dimensions of nanoparticle additives, along with
their surface functionality and surface topography, were shown to have a significant impact on

the local structure and ion transport of the resultant composite electrolyte systems. '+’

In this work, anionically polymerized polyethylene oxide (PEO) with a number average
molecular weight (Mn) of 270k and narrow polydispersity (PDI=1.1) is used as a model polymer
matrix, in an effort to minimize the effects from polymer molecular weight and polydispersity.
Polydispersity is well known to have a profound impact on and thus largely complicate any
nanostructure-performance correlations. Polymer molecular weight also has a critical role on
various aspects of the resultant electrolytes, including mechanical properties and ion
conductivities. In particular, the effect of molecular weight (M) on ion conductivity (o) of
polymer electrolytes generally follows the expression of ¢ = 6p+ K/M, where o, stands for ion
transport contribution from segmental motions, K is a constant, and the K/M component
represents the friction contribution from coupled polymer chains and coordinated ions in the
Rouse model.>” Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) salt is chosen as a model
salt because of its wide adoption in solid electrolyte systems and well explored phase diagram. '~
' Using this model system with LiTFSI and large-Mn, narrow-polydispersity PEO, it is
demonstrated that there is a largely enhanced ion transport (up to 600%, at temperatures less than
50°C) in PEO/ LiTFSI electrolytes upon the addition of PCBM. This accompanies nano-cluster

formation with systematically varied PCBM crystallite sizes, reduced PEO and (PEO)s:LiTFSI
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crystallinity, improved PEO dispersion and free volume, and up-to 3 fold reduction in elastic
modulus and hardness. This ion transport enhancement is further attributed to permittivity and
conductivity optimization at grain boundaries and in bulk as well as enhanced decoupling of ion
transport from polymer segmental motions, based on equivalent circuit modelling and

temperature-dependent conductivity analysis.

Figure 1a shows the temperature dependence of ionic conductivity for PEO/LiTFSI blends (with
a [O:Li] ratio of 10:1) as a function of PCBM concentration (from 0 to 40wt%). The blend with
20wt% PCBM consistently exhibits the highest ionic conductivity among all systems up to 65-
70°C. For example, at 50°C, the pristine PEO/LiTFSI has a conductivity of 3.5+0.2 x10” S/cm,
while the conductivities for 10%, 20%, and 40% PCBM are respectively 1.0£0.1 x10™* S/cm,
1.6+0.1 x10™ S/cm, and 8.5+0.4 x10™ S/cm. In the higher temperature regions (>70°C), the
measured conductivities do not vary significantly as the PCBM loading increases from 0 to 20%.
For example, at 90°C, the pristine PEO/LiTFSI has a conductivity of 6.9+0.3 x10™* S/cm, while
the conductivities for 10%, 20%, and 40% PCBM are 7.5+0.4 x10™ S/cm, 6.7+£0.3 x10™ S/cm,

and 3.140.2 x10* S/cm, respectively.

Differential scanning calorimetry results in Figure 1b show that, in the first cooling cycle (top
data set), the samples with 0 and 10wt% PCBM had a distinctive PEO crystallization peak below
40°C (28°C for pristine PEO/LiTFSi and 18°C for the blend with 10wt% PCBM),?*** while the
crystallization in other samples was largely suppressed with higher PCBM loadings of 20-
40wt%. In the second heating cycle (bottom data set in Figure 1b), again, the PEO melting

temperature Ty, (between 25 and 65 °C) was highly dependent on PCBM concentration, with the
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peak in the samples with 0-10wt% PCBM much larger than the rest. The Ty, of samples with 0-
40wt% PCBM is 54 °C, 44 °C, 41 °C, and 36 °C, respectively. The dimensions of lamellar crystals

of semicrystalline polymers such as PEO are important in determining the melting points of such

polymers (7},), often interpreted with the Gibbs-Thomson relationships: **'
Tm(D) 2yV
m ( 1 _ L (1)
T"I (CX)) HD

where D denotes the thickness of a polymeric, lamellar crystal, /" and H are molar volume and
melting enthalpy of the crystal, and y is the interfacial energy of the lamellar crystal and its
surrounding environment. If one assumes that the thermodynamic equilibrium melting point of a

perfect polymer crystal of infinite dimension T, (o) is constant along with V, H and y, melting
temperature of a lamellar crystal T,,, (D) will increase with the lamellar crystal thickness D.

