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Abstract

Because 3D batteries comprise solid polymer electrolytes (SPE) confined to high surface area
porous scaffolds, the interplay between polymer confinement and interfacial interactions on total
ionic conductivity must be understood. This paper investigates contributions to the structure-
conductivity relationship in poly(ethylene oxide) (PEO)-lithium bis(trifluorosulfonylimide)
(LiTFSI) complexes confined to microporous nickel scaffolds. For bulk and confined conditions,
PEO crystallinity decreases as the salt concentration (Li":EO (») = 0.0.125, 0.0167, 0.025, 0.05)
increases. For pure PEO and all  values except 0.05, PEO crystallinity under confinement is lower
than in the bulk, whereas glass transition temperature remains statistically invariant. At 298 K
(semicrystalline), total ionic conductivity under confinement is higher than in the bulk at » =
0.0167, but remains invariant at » = 0.05; however, at 350 K (amorphous), total ionic
conductivity is higher than in the bulk for both salt concentrations. Time—of—flight secondary ion
mass spectrometry indicates selective migration of ions towards the polymer—scaffold interface.
In summary, for the 3D structure studied, polymer crystallinity, interfacial segregation, and
tortuosity play an important role in determining total ionic conductivity and, ultimately, the

emergence of 3D SPEs as energy storage materials.
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Main Text

Three—dimensional solid—state batteries (3D SSBs) offer significant advantages over
conventional 2D batteries, namely, high areal energy and power densities due to their increased
surface area and intimate contact between cell components. 3D SSBs comprise porous 3D
scaffolds that confine solid polymer electrolytes (SPEs)!” to form dense composites with extensive
scaffold—SPE interfaces. Polymer confinement is a topic of intense fundamental research because
confinement can modulate the polymer glass transition temperature (7g),'> segmental relaxation

%10 polymer crystallinity (X),!'"!3, viscosity,'* and thermal stability.!>

rate,®® chain conformation,
16 Total ionic conductivity (o) of SPEs, an important electrochemical property, also depends upon
polymer structure, thereby making 3D confined SPEs of interest both fundamentally and for
energy storage applications.

Poly(ethylene oxide) (PEO)-based SPEs are popular due to the high dielectric constant (&)
of PEO'® and its ease of processability. Yet, practically—useful ¢ values on the order of 10 S/cm'®:
20 become achievable only at 7> Ty (polymer melting point) and/or at high salt concentrations,
often at the cost of the SPE modulus. Confining PEO SPEs within robust porous media is a
practical engineering strategy to balance the trade—off between mechanical properties and o. In
this study, the ¢ of PEO SPEs is directly impacted by 5 key contributors: 1.) Tg, 2.) X, 3.) ion
transport pathways (pore tortuosity, tr), 4.) free charge carrier concentration (nfec), and 5.)
lamellar tortuosity (72).?' Pore tortuosity is generated by the pore network, whereas lamellar
tortuosity is generated by the PEO lamellae. These contributors often affect o orthogonally to one
another: increasing salt concentration leads to a higher nsc. but also a higher Tg, which suppresses
polymer (and thus ion) mobility. Analogously, addition of filler suppresses X. and increases the
volume fraction of amorphous polymer, but may increase 7g and reduce #njee thereby suppressing
o. Thus far, the majority of studies on 3D confined SPEs has focused on optimizing SPE
electrochemical performance by tuning scaffold properties: surface chemistry, pore connectivity,
and porosity, but typically at a fixed salt concentration.’? As such, a systematic fundamental
investigation of structure—property relationships in 3D confined SPEs is lacking. Further,
experimentally—observed improvements in ¢ are often simply attributed to changes in Xc, and the
influence of the remaining contributors on ¢ remains unclear. In this fundamental study, we
systematically probe how polymer thermal properties, namely 7y and 7w, structure (X¢), and pore

tortuosity tp affect ¢ in confined PEO-lithium bis(fluorosulfonylimide) (LiTFSI) electrolytes. We



propose that ion—scaffold interactions can also play a role in determining nse.. Given the large
surface area of the porous 3D scaffolds, even weak interactions can reduce o.

