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ABSTRACT: Development o lithium-ion batteries with compo-
site solid polymer electrolytes (CPSEs) has attracted attention due
to their higher energy density and improved saety compared to
systems utilizing liquid electrolytes. While it is well known that the
microstructure o CPSEs aects the ionic conductivity, thermal
stability, and mechanical integrity/long-term stability, the bridge
between the microscopic and macroscopic scales is still unclear.
Herein, we present a systematic investigation o the distribution o
TEMPO-oxidized cellulose nanobrils (t-CNFs) in two dierent
molecular weights o poly(ethylene oxide) (PEO) and its eect on
Li+ ion mobility, bulk conductivity, and long-term stability. For the
rst time, we link local Li-ion mobility at the nanoscale level to the
morphology o CPSEs dened by PEO spherulitic growth in the
presence o t-CNF. In a low-MW PEO system, spherulites occupy a
whole volume o the derived CPSE with t-CNF being incorporated in between lamellas, while their nuclei remain particle-ree. In a
high-MW PEO system, spherulites are scarce and their growth is arrested in a non-equilibrium cubic shape due to the strong t-CNF
network surrounding them. Electrochemical strain microscopy and solid-state 7Li nuclear magnetic resonance spectroscopy conrm
that t-CNF does not partake in Li+ ion transport regardless o its distribution within the polymer matrix. Free-standing CSPE lms
with low-MW PEO have higher conductivity but lack long-term stability due to the existence o uniormly distributed, particle-ree,
spherulite nuclei, which have very little resistance to Li dendrite growth. On the other hand, high-MW PEO has lower conductivity
but demonstrates a highly stable Li cycling response or more than 1000 h at 0.2 mA/cm2 and 65 °C and more than 100 h at 85 °C.
The study provides a direct link between the microscopic dynamic, Li-ion transport, bulk mechanical properties and long-term
stability o the derived CPSE and, and as such, oers a pathway towards design o robust all-solid-state Li-metal batteries.
KEYWORDS: solid polymer electrolytes, spherulitic growth, Li-ion mobility, lithium dendrites, nanocellulose,
sustainable lithium metal batteries

1. INTRODUCTION
Lithium-ion batteries (LIBs) are high-density energy storage
devices commonly used or portable electronics and electric
vehicles with increasing penetration in other application areas
including stationary storage systems.1,2 Despite their wide-
spread use, commercial LIBs are known to expose users to
multiple hazards due to the presence o toxic and ammable
organic liquid electrolytes. Another issue is the poor electro-
chemical stability o lithium within the organic electrolyte,
which results in rapid dendrite growth causing ast cell
degradation.3,4 Parallel to the growing interest in overcoming
issues in currently utilized batteries, we have seen signicant
advances in solid-state lithium-ion batteries over the past two
decades. Their key advantages are durability, a leak-proo
battery cell design, low weights, high energy density, and low
reactivity toward the electrodes.2,5

With solid electrolyte playing a dual role as both a separator
and an electrolyte in a solid-state battery conguration, several
criteria such as ast ion transport, a wide electrochemical
window, chemical stability, mechanical integrity at ambient
and elevated temperatures to suppress lithium (Li) dendrite
growth, and the environmental ootprint associated with their
design must be considered.6−10 In general, solid electrolytes
can be divided into two main subgroups: inorganic solid



electrolytes11,12 and organic solid electrolytes based on
polymers such as poly(ethylene oxide) (PEO), poly(vinylidene
uoride), polyacrylonitrile (PAN), and polyvinyl alcohol
(PVA).6−8 Among the inorganic solid electrolytes, garnet-
type electrolytes are widely studied as Li ion conductors due to
their high ionic conductivity at 25 °C (up to 10−3 S/cm), wide
potential window, innitesimal electronic transport, and
electrochemical stability against the Li anode.11,12 The major
aws o oxide-based solid electrolytes are their rigidity and
brittleness, which cause poor mechanical contact with the
electrode, resulting in a high interacial charge transer
resistance.11−13 In addition, the presence o pores in oxide-
based solid electrolytes provide avorable pathways or Li
dendrite growth despite their superior mechanical integrity.14
In comparison, polymer hosts or solid electrolytes such as
PEO have several attractive eatures including a high dielectric
constant resulting in strong Li solvating ability, low glass
transition temperature o −67 °C ensuring chain mobility in a
wide temperature range,1,15−18 and compatibility with a wide
range o solvents. The ethylene oxide units in PEO have a high
donor number or Li ions and are spaced at a avorable
distance or ion hopping, which are both important character-
istics or promoting ion transport.19,20 However, PEO is a
semi-crystalline polymer, and while the amorphous phase with
exible chain segments aids in ion transport,19,20 it ails to
suppress Li dendrite growth, especially in its ully amorphous
viscoelastic liquid orm at elevated temperatures. In contrast,
crystalline PEO regions with slow polymer-chain dynamics
obstruct ion transport but contribute to the mechanical
strength below melting temperatures.21,22
To overcome the challenges associated with polymer-based