Based on this simplification, our results on PCBM concentration dependent melting point
changes can be explained by decreased PEO crystal dimensions as the PCBM loading increases

from 0 to 40wt%.

Glass transition temperature (7) in the first cooling and second heating cycles was plotted as a
function of PCBM loading in Figure lc, consistently showing a minimal 7 in the blend with
20wt% PCBM. Based on a theory proposed by Flory and Fox,* the free volume (or volume of
holes between polymer segments in volume fraction) vy is related to temperature (7) and
molecular weight (M), and 7y is free volume dependent, according to the following expressions:

vy =A+BT + C/M, (2)

T, = T? —¥(v)/M, 3)

Page 8 of 32
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where 4, B, C are constants, Tg°°is the maximum glass transition temperature associated with
infinite molecular weight, and ¥ (v;) is a parameter related to free volume in the polymer

systems. Larger free volume correlates with smaller 7, in Equation (3). In our case, we introduce
a nanoparticle loading dependent function ¢ in Equation (2) to capture the effect of nanoparticle
addition on polymer free volume change with a given molecular weight and temperature:

v = (A+ BT + C/M) + ¢(NP%), 4)
Based on the discussions above, the observed PCBM loading dependent PEO glass transition

temperature changes (Figure 1c) suggest that ¢(NP%) and free volume vf in PEO matrix

gradually increase as the PCBM concentration increases from 0 to 20wt%, leading to decreased
T, and enhanced ion conductivity, while further increase of PCBM concentration from 20 to

40wt% only results in smaller ¢ (NP%), smaller free volume vr of PEO, increased T, and thus

reduced ion transport performance.

The temperature dependent ion conductivity of PEO and salt based solid electrolytes can be
modeled with the non-linear Vogel-Tamman-Fulcher (VTF) relationship (Equation 5) below a
critical temperature, Tcritical, t0 describe the coupling between ionic hopping and polymeric
segmental motion, and with the log-linear Arrhenius dependency (Equation 6) above the Tiitical
to describe the decoupled ion transport from polymer segmental movements.'> '”-?*3* The VTF

relationship is expressed as:
o= Aexp[-B/(T-T,1/T*, (5)
where A is the pre-exponential factor, B is the activation energy and 7} is the equilibrium

temperature associated with 7, of the polymer electrolyte material.'> ' %% % The Arrhenius

equation has the following form:
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o=0,exp(-E,/kT) (6)
where 0, is the pre-exponential factor, £, is the activation energy and £ is the Boltzmann
constant.'> 72833 The fitting results both above and below Tyisicar are listed in Table S1 and the
fitted lines are shown as solid lines in Figure 1a. The Tgitical of PEO/LiTFSI blend is reduced
from 70°C (with no PCBM added) to 50°C for samples with 10 and 20wt% PCBM, and 45°C for
sample with 40wt% PCBM. The trend of decreasing Triticas With increasing PCBM loading
matches well with the corresponding changes in 7, described earlier, although the values of

Teritical are 6-16°C larger than T}, and thus more comparable to the onset of PEO melting process.

The activation energy E, for the Arrhenius fit is increased from 4x107° J in pristine PEO/LiTFSI
sample to 5-7x10%° Jupon fullerene addition, which correlates with the reduced conductivity at
higher temperatures (>70°C) in these fullerene-based composite electrolytes. In the VTF relation,
the parameter B represents the activation energy of the coupled ion transport.'> ' ?%** The
decreased parameter B from 895 in pristine PEO/LiTFSI to 375-470 for 10-40wt% PCBM blends
compensates partially with the increased 7 (from 249 in pristine PEO/LiTFSI to 269-273 in
samples with 10-40wt% PCBM), yielding enhanced ion conductivity for PCBM incorporated
blends. Since VTF relation is used to describe coupled ion transport from polymer segmental

movement in lower temperature regions (below 45-70°C), 1> 17233

enhanced ion transport
below Tiritical 1n samples with PCBM, especially in the blend with 20wt% PCBM, also suggest