Porous nickel (Ni) scaffolds (thickness ~80 um thick, pore diameter ~2 um—10 um, pore
volume ~75%, i.e., @ = 0.75) were used as confining matrices. The microporous Ni scaffold used
in this work is a novel, highly—tunable battery electrode architecture currently used for silicon
anode applications in lithium—ion batteries. Confined SPEs were prepared using capillary—rise—
infiltration (CaRI) of polymer electrolyte melts into porous scaffolds as depicted in Figure 1,
which shows a fracture surface of pristine porous scaffold in cross—section. CaRI is based on
capillary action wherein favorable wetting of the porous scaffold surface by a wetting fluid (in this
case the melt) results in drawing of the melt into the scaffold.> ® !> 23:2* The exact preparation
procedure can be found in Section S1. The maximum time required for complete infiltration at T

= 120°C was estimated from the classical Lucas—Washburn equation® 2> 26

as 38 minutes for pure
PEO melt (Section S1). Since the actual exposure time was 3 hours, we expect good filling of the
pores with SPE. The final composites comprise both the confined SPE and the porous scaffold

together, which we hereafter refer to as polymer electrolyte composites (PECs).

Capillarity
PEO melt

Hot plate

Figure 1. The CaRI fabrication process used for preparing PEO—infiltrated scaffolds (i.e., polymer
electrolyte composites, PECs). The thickness of the PEC is ca. 80 um. The SEM image shows the
cross—section of an as—received porous scaffold prior to polymer infiltration. Not to scale.

We used scanning electron microscopy (SEM) and energy—dispersive x—ray spectroscopy
(EDS) to characterize the PECs after cooling and crystallization as shown representatively in
Figure 2. Figure 2a) and Figure 2c) show SEM images of a representative PEC at high and low

magnifications, respectively. Corresponding EDS maps are shown in Figure 2b) and Figure 2d).



Collectively, this data reveals a dense composite comprising polymer (green) and scaffold (gray).
Dark spots do not necessarily represent voids, but rather originate from regions with low counts
due to the depth—limitation of EDS. Of note is the polymer signal observed at the unexposed (top)
surface shown in Figure 2¢) and Figure 2d), which highlights the efficacy of CaRI in the
development of high—loading, thick polymer composites. Additional SEM images can be found in

Figure S1. Importantly, we observe uniform pore filling in all samples which confirms the

physical confinement of the SPEs within the pores of the scaffold.
SEM Ni+C+0O

Figure 2. Representative SEM images and corresponding EDS maps of a PEC. Gray represents
Ni (scaffold), green represents carbon (polymer), and pink represents oxygen. Both scale bars
shown are 10 um and also apply to their corresponding EDS maps.

Next, Tg, Tm, and Xc in the bulk and under confinement were investigated using differential
scanning calorimetry (DSC). These values were extracted from raw DSC heating curves (Figure
S2 and Figure S3), and are summarized in Figure 3. In the bulk, 7% for pure PEO is ca. -55°C and
increases with increasing salt concentration. At the highest salt concentration of » = 0.05, bulk 7,
reaches ca. —45°C. PECs ((hatched gold bars, Figure 3a)) also show this trend but the changes from
one salt concentration to the next are smaller in magnitude. Further, the largest difference in 7y is
seen going from pure PEO to » = 0.05 as is also the case with the bulk SPEs. At any r value, the
effect of confinement on polymer 7 is statistically insignificant relative to the bulk, suggesting
that confinement of SPE to the porous scaffold does not significantly affect polymer 7. Noticeable
changes in Ty are typically observed when the length scale of confinement approaches the polymer
radius of gyration (Rg). The characteristic length scale of confinement in the present study is

defined by the pore size (few ums), which is >> polymer Rg (~tens of nms). This is likely why no
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significant effect on Ty is seen at this confinement length scale. A comparison of the trends in these
two systems, i.e., bulk vs. confined, reveals that the effect of salt addition on 7 is more pronounced
in the bulk than in the PECs. A plausible explanation for this difference is ion—scaffold interactions

in the PECs which will be discussed in the context of o.
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Figure 3. Summarized values of a) Tg, b) Tm, and c) Xc. All error bars represent one standard
deviation from the mean of 3 separate trials except for the PEO control.

