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Abstract

Flexible and mechanically robust gel-like electrolytes offer enhanced energy storage
capabilities, versatility, and safety in batteries and supercapacitors. However, the trade-off between
ion-conduction and mechanical robustness remains a challenge for gel-like electrolytes. Here, we
suggest that the introduction of hyperbranched polymer ionic liquids (PILs) in structured sustained
ionogels will lead to both enhanced ion-conduction and mechanical performance due to the PILs’
ionically conductive bearing groups and the complementary interfacial interactions with ionic
liquids. More specifically, we investigate the effect of hyperbranched PILs with carboxylate
terminal groups and imidazolium counterions with various ionic group densities on the properties
of ionogels composed of co-assembled cellulose nanofibers (CNFs) and cellulose nanocrystals
(CNCs) as sustainable open pore frame for ionic liquid immersion. The addition of PILs leads to
the formation of highly interconnected open porous, lightweight, and shape-persistent materials
by harnessing hydrogen bonding between PILs and CNFs/CNCs “frame”. Notably, these materials
possess a two-fold improvement in ionic conductivity combined with many-fold increase in
Young’s modulus, tensile strength, and toughness making them comparable to reinforced
elastomeric materials. Furthermore, the corresponding thin-film gel-based supercapacitors possess
enhanced electrochemical cycling stability upon repeated bending with a 85% capacitance
retention after 10000 cycles promising new insight in the development of simultaneously
conductive and flexible, robust gel electrolytes with sustained performance.

Keywords: Sustainable gel electrolytes, polymer ionic liquids; cellulose nanofibers, cellulose
nanocrystals, flexible supercapacitors
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1. Introduction

The growing demand for portable electronics and electric vehicles has led to the need for more
efficient and safer energy storage devices.! An important performance-determining component in
energy storage devices is the electrolyte material that plays a critical role in the ion transport
dynamic between electrodes and their trapping in their vicinity.? Among the different electrolytes,
ionic liquids have received great attention due to their exceptional performance and prospective
for safe and high capacity energy storage.® As known, ionic liquids are viscous molten salts
composed of cations and anions with a melting temperature below 100°C.? They possess a high
operational potential window (3 — 3.5 V), relatively high ionic conductivity (1 — 15 mS/cm), low-
volatility, and high thermal and chemical stability.> Recent studies on ionic liquids focused on
increasing their operational potential window, as well as on integrating them in different
electrochemical energy storage devices including supercapacitors, lithium-ion, dual-ion, and
sodium-ion batteries.> * > However, concerns with leakage of ionic liquids, corrosion of the
packaging materials, toxicity, their viscous fluidic nature, and inability to preserve a sustainable
shape under external and internal stresses caused by cyclical and occasional thermal,
deformational, and electrical variances hinder their extended utilization in future energy storage

applications.’

To overcome these critical challenges, integrating ionic liquid molecules into polymer chains
to form polymerized ionic liquids (PILs) and/or incorporating ionic liquids inside mechanically
robust porous solid matrices have been suggested.> As known, PILs carry ionic liquid species at
their repeated units synthesized by the direct polymerization of ionic liquids or the chemical
modification of existing polymers.® PILs retain most properties of their ionic liquid precursors,
while offering mechanical stability and dimensional control.® Their properties depend on various
parameters, such as the branched macromolecular architecture, the length of the alkyl chains, the
nature of the ionic liquid species, and the ionic group density.” 8 However, PILs demonstrate lower
ionic conductivity (< 1 mS/cm) due to the partial immobilization of the ionically conductive groups

and sluggish polymer chain mobilities.’