solid electrolytes, composite solid polymer electrolytes
(CSPEs) and cross-linked polymer-based systems present
new design opportunities to meet high ionic conductivity
and improved mechanical integrity criteria.5,23−34 For CSPEs, a
common approach to improving the polymer electrolyte is the
addition o llers, which can impact both the mechanical and
electrochemical properties o the resultant CSPEs.23,24
Improved conductivity is oten realized through the
introduction o an ionically conductive ller (e.g., garnet-type
ceramics) into the host polymer phase.24 The utilization o
conductive llers has been shown to increase the room-
temperature ionic conductivity o CPSEs by approximately one
order o magnitude.21,24,26,29,30 It was also shown that
nonconductive oxide ceramics can inuence the electro-
chemical perormance o polymer-based electrolytes.24 Fillers
such as SiO2, Al2O3, and TiO2 were shown to improve the
CSPE ionic conductivity via decreasing the degree o
crystallinity o the polymer host and promoting Li salt
dissociation via acid−base interactions with either Li cations
or anions.24,31,33,35 Comparing the ionic conductivity values or
polymer-based systems with conductive and non-conductive
llers, it can be concluded that both types o llers show very
similar improvements in the ionic conductivity. For cross-
linked systems, the polymer network created ater oligomer
cross-linking is the main contributor to improvements o
mechanical integrity and electrochemical perormance due to a
signicant obstruction or even ull elimination o polymer
crystallization. Another big advantage o this approach is a
possibility o its solventless realization. However, or improved
conductivity, cross-linked systems still require plasticizers that
make them gel-like and not ully dry solid electrolytes. Dry
systems do not usually show outstanding ionic conductivity

and stay in a range o 10−6 to 10−5 S/cm. Regardless o its
state, whether it is a dry or a gel electrolyte, reports on long-
term cycling and thermal stability o cross-linked systems are
scarce.36,37 Another disadvantage o cross-linked electrolytes is
their reduced ability to be shaped and recycled ater a cross-
linked network is ormed.
Recent studies have ocused more attention on a relatively

new class o llers in polymer composites. Nanocellulose,
particularly cellulose nanobrils (CNFs) and cellulose nano-
crystals (CNCs), which are both ribbon- or rod-like particles
composed o cellulose chains held together via hydrogen
bonding, show promise as good candidates or reinorcing
polymers.10,38−44 The main advantages o CNFs are their high
surace area, high mechanical strength, and ability to orm a
strong network at low concentrations in water (less than
1%).43 In addition, there are vast opportunities or surace
modication using abundant surace hydroxyl groups.10 It has
been recently reported that 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO)-modied CNFs (t-CNF) can contribute to Li
salt dissociation and improve PEO-based electrolyte ionic
conductivity by preparing CSPEs using a multi-step design
consisting o t-CNF aerogel preparation ollowed by the
inusion o PEO-LiTFSI dissolved in acetonitrile into the
aerogel and subsequent drying.42 While a signicant improve-
ment in the cycling stability up to 60 °C was achieved in
comparison to a neat PEO electrolyte,40,42 the hypothesis o Li
salt dissociation was not proven. Zheng et al. suggested
another way o cellulose utilization in a solid-state battery
setup.45 They used it as a separator while it is being
sandwiched on both sides with a composite PEO-based solid
electrolyte. In that work, (Er0.5Nb0.5)0.05Ti0.95O2 was used as a
ller and was proven to have a positive eect on electrolyte
dielectric properties. However, the cellulose contribution was
limited to improvement o mechanical properties only.
Regardless o the nanoller utilized, it is evident that the

existing literature does not oer clear trends or guidelines on
the design o eective CPSEs. Even when studies have
investigated similar systems, they oten arrive at dierent
conclusions; some reported enhanced conductivity/long-term
stability with the addition o nanollers, and others reported a
loss in the perormance.46−53 The microscopic origin o these
discrepancies remains unclear.
Our study elucidates that insights into the growth and nal

morphology o polymeric spherulites intertwined with particle
ordering as the eect o that dynamic growth can prove to be a
powerul tool to gain predictive capabilities o the CPSE’s long-
term perormance. Using a combination o characterization
techniques, including but not limited to laser scanning conocal
microscopy (LSCM), electrochemical strain microscopy
(ESM),59 solid-state nuclear magnetic resonance spectroscopy
(NMR), and electrochemical studies, we demonstrate the
eect o t-CNF on PEO conormation and crystallization
patterns. Direct visualization o the micromorphology o the
CPSEs via LSCM and polarized light microscopy shows the
striking dierence in the morphology o the derived CPSE,
mainly driven by the dynamic growth o PEO spherulites in the
presence o t-CNF. PEO spherulites o low-molecular-weight
PEO are evident throughout the volume o the CPSE with t-
CNF incorporated within lamellas, while nuclei remain
particle-ree. On the other hand, high-molecular-weight PEO
spherulites are ree o t-CNF and their growth is suppressed by
a strong particle network in the amorphous phase o PEO.
Ultimately, this striking dierence in the number and



morphology o spherulites and resulting strength o the t-CNF
network was proven to be a main contributor to CSPEs’
mechanical integrity and long-term stability during Li stripping
and plating experiments. We show that developed CSPEs can
be easily molded into thin lms (∼100 μm) having a room-
temperature ionic conductivity o between 10−5 and 10−4 S/cm
and a wide temperature operational window. Cycling studies at
85 °C reveal that the derived CSPEs with high-MW PEO are
efcient at suppressing Li dendrite growth at temperatures
higher than those or previously reported PEO-based electro-
lytes. We demonstrate that the synergy o a strong t-CNF
network in the amorphous phase and randomly distributed
dense spherulites o high-MW PEO is responsible or the
enhancement in perormance. Electrochemical strain micros-
copy reveals enhanced mobility o Li+ in low-MW PEO, while
solid-state 7Li NMR proves that there is no Li+ coordination
with t-CNF. While this study ocused on the t-CNF and PEO
system, our ndings elucidate the importance o linking the
spatiotemporal dynamics o spherulitic growth and particle
ordering or the eective design o CPSE with enhanced
conductivity and long-term perormance.