further decoupling between ion transport and polymer segmental motion.
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Figure 1. a). Temperature dependence of ionic conductivities in PEO-LiTFSI (10:1) electrolytes
as a function of added PCBM weight percentage (0- 40wt%). A typical conductivity
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measurement in this work has ~5% variation as experimental error, which is too small to show
up in the logarithmic plot. The temperature dependent ion conductivity of PEO and salt based solid
electrolytes can be modeled with the non-linear Vogel-Tamman-Fulcher (VTF) relationship (Equation 5)
below a critical temperature, 7., to describe the coupling between ionic hopping and polymeric
segmental motion, and with the log-linear Arrhenius dependency (Equation 6) above the T to describe
the decoupled ion transport from polymer segmental movements. Arrhenius and VTF fitting of the log
(conductivity) vs. 1000/T are performed at temperatures higher or lower than the 7qsitical (solid
lines). The fitting parameters are listed in Table S1. b). The 1% cooling and 2™ heating DSC
scans of PEO/LiTFSI blends as a function of added PCBM content. ¢). Recorded glass transition
temperature as a function of PCBM weight percentage.

The impedance spectra for the PEOQ/LiTFSI blends at 30°C are presented in the Nyquist plot as a
function of PCBM concentration (Figure 2a). The spectra exhibit semicircle shape followed by a
straight line, which is in agreement with blocking electrode response.*® The equivalent circuit
modeling results (shown as solid lines) are based on the ((Rpuk(ResCas))Cruik)Cpr circuit
model” shown as the inset of Figure 2a and the corresponding y” values are 0.8-3x1072. In this
circuit model for PEO-lithium salt blends,2 Rpuik and Rgp are the resistance in electrolyte bulk
(i.e. highly conductive amorphous PEO regions) and grain boundaries (less conductive regions
such as PEO crystallites), while Cpr, Cgyx and Cgp represent the double layer capacitance as
well as the capacitance in bulk and grain boundaries, respectively. Capacitance (C) and
resistance (R) elements obtained from equivalent circuit modeling are further converted into
conductivity (o) and permittivity (€) after normalization against thickness and area. The
temperature dependent behaviors of the equivalent circuit modeling results are shown in Figure 2
b-c as well as in Figure S1 and S2. The value of epp. has a slight dependence on temperature and
fullerene loading, with values of fullerene-loaded electrolytes similar to each other and 2-10
times lower than those of pristine films. This indicates that the incorporation of PCBMs
contributes towards a reduced electrical double layer effect at electrode-electrolyte interfaces,

possibly because of the interfacial distribution of PCBMs. For the bulk components of the circuit

11
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model, egyx and dielectric constant (k= €/ € yacuum) Of the bulk components are almost insensitive

to fullerene loading and temperature in the range of 30-80°C, while oy in fullerene based
electrolytes, especially in the one with 20%wt PCBM, show up-to-an-order-of-magnitude
improvement as compared to the pristine system. These observations suggest that, even in the
highly ion conductive, amorphous regions of the pristine PEO-LiTFSI blends, the low-
temperature (< 80°C) ion conductivity can be further improved with the addition of fullerenes,
and the ion polarization behaviors in the bulk domains are relatively unchanged. For the grain
boundary components in the circuit model, g and the corresponding dielectric constant are
reduced by up to 3 orders of magnitude in fullerene incorporated blends, while g only shows

irregular changes with increased fullerene content. These results may be attributed to the

participation of fullerenes in grain boundaries and the reduced free ion components of the grain

boundary regions.

12
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Figure 2. a). Nyquist plots of PEO-LiTFSI (O:Li=10:1) electrolytes in blocking electrode cell as

a function of PCBM concentration (0, 10, 20 and 40wt%) at 30°C. The solid lines are fitting

results from equivalent circuit modeling using the model circuit 2 shown as inset. Rpuk and Rgp
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stand for the resistance in bulk and grain boundaries. Cgx and Cgp represent the capacitance in
bulk and grain boundaries. Additionally, Cp is the double layer capacitance. b-c). Selected
fitting results (egp and opyk) of equivalent circuit modeling as a function of PCBM loading and
temperature. Additional fitting results are available in Figure S1 and S2.