The effect of confinement and salt concentration on 7'» is summarized in Figure 3b). In the
bulk, increasing salt concentration leads to a decrease in 7 from ca. 62°C to ca. 52°C, and is
attributed to more polymer—salt interactions and consequent disruption of Xc. The PECs also show
a similar trend, and at all salt concentrations except » = 0.05 show a decrease in T relative to their
bulk counterparts. Statistically, however, these changes are insignificant. The heating curves
shown in Figure S2) indicate that the melt transition peak for every PEC becomes broader relative
to that in the bulk, suggesting that the distribution of PEO lamellae sizes becomes broader under
confinement, which may be attributed to the range of pore sizes in the scaffold. Thus, the melt
transition in the PECs occurs over a broad temperature range with smaller crystallites melting first
and larger ones melting later, reflected as broad peaks in the DSC traces.

Last, we investigate the effect of confinement and salt concentration on X. (Figure 3c)). Xc
for bulk PEO is around 78%, and decreases gradually as salt concentration increases. At the highest
salt concentration of » = 0.05, X reduces to ca. 20% in the bulk. The PECs exhibit a similar trend.
This reduction in X with increase in salt concentration is attributed to coordination of the PEO
chains with Li" cations from dissociated salt.® An increase in salt concentration and reduction in
Xc in the bulk SPEs were also confirmed using vibrational spectroscopy and optical microscopy,
respectively (Figure S4 and Figure S5). The PECs exhibit a lower X relative to their bulk
counterparts except for the » = 0.05 case where X. remains statistically invariant. The largest

changes are observed for the dilute systems, suggesting that the effect of physical confinement on



the SPEs is salt—concentration—dependent. Dilute systems likely experience a stronger effect from
confinement (30% to 40% reduction in X:) whereas more concentrated ones do not (<20%
reduction in X¢). It stands to reason that polymer—ion interactions may dominate at higher salt
concentrations, thereby explaining this trend. These trends also agree well with the corresponding
T'n trends. Further, the volume fraction of polymer in the PECs is ca. 75%. If there were no effect
on confinement on Xc, then Xcconfinea should be reduced by 25% relative to Xc-suir. However, we
find that the ratio Xc—confined/Xc-buik 18 < 0.75, suggesting that the lower Xc in the PECs is not simply
a function of the pore volume but rather a consequence of physical confinement of the PEO
spherulites. We posit that the PEO crystallization is frustrated under confinement due to restricted
spherulite growth. Melt—crystallized PEO spherulites are typically on the order of hundreds of um
in the bulk (Figure S4). When the polymer melt crystallizes within pores of size ca. 5 yum, growth
of its spherulitic domains is constrained by the pores, thereby lowering X. in the PECs.
Transmission WAXS results on selected bulk SPEs and PECs also corroborate these findings from
DSC analysis (Figure S6).