2. EXPERIMENTAL SECTION/METHODS
2.1. Materials. PEO with two molecular weights, that is, 100 ×

103 Da (PEO100k) in its powder orm and 4 × 103 Da (PEO4k) in the
orm o pellets, and LiClO4 were acquired rom Sigma-Aldrich. t-
CNFs produced rom wood pulp were purchased rom the University
o Maine and had a carboxylic acid content o 1.5 mmol/g and
dimensions o 10 nm in width and 1−5 μm in length, according to the
manuacturer specications. All water used was puried using a Milli-
Q apparatus (18.2 MΩ·cm at 25 °C, pH 6.5) and is reerred to as
puried or deionized (DI) water in the subsequent text.
2.2. Fabrication of SPEs and CSPEs. Films o PEO-LiClO4 with

a [O]:[Li] molar ratio o 10:1 were prepared by solution-mixing in
puried water and subsequent lm-casting. To produce a homoge-
neous solution o PEO and LiClO4, the components were dissolved in
water and stirred or 48 h at 60 °C in a sealed container using a
magnetic stirrer. The solution was then cast into a polystyrene petri
dish and let to dry at room temperature or 48 h. Freestanding lms
with thicknesses o approximately 100 μm were obtained (Figure S1).
The lms were dried in a vacuum oven at 40 °C or an additional 24
h. Neat t-CNF lms were prepared by solution-casting rom a 1 wt %
aqueous dispersion and dried at ambient temperature or 48 h
ollowed by vacuum-drying at 60 °C or an additional 24 h. CSPEs
with 33 and 20 wt % t-CNF in PEO-LiClO4 were prepared by mixing
the appropriate amounts o pre-made PEO-LiClO4 solution and 1 wt
% t-CNF dispersion or 24 h at 60 °C. The resulting suspension was a
highly viscous slurry that was cast in a polystyrene petri dish and kept
under mixing or 1 h to remove air bubbles. The casted slurry was
dried at ambient temperature or 48 h with subsequent drying in a
vacuum or 24 h at 40 °C.
2.3. Morphological Study. Two-dimensional (2D) laser

scanning conocal microscopy (LSCM) with a white-light laser
source was utilized to characterize the morphology o polymer lms
containing PEO only, PEO, and Li salt, and the three-component
CSPE with PEO, Li salt, and t-CNF. The dried lms were placed
between two cover slips and imaged with 10×, 20×, and 63×
objectives in a 1024 × 1024 resolution with varying pixel sizes
achieved depending on the applied magnication. The magnication
was chosen based on the characteristic size o the morphological
eatures. To resolve PEO, t-CNF, and Li salt within the lms, three
techniques were used, namely, polarized transmission, uorescence,
and reectance imaging, respectively. To unambiguously localize the
t-CNF phase within the lm and observe its inuence on the PEO
crystalline domains, the t-CNFs were labeled with the uorescent dye
rhodamine B (Sigma Aldrich) ollowing previously reported protocols
and detected using 552 nm excitation light with emissions in the range

o 560−620 nm.54 Knowing that Li salt can alter the PEO crystallinity
even beore the introduction o t-CNFs, its localization within the
PEO matrix was achieved by reectance imaging in the region o 638
nm.

In addition to optical LSCM, scanning electron microscopy (SEM)
was utilized or a CSPE lm surace roughness assessment using a
Zeiss Sigma VP SEM at a 2 kV accelerating voltage.

2.4. Thermogravimetric Analysis. TGA was carried out to
assess the thermal stability o developed electrolytes. Samples were
tested on Netzsch STA 409 PC under a nitrogen atmosphere in a
temperature range o 0−500 °C.

2.5. Ionic Conductivity. Electrochemical impedance spectrosco-
py (EIS) was utilized or ionic conductivity measurements. The cell
assembly consisted o the CSPE lm sandwiched between two
blocking stainless steel electrodes connected to the potentiostat
clamps with copper tape as a current collector. For neat t-CNF
samples, gold sputtering was used to create an analog o electrodes on
both sides o the lm and copper tape was attached to the gold
coating or the EIS measurements. All samples were tested in a
temperature range o 25−100 °C and a requency range between 0.1
Hz and 3 MHz using a DC potential value o 20 mV. The x-axis
intercepts o the suppressed semicircles on the resulting Nyquist plots
were used as the resistance value o the samples (Figure S2). The
resultant ionic conductivity o the tested sample was calculated using
the ormula:

L A R/( )= × (1)

where σ is the sample conductivity (S/cm), L represents the CSPE
lm thickness (cm), A is the contact area between the electrode and
electrolyte (cm2), and R is the sample resistance (Ω) obtained rom
the Nyquist plot.6

2.6. Cycling Behavior. Chronopotentiometry (CP) was carried
out to observe the lithium stripping/plating response o the CSPEs.
Instead o the stainless-steel blocking electrodes, the CSPE was
sandwiched between lithium electrodes in a symmetric cell
conguration under an argon environment in a glovebox. Depending
on the sample cycling response, dierent current densities rom 0.025
to 0.5 mA/cm2 and temperatures o 65 and 85 °C were used. For
samples successully passing 50 and 100 h tests at the given current
density and temperature, both the current and temperature were
increased or urther testing.

2.7. Crystallization Behavior. The degree o crystallinity and
melting temperatures were obtained via dierential scanning
calorimetry (DSC) measurements on a DSC 3 Star system (Mettler
Toledo) in a temperature range rom 0 to 100 °C with cooling and
heating rates o 2 °C/min. The degree o crystallinity was normalized
to the PEO content in each sample.

2.8. Flexibility and Tensile Testing. To ensure lm exibility, a
qualitative bending test was conducted on each sample.40 Samples
were olded at 180 °C at room temperature and ater being heated up
to 100 °C. They were kept olded or 1 min and then released (Figure
S1). The exibility o the lms was characterized based on whether
they showed any visible signs o cracking in the olding area or not.
Samples without signicant cracks that restored their initial shape
ater bending were considered exible.