To study the mechanical properties of PEO-LiTFSI blends upon PCBM addition,
nanoindentation was used to extract elastic modulus and hardness of the composite electrolyte
films (Figure 3). The elastic modulus and hardness of the PEO-LiTFSI blends before PCBM
addition are 140+5 MPa and 5.3+0.3 MPa, respectively. The addition of 10-20wt% PCBM
decreases these values to 50+4 and 60+10 MPa, 1.7+0.3 and 1.5+1.2 MPa, respectively. At
40wt% PCBM, the elastic modulus and hardness of the blend are further reduced to 20+3 and
0.14+0.05 MPa. Our Young’s modulus value of PCBM-free sample measured at room
temperature (140 MPa) is comparable to the values reported by Cimmino and coworkers *°
where they found the Young’s modulus of PEO materials with different molecular weight ranged
between 108 and 137 MPa. The descending trend of Young’s modulus with addition of PCBM
can be attributed to the increase free volume and decreased crystallinity.*® The crystal structure
and crystallinity changes will be discussed in details below. The modulus of PCBM-based
electrolytes is still much higher than those of typical gel based electrolytes (1-5 MPa by tensile
37). The highly tunable mechanical properties (20-140 MPa in modulus) achieved in this work
can potentially enable both rigid (solid) and flexible (semi-gel) electrolyte system, simply via

systematic manipulation of fullerene loading.

14
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Figure 3. Hardness and elastic modulus of PEO-LiTFSI (10:1) electrolytes as a function of
PCBM weight percentage (0-40wt %) as determined by nanoindentation experiments.

X-ray diffraction results of the PEO-LiTFSI blends are given in Figure 4. Based on reported
results on PCBM,***° PEO and P(EO)sLiTFSL? the obtained experimental reflections of X-ray
spectra are labeled with “M”, “O”, and “X”, for contributions from PCBM, pure PEO, and
P(EO)cLiTFSI, respectively. It is noted that the Bragg peaks from pure PEO-LiTFSI blend are
made up of the ones from pure PEO and P(EO)LiTFSI salt-polymer complex, in agreement with
previous reports >°*. These peaks are considerably suppressed at 10wt% or 20wt% PCBM
loading, while reflections from PCBM crystals gradually show up. Finally, at 40wt% PCBM

loading, PCBM reflections become dominating.

15
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Figure 4. X-ray diffraction results of PEO-LiTFSI (10:1) electrolytes as a function of PCBM
weight percentage (0- 40wt%). The peaks from pure PEO are labeled with open circle, and the
ones from the (PEO)q:LiTFSI complex are marked with “X”. The reflections from PCBM are
labeled with “M”.

Selected area electron diffraction patterns (SAED) (Figure 5a) of the blend systems suggest a
strong PCBM concentration dependence similar to the trend observed in X-ray diffraction
experiments. The pure PEO/LiTFSI sample has distinctive sharp reflections, for example, (-212)

from PEO crystals, based on reported PEO unit cell*'™* Since the PEO crystal sizes in

PEO/LiTFSI blends are significantly smaller than the selected area diffraction aperture used (~1
16
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micron in diameter), they yield diffuse ring or arc-shaped diffraction patterns. These crystalline

PEO reflections are largely diminished at PCBM concentrations of 10-40wt% in SAED patterns.

On the other hand, the PCBM d spacing of 0.46nm becomes stronger with increased amount of

added PCBMs. In particular, with PCBM loading of 40wt%, the 0.46nm ring becomes much

sharper and stronger than those in samples with 10 -20wt% PCBM additions, as shown in the 1-

D intensity vs. two theta plots in Figure 5b. This implies that the PCBM packing in the 40wt%

PCBM blend is considerably more regular as compared to other compositions.