As an alternative to PILs, recent studies suggested incorporating ionic liquids inside supporting

organic and inorganic materials.” '° Using this method, the resulting composites combine the high

ionic conductivity of the ionic liquids with the mechanical robustness of the host materials.” '
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Host materials include epoxy, cellulose, and organosilane networks.” '° For example, epoxy-based
electrolytes containing 50 wt% 1-butyl-3-methylimidazoliumbis (trifluoromethylsulfonyl)imide
([BMIM][TFSI]) as the ionic liquid, bis(trifluoromethane)sulfonimide lithium salt (LiTFSI), and
ADO3 nanowires as reinforcements exhibited an ionic conductivity of 8.6 mS/cm, a Young’s
modulus of 0.6 GPa, and a tensile strength of 6.5 MPa.!! However, efforts to further improve the
mechanical performance of composite ionogels to make them stress-sustaining materials for

energy storage led to dramatically deteriorated ionic conductivities, as these properties come at a

trade-off.!!

Cellulose nanofiber networks have shown great promise as host framework structures for shape-
persistent gel electrolytes. Gel-like structures composed of cellulose nanofibers (CNFs) and
cellulose nanocrystals (CNCs) demonstrate enhanced mechanical properties and high porosity.'?
I3 More specifically, CNFs combined with 95 wt% 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) exhibited high ionic conductivity values (5.7
mS/cm) with good thermal stability (until 300 °C) and a storage modulus of 5 MPa.!? Recently,
the incorporation of 95 wt% ionic liquids in a matrix of CNCs and PILs has been demonstrated.!?
The resulting composite ionogels exhibited high ionic conductivity values (7.8 mS/cm) with an
increased compressive modulus of 5.6 MPa and a compressive strength of 0.8 MPa, common for
rubbery materials.!?> However, a better understanding of how the incorporation of PILs with
different ionic group density can affect the energy storage performance along with higher
mechanical robustness is crucial for enhancing ionic, electrochemical, and mechanical properties

relevant to demanding energy storage materials.

Here, we investigate for the first time the effect of hyperbranched PILs with various ionic group
densities on the ionic conductivity, mechanical performance, and final energy storage performance
in a solid-state supercapacitor of sustained CNF/CNC ionogels (Figure 1a and Figure S1).
Hyperbranched PILs with carboxylate terminal groups and imidazolium counterions with various
ionic group densities were selected due to their chemical affinity to CNFs/CNCs and the
commonly used [EMIM][TFSI] ionic liquids. CNFs were used to create continuous porous
networks with abundant surface groups available for hydrogen bonding while CNCs acted as
mechanical reinforcements.'* The co-assembly of CNFs and CNCs led to the formation of
mechanically robust open porous continuous networks, able to host large amounts of ionic liquids

(up to 90 wt%). Multi-fold and concurrently improved ion-conductivity, Young’s modulus, tensile
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strength, and toughness make these electrolytes comparable to tough reinforced elastomeric
materials without damping ion conductivity and electrochemical performance. The synergetic
effects of the assembly of the mechanically robust CNF/CNC networks and the ionically
conductive hyperbranched PILs were enhanced by increasing the PIL ionic group density and
harnessing the strong interfacial interactions between the PILs and the CNF/CNC networks.
Finally, exploring these composite ionogels in solid state supercapacitors showed a high cycling
stability with an up to 85% capacitance retention upon 10000 cyclic bending deformations and

demonstrated their potential for energy storage applications.
2. Materials

Synthesis of PILs: PILs with hyperbranched cores and 16 (PIL-16), 32 (PIL-32), and 64 (PIL-
64) carboxylated terminal groups and imidazolium counterions were synthesized in three steps
starting from the acylation of aliphatic hyperbranched oligoester polyols containing terminal
primary hydroxyl groups, as previously reported from our group.!® Detailed chemical synthesis
steps are included in our prior publications and in the Supporting Information, Figure S1).'> Ionic
liquid, 1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)imide ([EMIM][TFSI], 99%)

was purchased from Iolitec-lonic Liquid Technologies (Figure 1a).