2.9. Rheological Measurements. A stress-controlled rotational
rheometer (Anton Paar MCR-302) with a cone and plate geometry
(25 mm in diameter and a gap size o 1 mm) was utilized to conduct
the rheological measurements. The oscillatory amplitude sweep
experiments were perormed on PEO solutions and t-CNF
dispersions in water and PEO water solutions at a requency o 0.1
Hz in a strain.

2.10. Solid-State Nuclear Magnetic Resonance Spectrosco-
py. Solid-state 7Li NMR data were acquired using an Avance III HD
400 NMR spectrometer. Solid-state NMR spectra were acquired using
a 4 mm double resonance (H/X) Bruker probe tuned to 7Li (νL =
155.6 MHz). Samples were packed into 4 mm (outer diameter)
zirconia rotors and sealed using a Kel-F drive cap. Solid-state NMR
spectra were acquired using a Bloch pulse (νr = 62.5 kHz) with 10 s
recycle delays. Thirty-two to 1200 transients were co-added or these



spectra with more scans or the cycled samples due to limited samples.
NMR spectra were acquired under both non-spinning conditions or
with magic-angle spinning (MAS) at a spinning requency o 5 kHz.
All 7Li NMR spectra were reerenced using 1 M LiCl solution (0.0
ppm) and acquired at room temperature.
2.11. Electrochemical Strain Microscopy. A Bruker Dimension

Icon (Bruker, Santa Barbara, CA, USA) atomic orce microscope
(AFM) operating in an argon-lled glovebox was utilized or AFM
image acquisition and electrochemical strain microscopy (ESM)
measurements. The AFM tip radius o the curvature is less than 20
nm. Based on the tip size, the lateral resolution is approximately 25−
30 nm. To ensure a stable tip−sample interaction, a slow scanning
speed o approximately 0.2 Hz was applied. ESM is a special mode o
contact AFM that allows us to probe local variations o ion mobility at
the nanoscale and compare them with dierent materials.58 During
ESM, an alternating current (AC) is applied on a cantilever tip and
always matched the contact resonance requency o the cantilever.
The contact resonance requency (CRF) and amplitude were tracked
and recorded with a phase-locked loop (HF2LI, Zurich Instruments,
Zurich, Switzerland).59 A higher ESM signal amplitude usually reers
to a higher local mobility o ions in the material. All images depicting
an ESM amplitude signal and sample topography were recorded
simultaneously. For measurements, a cantilever with a ree resonance
peak around 75 kHz and a conductive platinum iridium coating (PPP-
EFM, nominal spring constant o 2.8 N/m, Nano World AG,
Neuchatel, Switzerland) was utilized.

3. RESULTS AND DISCUSSION
PEO crystallinity has been shown to have a signicant impact
on the ionic conductivity and hence the perormance o
CSPEs.7,47,55 We investigated changes in the PEO crystal-
lization behavior as well as the surace and bulk morphology o
PEO lms with two dierent molecular weights (PEO4k and
PEO100k) upon the addition o LiClO4 and t-CNFs. The two
dierent chain lengths were chosen in order to probe the eect
o crystallinity without sacricing the chain segmental motion
o the two PEO candidates. PEO4k is approximately the
entanglement molecular weight or PEO and is thereore
expected to have high chain mobility as well as a high old
length, while PEO100k was previously reported to have
approximately the same ionic conductivity as PEO4k.

16,17,56

DSC results in Figure 1a,b reveal that the addition o LiClO4
decreased the degree o crystallinity or both PEO4k and
PEO100k, while the introduction o t-CNFs inuenced the
crystallinity and crystallization behavior more drastically. The
lms containing t-CNFs are characterized by the signicant
decrease in overall crystallinity, a wider melting region, and a
shit o the onset o melting and crystallization toward lower

temperatures (Figure 1b). This eect becomes more
prominent with the increase in t-CNF content rom 20 to 33
wt % and decrease in the PEO molecular weight rom 100 to 4
kDa. As the PEO semi-crystalline nature at ambient temper-
ature is one o the reasons or its poor ionic conductivity, such
a crystallization retardation eect induced by t-CNF ater
proper optimization can be a pathway toward PEO composites
with improved ambient temperature ionic conductivity.57 Since
both PEO chains are hydroxyl-ended, the larger drop in the
crystallinity o PEO4k in the presence o t-CNFs could be
attributed to the enhanced interaction in the PEO solution/t-
CNF suspension prior to lm ormation between carboxyl
groups on the t-CNFs and a larger number o hydroxyl groups
present on the PEO4k chains. Alternatively, the lower viscosity
o the PEO4k solution could lead to a better t-CNF network
distribution in the PEO4k system prior to lm-casting and
consequently provide a better hindrance or crystalline
spherulite growth during the drying step.
The thermal stability o the neat PEO electrolyte and

composite lm was studied by thermogravimetric analysis
(TGA). Results show that both electrolytes are relatively stable
up to 400 °C. The slight degradation observed between 250
and 370 °C in the PEO/t-CNF composites is attributed to the
decomposition o carboxyl groups on the t-CNF and is in
agreement with previous reports.42 In addition, the absence o
a signicant mass loss around 100 °C allows us to make a
conclusion that all the water was removed rom lms during
the drying procedure (Figure 2).