Classical free-volume theory has established that ion transport occurs primarily in the
amorphous phase of an ionically conducting polymer.?’ To understand the correlation between Xc
and total ionic conductivity, electrochemical impedance spectroscopy (EIS) was carried out to
determine the o of the bulk SPEs and PECs at 298 K and 350 K, corresponding to semicrystalline
and amorphous morphologies, respectively. Since moisture directly affects ionic conductivity,?
care was taken to carry out all measurements under vacuum. o»uik as a function of salt concentration
is shown in Figure S7. At 298 K, gpui for r = 0.05 is 2.3 x 10° S/cm, similar to that reported by
Devaux et al. (MWpeo = 35 kDa, r = 0.04)*° and slightly lower than that reported by Zhang et al.
(MWpeo = 500 kDa, r = 0.05).3° opuk values for » = 0.0125, 0.0167, and 0.025 are ca. 5.0 x 1077
S/cm, i.e., an order of magnitude lower than the (20:1) case. This reduction is expected due to
decrease in the number of free charge carriers and increase in X with decreasing salt concentration.
Because all SPEs are amorphous at 350 K (see phase diagram in Figure S8), ¢ is decoupled from
the effects of polymer crystallinity. At 350 K, osui lies between 1.5 x 10* S/cm and 7.4 x 107
S/cm, in good agreement with values reported by Lascaud et al. (MWreo > 3.9 kDa),'® Mongcopa
et al. (90°C, MWpeo = 35 kDa),*!' and Pesko et al. (90°C, MWpko = 5 kDa and MWpko = 275
kDa).*? Our ionic conductivity value for = 0.05 at 350 K (7.4 x 10* S/cm) is in the vicinity of
that reported by Zhao et al.** (~8 x 10* S/cm, MWpreo 5000 kDa), Xiong et al.>* (7.5 x 10~ S/cm,



MW?eeo = 1000 kDa), and within the expected value based on results from Hoffman et al.’®
However, although o increases as salt concentration increases, this increase is quite small at dilute
salt concentrations, as also reported by Pesko et al.>? Therefore, we chose to compare ¢ at two salt
concentrations — » = 0.0167 representing a dilute SPE and » = 0.05 representing a concentrated
SPE. Note that insulating polymer layers of poly(vinylidene fluoride)—co—hexafluoropropylene
(PVDF—co—HFP) were applied to the top and bottom of the PECs to prevent short circuit. The
corresponding EIS setup can be found in Figure S9, along with a description of possible charge
flow through the trilayer system in Figure S10. The geometry and stability of the insulating layers
were verified using SEM after EIS measurements at 350 K and cooling to the ambient, shown
representatively in Figure S11. Raw Bode plots from EIS can be found in Figure S12, wherein
the inert nature of PVDF—co—HFP leads to only a single relaxation process from the PECs. We
also carried out EIS on a bulk SPE (» = 0.05, 298 K) sandwiched between the PVDF-HFP
overlayers, and found the ionic conductivity to be similar to that measured without the overlayers
(see Figure S13).

We next compare the bulk and confined total 1onic conductivity at dilute (» = 0.0167) and
more concentrated (= 0.05) salt concentrations as summarized in Figure 4. At 298 K (Figure 4a),
the total ionic conductivity of the confined SPE is greater than the bulk value by 2.4x for r =
0.0167, whereas for » = 0.05, the total ionic conductivities of the bulk and confined SPEs are
similar. To explain these results, we turn to polymer crystallinity analysis. Xc is ca. 66% for the
bulk »=0.0167 SPE, and decreases to ca. 31% under confinement. This reduction in X leads to a
higher content of amorphous polymer, which explains the higher ¢ under confinement. For » =
0.05 SPE, Xc does not change under confinement relative to the bulk, and ¢ remains unchanged.
The finding that a 35% reduction in X for the dilute salt concentration results in only a small
change in geonfined VS. obuik suggests that X is not the sole contributor responsible for ion transport

in such composite SPEs.
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Figure 4. Bar plots showing the total ionic conductivity ¢ as a function of (EO:Li") ratio at a) 298
K and b) 350 K. Values are averages of at least two separate trials except for the (20:1) PEC, and
error bars shown represent one standard deviation of the mean.