Preparation of cellulose nanofibers: Wood pulp was purchased from Georgia Pacific LLC.
CNFs were prepared from wood pulp through TEMPO-oxidation followed by intensive tip
sonication, as previously reported.'* More specifically, wood pulp torn pieces (1 g) were washed
with deionized (DI) Milli-Q water, followed by air-drying. The wood pulp pieces were suspended
in water (100 ml) containing TEMPO (0.016 g) and NaBr (0.1 g). The mixture was stirred at room
temperature and its pH was continuously monitored using a pH probe. To trigger the TEMPO-
oxidation, a small amount (6 ml) of NaClO solution was added to the mixture. The pH was adjusted
to 10 using 1M NaOH and 1M HCI aqueous solutions. Once NaClO was fully consumed and the
pH was stabilized at 10, the mixture was washed thoroughly with DI water and subjected to tip
sonication (Qsonica Q700 with 1.2 cm diameter probe, 40% amplitude, 5 sec on/off) for 30
minutes. Finally, the mixture was centrifuged for 30 minutes at 10,000 rpm to yield a CNF
dispersion of a concentration of 0.44 wt%.

Preparation of cellulose nanocrystals: CNCs were prepared through sulfuric acid hydrolysis.

(1211161 More specifically, wood pulp pieces (34 g) were hydrolyzed using 64 wt % H2SO4 (300 ml)
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at 45 °C for 1h under stirring. The solution was diluted with DI water (to 2800 mL) and left
undisturbed overnight to separate the hydrolyzed wood pulp from water. The wood pulp
suspension was centrifuged twice at 6000 rpm for 5 min to remove the remaining acid. The
supernatant was discarded, while the sediment was collected, redispersed in 1200 mL DI water,
and dialyzed against water using cellulose dialysis tubing (12000 — 14000 MWCO, Thermal
Scientific) for two weeks. Two more rounds of centrifugation at 1100 rpm for 20 min were
performed. Finally, the supernatant was tip-sonicated at 40% amplitude, 5 s on/5 s off, for 4 min

and 30 sec using a large tip sonicator (Qsonica Q700 with 1.2 cm diameter probe).

Preparation of composite ionogels: CNF and CNC dispersions were concentrated through
water evaporation to 1.5 wt% and 3 wt%, respectively. CNC dispersions were added to CNFs at
desired concentrations (0 wt%, 5 wt%, 10 wt%, and 15 wt%) under intensive stirring for 2h,
followed by 1h of bath sonication. The mixtures were drop-casted in glass petri dishes of 3 cm in
diameter. Water/ethanol exchange was performed to remove the water by carefully adding ethanol
(2 ml) on the top of the solutions/hydrogels and replacing it every 3h for 5 days, until no refractive
index gradients were observed. Small amounts (0.6 g) of ionic liquid, [EMIM][TFSI], were mixed
with 2 ml ethanol and added in the samples. The gels were left undisturbed overnight, followed by
slow ethanol evaporation for a week. Finally, the ionogels were dried overnight at 70 °C under
vacuum. Freely-standing ionogel films with a thickness of 150 — 300 um and diameters of ~2.5
cm were obtained. To fabricate composite ionogels containing PILs, small amounts (50 pl) of 12

wt% PILs in water were added in the CNF/5 wt% CNC mixtures, followed by the same procedure.

Sulfuric acid (H2SO4, ACS reagent, 95 — 98%), sodium bromide (NaBr, ACS reagent, > 99%)),
hydrochloric acid (HCI, ACS reagent, 37%), sodium hydroxide (NaOH, reagent grade, > 98%,
pellets (anhydrous)), sodium hypochlorite solution (NaClO, reagent grade, 10 — 15%), and
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO, 98%) were purchased from Sigma-Aldrich.