A combination o SEM and LSCM imaging allowed or
probing the dierences between the CSPE surace and bulk
morphology at an unprecedented level o detail and provided
deeper insights into the origin o crystallinity changes that we
observed in the DSC curves. Figure 3 shows a comprehensive
morphological analysis o both CPSE systems (PEO4k and
PEO100k) with 20 wt % t-CNFs. Figure 3a,b shows SEM images
o pure PEO100k and PEO100k with LiClO4 indicating
spherulitic ormations on their surace, while Figure 3e−h
shows the spherulites in bulk through the reectance and
polarization modes.
As seen rom all SEM and reection/polarization images, the

addition o LiClO4 results in the ormation o spherulites with
depressed edges and a reduction o their overall size. It is
noticeable that the PEO spherulites are tightly packed and
occupy all visible areas in both pure PEO and PEO with
LiClO4. However, the reectance mode o LSCM allows us to

Figure 1. DSC scans o pure PEO with dierent MWs, PEO + LiClO4
electrolytes, and CPSEs with LiClO4 and t-CNFs during (a) heating
and (b) cooling.

Figure 2. TGA curves o the PEO electrolyte and PEO/t-CNF
composite.



observe aggregation o LiClO4 at the edges o the growing
crystals (red-labeled regions, Figure 3g). A similar observation
was previously made through a combination o X-ray
diraction and polarized microscopy techniques in a mixture
o high-molecular-weight PEO (5 × 106 Da) and LiTFSI.55

While the addition o LiClO4 aects the PEO crystal size and
melting behavior, it does not drastically change the degree o
crystallinity, as evident rom the overlaid DSC curves in Figure
3a,b.
With the addition o t-CNFs, drastic changes are evoked in

both the lm morphology and crystallinity o the PEO100k-
based CSPE (Figure 3c,i,j). The SEM image shown in Figure
3c suggests a smooth surace with no appearance o PEO100k
spherulites. However, irregularly shaped, isolated PEO crystals
surrounded by the extensive t-CNF network within the
amorphous PEO were observed within the bulk o the CPSE
(Figure 3i,j). It is important to note that the CNF network
uorescence does not overlap with PEO crystalline regions,
suggesting that the suppression o crystal growth is imparted
by the strong ber network that surrounds the nuclei at the
beginning o crystal growth. The addition o t-CNFs eliminates
the appearance o LiClO4 aggregates under the reectance
mode (Figure S3). The disappearance o LiClO4 aggregates

could be attributed to either enhanced Li salt dissociation in
the presence o t-CNF or the act that a decrease in PEO
crystallinity allows easier LiClO4 solvation in the increased
volume o the amorphous PEO phase.40 It is important to note
that, with an LSCM resolution limit o ∼200 nm, individual t-
CNFs are not resolvable. However, the t-CNF network
ormation is only evident through uorescent imaging (Figure
3i), while SEM provides no inormation on the distribution o
t-CNF (Figure 3c). The morphological changes observed with
the addition o t-CNFs to the CSPE based on PEO100k are in
agreement with the decrease in the degree o crystallinity
(Figure 1a,c).
PEO4k-based CSPE morphological changes are signicantly

dierent than those o the PEO100k-based CSPE. While DSC
results showed that the decrease in crystallinity (Figure 3d)
was more signicant in the PEO4k-based CSPE, polarization
microscopy reveals uniormly distributed, crystalline-like
domains (Figure 3l). Note that the old length o PEO4k
spherulites is signicantly higher than that o PEO100k (Figure
S4), resulting in spherulites visible to the naked eye (∼1 mm in
diameter) when t-CNF is not present in the system. A closer
inspection o the CNF uorescence signal and PEO4k
crystalline regions (Figure 3k,l) indicates that, with the

Figure 3. Morphological and crystallinity characterization o pure PEO, PEO + LiClO4, and CSPE samples with a t-CNF content o 20 wt %. (a−
d) SEM o pure PEO, PEO + LiClO4, PEO100k-based CSPE, and PEO4k-based CSPE with their respective DSC curves and crystallinity values
overlaid. (e−l) Combination o polarized transmission, reection, and uorescent microscopy o the our samples.



exception o spherulite centers (dark regions in Figure 3k), t-
CNF are uniormly distributed within spherulites and oriented
in the direction o their growth. The morphological
investigation suggests that the nuclei o spherulites are tightly
packed with PEO4k chains, while their urther growth allows or
the incorporation o t-CNFs within the spherulites’ periphery.
The decrease in the degree o crystallinity measured by DSC
conrms that the spherulites are o “low quality” and have
amorphous regions enclosed between their widely spaced
crystalline lamellas. These dierences in the mechanism o
crystallinity suppression in PEO with varying chain lengths are
signicant as the structural eatures o electrolytes directly
aect their perormance in terms o conductivity and long-term
stability.
Another consequence o dierences in the suppression o

crystal growth is that t-CNFs are better dispersed in PEO4k (as
seen by a uniorm eld o uorescence in Figure 3k) compared
to t-CNF bundles observed in PEO100k (Figure 3i). This
dierence in the extent o t-CNF dispersion could be
thermodynamically or kinetically driven. In the PEO4k system,
due to the higher number o hydroxyl terminal groups on the
PEO4k chains, there are approximately 20 times more sites or
hydrogen bonding between PEO4k and t-CNF in comparison
to the PEO100k system. At the same time, the PEO100k solution
has signicantly higher viscosity, which could hinder t-CNF
dispersion. To investigate this urther, we probed the
viscoelastic properties o pure PEO solutions and the changes
that result rom the introduction o LiClO4 and t-CNF. As
expected, due to the dierence in the polymer chain length, the
t-CNF/PEO4k solution has a much lower storage (G′) and loss
(G″) modulus (with G′ below the rheometer’s detection limit)
than the PEO100k solution. However, upon the addition o t-
CNFs and LiClO4, both dispersions have similar G′ and G″ in
their linear viscoelastic region (G′ and G″ are independent o
the applied strain). The dierence in the relative increase o G′
and G″ in the two systems indicates that the kinetic eect is
likely dominant as the increased number o hydrogen bonds
alone would not be sufcient to produce this rheological
response. Further insights into the modulation o rheological
properties arising rom the introduction o t-CNFs can be
gained by comparing the critical strain between the two
systems. As seen rom Figure 4, the critical strain or the
PEO100k + LiClO4 (t-CNF 20 wt %) system is almost one
order o magnitude larger. The above results suggest that there
is an interplay between the extent o t-CNF dispersion and the