At 350 K (amorphous) for both PECs, Figure 4b) shows that ¢ of the confined SPEs is less
than that of the bulk SPE by a factor of 7x to 8x. Further, for the bulk SPEs, the ratio o350x/529sx 1s
ca. 550 whereas it is only ca. 32 under confinement (PECs). To account for ionically inaccessible
metal scaffold, gconfined Of an electrolyte confined to a scaffold with pore volume fraction (@)
follows Gconfined = @ X Gbuik, assuming an amorphous polymer matrix. To account for the non—linear
pathways in the scaffold, an empirical correction factor can be incorporated, namely the pore
tortuosity 7r. The bulk and confined samples are expected to have similar free volume due to the
invariance in Tg under confinement, which allows for estimation of tp using gsuix and eonfined. All
oconfined values were obtained after correcting for volume fraction of ion—conducting phase in the
PECs. The typical value for 7p in porous media lies between 1.5 and 3.0, 37 whereas the value
we calculated is on average 6.2 for both PECs. As such, tortuosity alone is unable to account for
the lower total ionic conductivity in the PECs. Calculating tortuosity requires that there are no
changes to the electrolyte (X¢, 7¢) under confinement. The confined polymer electrolytes satisfy
this condition at 350 K because DSC—derived 7. values under confinement are invariant relative
to the bulk, and because all samples are amorphous at this temperature thereby allowing estimation
of tortuosity. On the other hand, the confined polymer electrolytes are semicrystalline at room
temperature adding additional tortuosity, preventing reliable estimation of tortuosity values. This
deviation motivated us to consider scaffold—ion interactions, which can directly impact the number
of free charge carriers nse. and consequently o.

To this end, we carried out ex—situ ToF—SIMS on a representative PEC (»=0.0167). Figure

5a) shows the secondary electron image of the PEC cross—section obtained after ion beam—milling
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and polishing. The milling was necessary to obtain a flat surface suitable for ToF—SIMS data
collection. Further, polishing the milled surface using the ion beam helps removes residue and

clean the surface.

a) SE image b) Carbon c) Oxygen d) Fluorine

20

X (pm)
Figure 5. a) Secondary electron micrograph of the PEC (» = 0.0167) cross—section; b)—d)

corresponding elemental maps in the X—Y plane. The milling depth corresponds to 50 frames in
the thickness direction, i.e., ca. 10 um deep. Data was collected at room temperature.

Light gray (i.e., bright) regions represent the Ni scaffold whereas dark gray (i.e., dark)
regions represent the polymer electrolyte, similar to the SEM images shown in Figure 2 and
Figure S1. We observe a dense composite featuring continuous scaffold—polymer interfaces
throughout. However, curtaining stripes, which are artifacts of the milling process, appear due to
the inhomogeneous composition of the materials.>® These striped regions cause excessive signals
in TOF-SIMS, which is unavoidable due to the faster milling rate in the protruding areas compared
to the adjacent flat regions. This differential milling rate in the stripes leads to the generation of
more secondary ions when the region of interest is milled.>* For this reason, we delineate the
regions of interest from the curtaining stripes using dashed yellow lines. Corresponding elemental
maps in the XY plane are shown in Figure Sb)-Figure 5d). The source of these elements is the
polymer electrolyte, with both PEO and LiTFSI contributing to the C and O signals. The only
source of F in the PEC is the TFSI™ anion. The distribution of C (Figure 5b)) is more uniform
relative to O and F, although there are some dark patches observed. Note that the intensities from
these dark regions are non—zero, and the apparent micron—scale variations originate from the
different surface roughness generated by the differential milling rates between the hard metal
scaffold and soft polymer electrolyte. On the other hand, we observe in Figure 5c) and Figure 5d)
that the O and F signals are more localized towards the scaffold surfaces, resulting in ‘hotspots’

that overlap with the underlying SE image shown in Figure 5a). The F/C and F/O ratio maps (see
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Figure S14) also show hotspots of fluorine in the vicinity of the scaffold—polymer interface. Since
the bright regions in panel a) represent the Ni scaffold, this observation suggests the segregation
of TFSI™ towards the scaffold surface leading to a large F signal despite the crystalline PEO on the
scaffold possibly limiting direct scaffold—ion interactions. As such, we expect amplification of this
phenomenon in the melt wherein the scaffold surface is more accessible to the ions. The individual
mass spectra from representative bright and dark regions (see Figure S15) suggest that the fluorine
intensity in the bright region is ca. 3x that in the adjacent dark region. Note that no evidence of
nickel oxide was found in the ToF—SIMS mass spectra.