PEO(2 12)

dpcp=0.46nm

Figure 5. a.) Selected area electron diffraction patterns of PEO-LiTFSI ([O:Li]=10:1) blends as a

Intensity (a. u.)
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(o]
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Distance™l (A1)

function of the added PCBM concentration (0-40wt%). b). One-dimensional azimuthally-
averaged radial profiles are given on the right.
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To investigate the nanoscale salt-polymer distribution as a function of PCBM loading, energy-
filtered TEM (EFTEM) was performed using drop-cast films on ultrathin carbon supported
copper grids with minimal air exposure (Figure 6). Although the drop-cast method used here
involves thickness variations of the deposited film (resultant from their film drying processes),
they do not interfere with EFTEM image analysis. Thickness maps of representative samples are
shown in Figure S3, allowing us to fully monitor the thickness effect. Figure 6a-d show elastic
(0+4eV) images of PEO-LiTFSI blends ([O:Li]=10:1) as a function of PCBM weight percentage
(0, 10, 20, and 40wt%). Combined oxygen (red) and sulfur maps (green) of the blends with 0, 20,
and 40wt% are shown in Figure 7a-c. Since PCBM has a strong plasmon peak at 30eV *, an
image with 30+4eV energy window is shown in Figure 7d to highlight the location of PCBM
clusters for the electrolyte systems with 40wt% PCBM. It is observed that the original
PEO/LiTFSI blend has distinctive oxygen- (PEO-), or sulfur- (salt-) rich regions (>50nm in size),

262 and a low ion conductivity

corresponding to a phase separated PEO/PEO-Li complex system
at room temperature. Further quantitative analysis of sulfur and oxygen maps (Figure 7¢)
supports this argument. As the PCBM concentration increases to 10-20wt%, the well-dispersed
PCBMs lead to well mixed PEO-salt blend, corresponding to their significantly enhanced room-

temperature ion conductivity. The circles in Figures 6d and 7d highlighted some typical PCBM

cluster formation in the composite electrolytes with 40wt% PCBM.

18
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Figure 6. Elastic images (0+4eV) of PEO-LiTFSI ([O:Li]=10:1) electrolytes as a function of
added PCBM weight percentage in energy filtered TEM. Three aggregated PCBM domains in
Figure 6d are identified with circles, which are also revealed in 30+4eV image (Figure 7d).
Figure 6d and Figure 7d are taken from the same sample area. In addition, the imaging locations

of Figure 6 a, c, and d correspond to the ones in Figure 7 a, b, and ¢ (composite elemental maps).
All TEM micrographs share the same scale bar of 40 nm in Figure 6c.

19
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Figure 7. PEO-LiTFSI ([O:Li]=10:1) electrolytes with varied PCBM weight percentage (0-40%)
in composite elemental maps (a, b, ¢) and 30+4eV image (d) by energy filtered TEM. Figure 7a-

20
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¢ give combined oxygen (red) and sulfur maps (green). Figure 7d shows an image with 30+4¢V,
corresponding to the 0+4eV image in Figure 6d, and highlights the locations of PCBM clusters
with brighter colors for the blend electrolyte system with 40wt% PCBM, with the circles marked
three aggregated PCBM clusters. €). Typical line scans of EFTEM images (sulfur and oxygen

maps) shown in Figure 6 as a function of PCBM percentage. All TEM micrographs share the same
scale bar of 40 nm in Figure 7c.

Quantification of nanodomains observed in 30eV low plasma EFTEM imaging is performed by
grayness scale line scan analysis as shown in Figure 8a and 8b. For each blend (0, 10, 20 and
40wt% PCBM), 56 domains are measured and plotted in this analysis. Based on these
quantifications, the average domain sizes increase from 3.44+0.9 nm in the pristine PEO/LiTFSI
blend, to 4.6+1.2 nm in the blend with 10wt% PCBM, 4.9+2.0 nm in the one with 20% PCBM,
and finally to 7.5+4.5 nm in the sample with 40wt% PCBM blend. It is noted that, when the
domain size is lower than 3-4 nm, a precise PCBM domain dimension may not be identifiable in
the current EFTEM study because of background noise as well as their lack of contrast in PEO
matrix under low eV plasma imaging conditions. Higher magnification EFTEM and more
accurate determination of the dimensions of those smaller nanodomains (<3 nm) are
experimentally challenging because of the beam sensitivity of the polymer electrolyte samples
under the available experimental setup. Nevertheless, the 30eV plasma imaging enables accurate
and systematic quantifications of the majority of nanodomain sizes (4-25 nm) observed in this