resulting network strength. The enhanced dispersion o t-CNF
in the PEO4k system leads to the equivalently strong network
at rest in the PEO4k system. However, the addition o t-CNF to
the PEO100k system results in a more bundled network o t-
CNF and entangled PEO100k chains with a larger relaxation
time, which consequently leads to a higher resistance to
strain.56
Figure 5 depicts the ionic conductivity o the CSPEs with

dierent PEO MWs as a unction o temperature during

cooling cycles. The ionic conductivity response to temperature
change suggests an Arrhenius behavior o the electrolyte
conductivity in a temperature range rom 25 to 100 °C. In the
temperature range below the melting point o PEO, all tested
CSPEs exhibit signicantly lower ionic conductivity than pure
PEO + LiClO4 samples. The t-CNF/PEO100k-based CSPE with
the highest t-CNF loading o 33 wt % exhibits the lowest ionic
conductivity among all the tested electrolytes (Figure S5).
Compared to PEO, neat t-CNF has a signicantly lower ionic
conductivity o 5.5 × 10−8 S/cm and increasing the content o
the low-ionically conductive t-CNF eectively decreases the
amount o PEO in the resulting lm. As a result, the amount o
hopping sites or Li ions at higher t-CNF loadings is
signicantly decreased while the ion hopping distance is
increased within the PEO matrix, inevitably leading to a higher
activation energy needed or Li ion transport.20 Increasing
both the MW o PEO and the t-CNF content causes more
steric entanglement, hence reducing the mobility o the PEO

Figure 4. Storage G′ (lled symbols) and loss G″ (unlled symbols) modulus versus strain sweep o (a) PEO solutions and t-CNF dispersion in
water and (b) CSPE dispersion in water.

Figure 5. Arrhenius plot o ionic conductivity or samples PEO +
LiClO4 and CSPEs with 20 wt % t-CNF loading coated with an
additional highly conductive slurry o PEO4k + LiClO4.



chains that ultimately aects ion hopping. In addition, CSPEs’
surace roughness and the consequent electrolyte−electrode
contact area can inuence the conductivity results.
The dierence in the crystallinity o PEO4k and PEO100k

(Figure 1a) impacts the CSPE behavior during EIS measure-
ments and the Arrhenius plot conguration in an expected
manner. CSPE samples exhibit dierent ionic conductivity
values during heating and cooling cycles (Figure S6) with an
order o magnitude higher ionic conductivity during cooling.
The act that this dierence is more noticeable or the PEO100k-
based CSPE, especially at lower temperatures, while it almost
disappears above the PEO melting temperature implies that
the observed discrepancy is mostly due to the poor electrode−
electrolyte contact. At room temperature, the contact

resistance between the sti CSPE and the electrode is high,
while PEO sotens with increasing the temperature providing a
better contact and hence reducing the contact resistance.
The challenge o the poor electrolyte−electrode contact was

overcome through incorporation o the PEO4k + LiClO4 slurry
casted on both sides o the PEO4k and PEO100k-based CSPEs.
The ionic conductivity o the coated CSPE samples at ambient
temperature was up to three orders o magnitude higher than
one o CSPE samples without the slurry coating within the EIS
cell (Figure S5). The bulk ionic conductivity (Figure 5) o the
CSPE is at the level o neat PEO even with 20 wt % t-CNF,
indicating that the suppression o PEO crystallinity with the
addition o t-CNFs osets the lower content o PEO. The
calculated weight percentages o the amorphous PEO phase

Figure 6. (a, b) CSPE topography, (c, d) ESM signal amplitude, and (e) contact resonance requency.



based on the DSC results in PEO100k/LiClO4 and PEO100k/
LiClO4 (t-CNF 20 wt %) samples are 50 and 52 wt %,
respectively. Thereore, the growth suppression o large and
highly ordered spherulitic ormations helped counterbalance
the inherent low ionic conductivity o t-CNFs while improving
the mechanical integrity o the CSPEs. The CSPE samples stay
intact in a wide temperature range rom 25 to 120 °C, while
pure PEO lms lose their stiness and shape above 50 °C
regardless o the PEO MW (Figure S7).
Electrochemical strain microscopy (ESM) measurements

were conducted to understand the dierence in mobility o Li+
ions in the two systems. Under the inuence o the electrical
eld at the cantilever tip, lithium ions inside the material move
toward or away rom the tip. Schön et al.58 demonstrated that
there is a link between the ionic conductivity, local ion
mobility, and tip−sample interaction. Thereore, or ceramic
materials with an inherently higher ionic conductivity, both the
contact resonance requency (CRF) o the cantilever and
amplitude o ESM signal are higher compared to ones recorded
or polymer-based electrolytes.59 As a cross-talk between the
sample topography and ESM signal has been proven to be an
important actor in data interpretation, the rst step or us was
to prove that our ESM results are not aected by the CSPE
topography. Figure S8 depicts the PEO100k + LiClO4 (t-CNF
20 wt %) sample topography and its corresponding ESM
amplitude signal, and the results demonstrate that there is no
direct correlation with the ESM amplitude and sample
roughness. In addition, the requency phase shit was recorded
as an indicator o dierent phases in the composite. Since this
depends on the mechanical properties o the material, the
presence o at least two contrast phases in Figure S9 serves as