Experimental evidence for selective LiTFSI adsorption in anodized aluminum oxide
(AAO) pores has also been presented in the literature.* Further, our raw mass spectra indicate a
96x higher concentration of F in the PEC relative to the empty Ni scaffold (see Figure S16). The
signals are orders of magnitude higher than the background, eliminating the possibility of the
signals being noise. Collectively, these observations point to the possibility of selective salt
adsorption to the scaffold surface thereby reducing ng.. available for ion transport, consequently
lowering ¢ in the PECs at 350 K. Such a mechanism can also explain the weaker dependence of
T, on salt concentration observed in Figure 3. The insulating overlayers used for EIS of the PECs
are not expected to contribute to salt partitioning since PVDF—co—-HFP does not dissolve LiTFSI
well. 4!

Based on these findings, we propose a comprehensive picture of total ionic conductivity in
high—loading composite polymer electrolytes. oconfined 1s governed by a balance between reduction
in Xc and adsorption of salt to the scaffold surface depending upon salt concentration. At a dilute
salt concentration at 298 K, the expected increase in geonfined due to reduction in X is observed. At
a moderate salt concentration at 298 K, the reduction in X: from confinement is insufficient to
ImMprove oeonfined. At 350 K, salt adsorption and pore tortuosity primarily govern cconfinea and the
PEC:s are less ionically conductive than their bulk counterparts at both salt concentrations. Higher
polymer mobility at the higher temperature allows more ion—scaffold interactions, which likely
amplifies the effect of the interface. Recent experimental work by Tekell et al.*?, and
computational work on high—loading SiO>—PEO electrolyte melts by Martin Dalmas* both
suggest that in the melt o decreases in the presence of filler because the total ionic conducting
phase (polymer) is replaced by non—conducting phase (filler). Our findings qualitatively agree with

these reports.
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In conclusion, our results highlight the impact of the confining medium on ion transport
properties. Out of the 5 factors outlined initially (polymer glass transition temperature 7, polymer
crystallinity X, pore tortuosity 7r, free ion concentration nyee, and lamellar tortuosity 7z, we find
that the glass transition temperature does not change significantly at this length scale of
confinement. At room temperature, polymer crystallinity alone is insufficient to explain the
changes observed in total ionic conductivity. Decoupling of polymer crystallinity from ionic
conductivity above T suggests that pore tortuosity and ion—scaffold interactions are the more
important factors. However, pore tortuosity only partially explains the reduced total ionic
conductivity observed under confinement. Time—of—flight secondary—ion mass spectrometry
(ToF-SIMS) suggests selective segregation of dissociated ions towards the scaffold, which we
posit leads to a lower effective free charge carrier concentration. Therefore, total ionic conductivity
is governed by a combination of polymer crystallinity, pore tortuosity, and ion-scaffold
interactions. Our findings are especially relevant to 3D solid—state—batteries wherein polymer
electrolytes are filled into porous scaffolds with large surface areas, and interfacial effects can
dominate. In such dense composites, the role of the filler should be accounted for while
determining overall electrochemical performance. At room temperature, PEO lamellar tortuosity
inside the pore network is expected to cause conductivity anisotropy.'’?! Also important is the
degree of connectivity of the pores in the scaffold. To this end, isothermal polymer crystallization

studies in controlled porous materials are in progress and will be reported in the future.
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