study.
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Figure 8. Measured nanodomain sizes (a) and distributions (b) from 56 domains of each PEO-
LiTFSI blends (with 0-40wt% PCBM). The size analysis is based on line scans of 30eV plasma
EFTEM images. The pristine PEO/LiTFSI sample was also measured to serve as a background
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reference. It is noted that, when the domain size is lower than 3-4 nm, a precise PCBM domain
dimension may not be identified because of the background and lack of contrast in well
dispersed PCBM-PEO matrix. Figure 8c, d are schematics showing the effects of PCBM
addition. Amorphous PEO (a-PEO), crystalline PEO (x-PEO) and PEO-LiTFSI crystalline
complex (P(EO)sL1) regions are highlighted with different colors and labels. The green circles
represent PCBM clusters with different aggregation sizes. The effect of PCBM addition on
temperature-dependent grain boundary/bulk conductivity ratio in log arithmetic scale is based on
equivalent circuit modeling results from this work (e).

According to a calculation based on density functional theory, ** the interaction energies
between PEO and PEO is 2.58 kcal mol” per monomer, while the corresponding value is 3.50
keal mol”! per monomer for interactions between PCBM and PEO, and 6.01 kcal mol™ per
monomer for PCBM and PCBM. This indicates that at a low PCBM loading (or when it is
difficult for PCBM to find another PCBM to interact with), PCBM is likely to disperse well in
PEO matrix because the PCBM-PEO interaction is slightly stronger than the PEO-PEO
interaction, whereas at a high PCBM concentration, the PCBM is more likely to pack with other

PCBM into aggregated domains, as we observed experimentally in this work.

Two schematics in Figure 8c, d are drawn to showcase the effect of PCBM addition. The pristine
PEO/LiTFSI electrolyte has significant PEO and P(EO)sLiTFSI salt complex crystallinities,
which are largely reduced upon PCBM addition. PCBM is partially electron-withdrawing, which
can compete with lithium cations in attracting TFSI anion and interacting with polyethylene
oxide. Participation of PCBMs at both amorphous conductive regions (bulk) and grain
boundaries are expected. The addition of PCBM also induces systematic changes in crystallinity
and crystal dimension, free volume of the polymer matrix, grain boundary and bulk conductivity,
double layer and grain boundary permittivity as well as decoupling of ion transport and PEO
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segmental movements. Those complex changes and enhanced ion transport are achieved through
a distribution of PCBM nanocluster formation with average sizes of 3-10 nm. The ratio of grain
boundary and bulk conductivity (g /oBuk) from equivalent circuit modeling is used in

Figure 8e as a figure of merit to highlight the temperature-dependent correlation between PCBM
concentration and ion transport in these systems. A lower value of log(ogp /oBuik) corresponds to
higher ion conductivities in amorphous PEO regions than the ones in crystalline PEO or PEO/Li
complex. The volume and connectivity of grain boundary and grains are among other important

factors, which are difficult to quantify here.

To elaborate on the observed systematic interplay between nanomorphology and various properties of
PCBM based nanocomposite electrolytes, here we will individually discuss the correlations between (1)
nanostructure and mechanical properties, (2) nanostructure and thermal properties, (3) nanostructure and

electrical properties, as well as (4) mechanical and electrical properties.

(1) The demonstrated correlations between mechanical properties and microstructures are intriguing.
For example, it is noticed that when the PCBM content is below 30wt%, both the elastic modulus and
hardness have a trend to decrease first and then increase with increasing PCBM loading. It is reasonable
to expect that PCBM aggregation can contribute towards increased mechanical properties, while
decreased polymer matrix crystallinity will result in reduced mechanical properties. Therefore, the overall
effects of the two combating factors yield the observed complex, nonmonotonic and nonlinear behaviors
in elastic modulus and hardness as a function of PCBM loading.
(2) Because the X-ray diffraction and micrsocopy experiments in this work are performed at room
temperature, the interplay between electrolyte nanostructures and their corresponding thermal properties