supporting evidence that we can distinguish dierent
composite components or urther interpretation.
CSPEs based on PEO with dierent MWs were analyzed,

and both the contact resonance requency (CRF) and ESM
amplitude signal are demonstrated in Figure 6. The higher
ESM signal amplitude and more pronounced CRF peak
(Figure 6e) observed or PEO4k + LiClO4 (t-CNF 20 wt %)
demonstrate a higher ionic conductivity and a higher ionic
mobility, respectively.58,59 Higher mobility o Li ions in the
PEO4k system is expected due to the enhanced segmental
motion o shorter PEO chains and poorly organized spherulitic
structures (observed by LSCM). Both PEO systems with a
lower ESM signal amplitude have distinctive ber-shape
eatures (Figure 6a,b). However, these eatures have a larger
diameter in the PEO100k system, elucidating that they are t-
CNF bundles, which is urther supported by the presence o t-
CNF bundles in LSCM images and higher resistance to strain
in the PEO100k system.
Solid-state 7Li NMR spectroscopy was perormed to

determine whether the t-CNF plays any role in Li+ ion
transer or its contribution to the electrolyte perormance is
mainly based on the morphological reorganization o polymer
chains. The solid-state 7Li NMR spectra or the PEO100k-based
composite electrolyte were examined beore and ater
chronopotentiometry (Figure 7). As can be seen rom 7Li
MAS NMR spectra, in both cases, a virtually identical single
resonance (δiso = −0.6 ppm and FWHM = 0.4 ppm) is
observed. This resonance is associated with Li ions distributed
in PEO as LiClO4 as reported previously,57 while no evidence
o dendritic ormation post-charging was ound. The NMR
data or the non-spinning samples urther support the

Figure 7. 7Li NMR spectra or MAS (let, 5 kHz) and non-spinning (right) samples acquired beore (lower traces) and ater (upper traces)
chronopotentiometry. Spectra were acquired at 9.4 T (155.6 MHz).



conclusion that the t-CNF does not change the local Li ion
chemical environment (line width o ∼1 ppm or non-spinning
samples) since both the chemical shit and line width would be
sensitive to the ion location and dynamics (or example, upon
LiClO4 dissociation or Li ion conduction), supporting a rather
reely mobile Li ion at room temperature. These ndings
support our hypothesis that any changes in Li ion transer can
be attributed to microstructural change (inherent dierence in
the segmental motion o PEO with dierent chain lengths and
alteration o spherulitic growth by the presence o t-CNF).
Chronopotentiomenty (CP) experiments were carried out

on the PEO100k electrolyte (as a control), PEO100k + LiClO4 (t-
CNF 20 wt %), and PEO4k + LiClO4 (t-CNF 20 wt %) to
obtain the Li stripping/plating voltage proles or the Li
symmetrical cells as shown in Figure 5a. Electrolytes without t-
CNF could not withstand cycling at 65 °C, which is mainly
caused by the complete melting o PEO100k, which led to the
loss o mechanical integrity and the immediate short-circuiting
through the liquid-like polymer phase thereater (Figure 8a).
The addition o t-CNFs resulted in a signicant improvement
in long-term stability. At 65 °C, CSPE samples containing both
low and high-MW PEO were able to withstand prolonged
cycling at a current density o 0.05 mA/cm2. This can be
attributed to the signicant physical reinorcement o the PEO
phase by the t-CNF network. However, ater increasing the
current density to 0.2 mA/cm2 in a cell with PEO4k-based
CSPEs, the overpotential started increasing and shortly
reached very high values (Figure 8a,b). Only the PEO100k-
based CSPE showed a highly stable cycling behavior or more
than 150 h regardless o the current density applied. We
attribute the high stability to the synergistic eect o the

isolated tight spherulitic structures obtained with longer
polymer chains and the presence o the strong t-CNF network
derived rom bundles o bers resisting the Li dendrite growth
(Figure 3j). In contrast, the PEO4k-based CSPE microstructure
showed a more uniorm t-CNF distribution, which spanned
larger but looser spherulitic structures. Consequently, its
mechanical robustness against the Li dendrite growth was
lower, which led to short-circuiting. The above results are
consistent with the viscoelastic properties presented earlier,
which indicated higher resistance to strain o the PEO100k
system. At the beginning o dendrite growth, the three-
dimensional t-CNF network persists in both systems. Due to
the stress imposed by growing Li dendrites, the breakdown o
the structure begins with the ormation o micro cracks in
CPSEs. As the strain increases, a macro crack nally can
rupture through the sample. In the PEO100k system, the
combination o the strong t-CNF bundle network and high
entanglement o PEO chains (longer relaxation times)
synergistically contribute to the enhanced resistance to
dendrite growth and enhance the long-term stability.
The cycling behavior o CSPEs in the temperature region

beyond the melting point o PEO has not been investigated
previously. To accurately assess the t-CNF network contribu-
tion to the Li dendrite suppression within the CSPEs, Li
stripping/plating tests were carried out at 85 °C. In Figure 8c,
CP results demonstrate the high stability o the PEO100k +
LiClO4 (t-CNF 20 wt %) CSPE. Regardless o the current
density, the electrolyte exhibited a stable overpotential, while
the PEO4k-based sample experienced a short circuit at 0.1 mA/
cm2 (Figure 8c,d). The DSC results (Figure 1a) conrmed
that, at 85 °C, PEO100k is completely melted, indicating that