is mainly probed by DSC (Figure 1b-c) and equivalent circuit modeling of variable temperature
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impedance spectra (Figure 2 and Figure S1-S2). The bulk components in equivalent circuit models
correspond to amorphous PEO matrix with higher ion conductivity, while the grain boundaries in these
models correspond to less ion-conductive, crystalline complex of PEO and lithium salt. By following the
trends of permittivity and conductivity at grain boundaries and in bulk as a function of temperature, it is
made possible to indirectly estimate the relative changes of amorphous PEO, crystalline PEO/salt
complex, and PCBM aggregation at different temperatures, with linkages to their important thermal
transitions and free volume changes. (3) The interdependent relationships of nanostructure formation and
electrical properties are the main focus of this work, which is enabled by the clean surface chemistry and
monodispersity of PCBM additive. The enhanced ion conductivity achieved in this work is interpreted
through both real space and reciprocal space methods, along with equivalent circuit modeling. Although
it is extremely difficult to establish one-to-one correlation between what is observed in X-ray diffraction,
energy filtered TEM analysis, and equivalent circuit models, we are able to gain an overall pictures of
what is happening at various length scales and understand the basis of ion conductivity enhancement in
the PCBM based electrolytes from various perspectives. (4) It is demonstrated in this work that,
depending upon the specific nanostructure formation involved, mechanical properties of a nanocomposite
system have rather complicated correlations with their electrical properties, which can be desirable in
terms of providing tunability for flexible battery designs. The broad range of mechanical and electrical

properties achieved in this work could contribute towards both gel-based and solid polymer electrolytes.

The electron conductivity of fullerene derivative could play a role in the overall performance of the
nanocomposite electrolytes. As we mentioned earlier in the introduction section, PCBM is known as an n-
type, electron-transporting semiconductor, therefore it is expected that PCBM will not contribute
significantly to the leakage current of the electrolyte systems. Our equivalent circuit modeling results
indicated that PCBM improved the permittivity and conductivity of the grain boundaries and bulk
components in the nanocomposite electrolytes, with no signs of performance deterioration. Furthermore,

as illustrated in the inset of Figure 8d, the electron-withdrawing nature of the “Bucky ball” could make
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PCBM attractive to TFSI anion and PEO matrix, which in theory can contribute towards less tightly
bonded lithium ion, easier charge hopping, and decoupled ion transport. Our variable temperature

conductivity measurement and analysis partially support this hypothesis.

The comprehensive effects of the polymer-matrix molecular weight and polydispersity could be a subject
of future research, towards further optimization of the nanocomposite electrolytes with PCBM additives.
Molecular weight and polydispersity of the polymer matrix will likely to affect PCBM aggregation
formation, ion conductive grain and boundary structures, coupling or decoupling of ion transport and
polymer backbone dynamics, as well as many other closely involved issues in these electrolyte systems.
They could provide further tunability on ion conductivity and other desirable properties, but the study of

those effects is outside of the scope of the current work.

Because fullerene has no Lewis acidic sites on their surface, it is concluded that the enhancement of ion
transport enhancement observed in this work is solely resulted from nanoparticle-induced changes in
polymer matrix. This work thus provided a unique example of performance enhancement in
nanocomposite electrolytes with no Lewis acidic sites and nanoparticle surface treatment. In addition, this
work presented a systematic interplay between nanomorphology and various properties of nanocomposite
electrolytes (including mechanical, thermal, and electrical properties), with well defined nanoparticle
surface chemistry as well as nanoparticle size and distribution, which is extremely difficulty (if not

impossible) to achieve in oxide nanoparticle based electrolytes.

In summary, we introduced fullerene based polymer nanocomposite electrolytes as a new class

of solid polymer electrolytes and examined their nanostructure-property relationships as a
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function of temperature and fullerene loading. Up to 600% ion conductivity enhancement was
achieved in PEO/LiTFSI systems, and correlated with changes in PEO free volume, crystallinity
and crystal dimension, and nanoscale morphology. The improved ion transport was further
linked to systematic changes in mechanical properties, decoupling between ion transport and
polymer segmental motions, as well as conductivity and permittivity at grain boundaries and in
bulk upon PCBM addition. The advances in chemistry recently made important progress towards
functional supramolecular assemblies of fullerenes in polymer hosts and even fullerene-based
block copolymers.**® Self-assembly of those supramolecular and block copolymers with
fullerene component has made important impacts on organic optoelectronic materials, 2" ***° but
is not yet explored in the context of solid polymer electrolytes. The marriage of fullerene
derivatives and polymer electrolytes could open up exciting opportunities for optimizing the

nanostructure and ion transport of solid polymer electrolytes.