Figure 8. Chronopotentiometry o the lithium plating and stripping in a symmetric cell. (a) Cycling at 65 °C or lms with and without CNF
containing PEO o dierent molecular weights: PEO100k - black, CSPE based on PEO4k - red, and PEO100k - blue. (b) Inset o the voltage prole
showing the increased overpotential or the PEO4k-based sample (red) and its subsequent short-circuiting. (c) CSPE cycling at 85 °C. (d) Inset o
the voltage prole showing the PEO4k-based sample (red) short-circuiting ater 79 h o operation.



the t-CNF network is the main contributor to the CSPE
mechanical integrity and dendrite growth suppression at this
temperature. The strong t-CNF bundles along with randomly
distributed t-CNF-ree regions provide sufcient resistance to
dendrite growth. These ndings demonstrate that the
morphology o the spherulites and distribution o nanollers
within the CPSE matters equally or conductivity and long-
term stability.
To assess the long-term stability o the PEO100k/t-CNF

electrolyte, we perormed 600+ cycles at 65 °C at various
current densities.
The developed composite electrolyte with 20 wt % t-CNF

perormed well not only at being widely used or a CP current
density o 0.2 mA/cm2 (Figure 9a) but also at increased
current densities o 0.35 and 0.5 mA/cm2 (Figure 9b), which
conrms the contribution o the t-CNF network to the lithium
dendrite growth suppression.

Room-temperature perormance o the developed CSPEs, as
expected, scales with the electrolyte conductivity (Figure S10).
Post-mortem SEM was utilized to examine the developed

electrolytes or signs o dendrite ormation during CP
experiments. CSPEs were studied beore and ater CP was
perormed in a Li symmetric cell. While the lm based on
PEO100k demonstrates a rougher surace due to t-CNF
agglomeration and has darker spots that originated rom
morphology imperections beore cycling (Figure 10b), it can
clearly be seen that a much smoother neat PEO4k-based lm
develops dark eatures o 1−10 microns in size ater CP
(Figure 10c and Figure S11). On the other hand, the PEO100k-
based CSPE does not depict any new eatures ater CP (Figure
10d and Figure S11), which supports the assumption o its
higher resistance to lithium dendrite ormation and growth.

Both electrolytes became smoother ater cycling, which makes
new morphological eatures more noticeable. The acquired
results correlate with earlier reported patterns intrinsic to SEM
imaging o lithium dendrite growth in solid-state electrolytes;
appearance o new darker regions on the surace o LLZO-
based electrolytes observed ater cycling are generally
attributed to the ormations consisting o chemical elements
with lower atomic numbers compared to brighter surrounding
�in our case, lithium.60,61
It is also important to note that our EIS and CP results show

that abrication o CSPE in an aqueous environment has
comparable ionic conductivity and cycling stability o Li-based
electrolytes produced with toxic solvents such as acetonitrile
and dimethyl suloxide. The proposed abrication method
thereore meets the previously reported CSPE perormance
while improving on the overall environmental impact o our
developed materials.

4. CONCLUSIONS
Using a multi-scale characterization approach through the
combination o solid-state NMR, ESM, in situ microstructural
analysis, and bulk rheological and electrochemical character-
ization, we have studied the eect o t-CNF-PEO interactions
on the CSPE morphology, PEO crystallization dynamics, and
its inuence on conductivity and long-term stability o the
derived CPSEs. Our ndings demonstrate that reduction in
bulk crystallinity, commonly taken as the indicator o particle
suitability or a CPSE system, can be oten deceiving. By
investigating PEO with two dierent molecular weights, or the
rst time, we have shown that there is a delicate balance
between the extent o interaction o PEO chains and t-CNFs
and the viscosity o the PEO solution, which ultimately
governs particle ordering within or outside o spherulites in the
derived CPSE. t-CNFs are not only able to orm a continuous
entangled network contributing to the mechanical integrity o
the CSPE but also able to induce morphological changes to the
PEO spherulite structure, aecting the electrochemical
perormance. The enhanced dispersion o t-CNF and its
incorporation in PEO4k spherulites suppresses the overall
crystallinity without a signicant loss in ion conductivity o the
derived CPSE. However, well-dispersed t-CNFs do not result
in a strong network necessary to entirely suppress dendrite
growth during Li stripping/plating experiments due to the
presence o particle-ree, uniormly distributed nuclei o PEO4K
spherulites. The PEO100k system demonstrates an excellent

Figure 9. Chronopotentiometry o the lithium plating and stripping in
the PEO100k/t-CNF based composite electrolyte in a symmetric Li
cell. (a) Long-term perormance and (b) perormance at dierent
current densities.

Figure 10. SEM images o the CSPE surace (a, b) beore and (c, d)
ater CP at room temperature and 0.2 mA/cm2.



electrochemical response with a stable Li stripping/platting
behavior or over 1000 h when tested at elevated temperatures
(65 °C) at the cost o a slight decrease in room-temperature
conductivity. Moreover, developed CSPEs demonstrate less
temperature dependence o their ionic conductivity due to the
t-CNF retardation eect on the PEO crystallization process�
the PEO phase can stay mainly amorphous even at 30 °C. For
the rst time, we link local Li-ion mobility at the nanoscale
level with ESM to the microstructural eatures depicting
spherulite morphology (via polarized microscopy) along with
particle distribution (via conocal microscopy), which are not
detectable with a commonly utilized SEM technique. We
nally link these two scales to the bulk perormance via long-
term stripping/plating experiments. Successul implementation
o the ESM technique with a developed CSPE and coherence
o current results with past studies prove its consistency or the
purpose o probing the local ionic conductivity in hybrid
materials on a nanoscopic scale. Since t-CNFs can be modied
to carry diverse surace unctional groups, which in turn can
have added benets on the CSPE perormance, urther
investigation and optimization is needed to understand the
ull potential o cellulosic nanomaterials or lithium-metal-
based solid-state batteries.
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