Experimental

Film Preparation. PEO (Mn=270k, PDI=1.1) is synthesized using potassium fert-butyloxide as
the initiator and high-vacuum all-glass anionic polymerization technique. *’ PCBM is used as
received from Sigma Aldrich. LiTFSI is purchased from Sigma Aldrich and dried at 120°C in
glove box for 2 days before use. Desired amount of dry PEO, LiTFSI, and PCBM were dissolved
in anhydrous THF, followed by drying in a vacuum oven for three-to-four days and being stored

in argon-filled glove box.
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Impedance Spectroscopy and Equivalent Circuit Modeling. The polymer-LiTFSI samples were
pressed into the disc with 1/4” diameter and 1/32” thickness at elevated temperature (60°C for
PEO and 200°C for the blended polymers) under argon gas filled environment. The disc samples
were subsequently assembled into a coin cell configuration for the conductivity measurement in
the glove box. In the cell, the disc sample was sandwiched by stainless spacers under a spring
load. A 15 mil thick Teflon ring was placed between the spacers to prevent the electronic
shorting as well as constrain the volume expansion of the sample. As soon as the cell leaves the
argon environment, epoxy was applied to seal the edge of the cell to minimize the moisture
contamination. Copper wires were attached to each side of the cell with silver epoxy to build the
electronic connection. The Ohmic resistance between the cell and copper wire was checked with
the multi-meter to ensure the contact resistance is negligible. The conductivity of the sample was
monitored at room temperature for at least 7 days until the steady state was reached. During the
testing, the cell was placed in the close-top Teflon heating block for temperature control. The
testing temperature starts from 25°C to 90°C with 5°C increment and the measurement was
conducted after 2 hrs of temperature equilibration. The impedance measurement was performed
using Solartron 1260 (Impedance/gain phase analyzer) and 1286(Electrochemical interface)
combo. The voltage perturbation was applied at 10 or 50mV amplitude as a function of
frequency from 10MHz to 0.1Hz. The sample dimension was obtained by taking the cell apart in

the glove box after testing.

Differential Scanning Calorimetry. Differential scanning calorimetry measurements were
performed using TA instruments (Q1000) with a heat/cool/heat protocol under nitrogen flow in

sealed aluminum pans. Samples (2-4 mg) were preheated to 200°C to remove thermal history,
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then cooled to -100°C, and finally re-heated to 200°C with a ramp rate of 10°C/min. The first

cooling and the second heating cycles were used to determine transition temperatures.

Nanoindentation. Nanoindentation was performed on a TriboIndenter (Hysitron Inc.
Minneapolis, MN) using a displacement control mode. Elastic modulus and hardness values were
calculated from the unloading curve according to the Olive and Pharr method.*® For each sample,
the peak penetration was fixed at 500 nm, with a loading time and an unloading time of 5
seconds, respectively. The mean and standard deviation in the elastic modulus and hardness were
determined from indentation tests performed on five different locations on the sample surface for

all samples.

X-ray Diffraction (XRD). XRD experiments of the nanocomposites electrolyte films were
performed on a Panalytical X’Pert with a copper K-alpha radiation. The samples are sealed in

air-tight plastic bags before each experiment.

Transmission Electron Microscopy (TEM). Dilute anhydrous THF solutions (0.2wt%) of
nanocomposite electrolyte were drop cast on amorphous carbon supported copper grids. The
drop-cast films are isolated from air and moisture except a brief exposure during TEM sample
loading. (Both room-temperature and cryo-microtoming involves extended exposure to air and
moistures, which is not pursued in this work). Energy filtered TEM experiments and selected
area electron diffraction were conducted in a Zeiss Libra 120 equipped with an in-column
Omega energy filter. An acceleration voltage of 120kV and emission current of ~5x10°A were

used in order to minimize electron damage to polymer based samples.
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