Chemical and morphological characterization: Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectra were collected using a Bruker Vertex 70 FTIR
spectrophotometer (1200-4000 cm ') with the resolution of 4 cm™ and the number of scans of 200.
Proton nuclear magnetic resonance (‘"H NMR) spectra were recorded with Varian VXR-400 MHz
spectrometer using DMSO-ds as a solvent. Zeta-potential was measured with Zetasizer Nano Z

(Malvern Instruments) in polystyrene cuvettes and measurements were repeated three times.
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X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Thermo K-
Alpha XPS (Thermo Scientific) with Al Ka radiation (hm = 1486 eV). For the survey scans, two
scans were collected with a step of 1.0 eV and dwell time of 50 ms. For high-resolution scans, 10
scans were collected with a step of 0.1 eV and dwell time of 50 ms. Finally, a Shirley background
correction was performed, followed by a Gaussian-Lorentzian peak shape fitting. Deconvolution
of the high-resolution peaks was performed by constraining the FWHM of the deconvoluted peaks.
All spectra were calibrated based on the C1s peak for sp>-hybridized carbon atoms at 284.5 eV, as

typically done for cellulose-based materials.'”- '8 17

UV-Vis spectroscopy measurements from 300 - 800 nm were conducted with a Shimadzu UV-

3600 Plus Spectrophotometer.

Thermal gravimetric analysis (TGA) was conducted using Q600 STD (TA Instruments). All
samples were dried overnight at 80 °C under vacuum prior testing and 8 — 10 mg of each sample
were placed in an aluminum pan. The samples were heated from room temperature to 600 °C at a

heating rate of 10 °C/min under nitrogen gas.

AFM was conducted using an Bruker Dimension Icon microscope operated in standard tapping
mode in air.2® AFM probes (HQ:XSC11/AI BS) with a tip radius of 8 nm and a spring constant of
1.1 — 5.6 N/m were used. The scan rate was 1.0 Hz and the resolution of the AFM images was set
to 512 x 512 pixels. AFM was conducted on drop-casted samples (100 ul of the hydrogel mixtures
or 100 pl of diluted to 0.01 wt% hydrogel mixtures) on silicon substrates (UniversityWafer,

piranha treated)

SEM was performed on aerogels (without ionic liquids) and the as-prepared ionogels. The
aerogels were prepared by drying the organogels (in ethanol) using CO; critical point drying (EMS
850 critical point dryer). SEM images were taken on a Hitachi SU-8230 microscope operated at
3kV. Samples were sputter-coated with gold for 60 sec at 30 mA.

Mechanical characterization: Tensile tests were conducted using a Shimadzu EZ-SX tester
with a displacement rate of 1 mm/min. The samples were cut into 5 x 10 mm strips using a razor
blade. All experiments were conducted at room conditions (temperature: ~ 23 °C and RH: 35 -

48%) and 5-7 specimens were tested per composition.
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Ionic conductivity measurements: Electrochemical impedance spectroscopy (EIS) was
performed in two-electrode coin cells to evaluate the ionic conductivity of the ionogels. More
specifically, the ionogels were punched into 19 mm in diameter circles and placed between two
stainless-steel blocking electrodes. The potential was oscillated at 0 V vs. the open circuit potential
(OCP) with an AC amplitude of 10 mV and a frequency range of 1 mHz — 1 MHz using a Bio-
logic SAS potentiostat. The ionic conductivity (c) was calculated from the equation: ¢ = t/R-S,
where t is the ionogel film thickness, R is the bulk resistance obtained from EIS, and S is the

ionogel surface area in contact with the electrodes.?!

Electrochemical properties: Electrochemical characterization was conducted in two-electrode
symmetric pouch cells using two reduced graphene oxide films as the electrodes and the ionogels
as the electrolytes. GO dispersions in water were prepared from graphite powder (325 mesh, Alfa
Aesar) using a modified Hummers method.?* 2 GO dispersions (40 ml of 1 mg/ml) were vacuum
filtered using a Nylon membrane (diameter: 47 mm and pores: 200 nm). The films were washed
with DI water, peeled-off the filter paper, air-dried overnight, and oven dried under vacuum at 80

°C for 3 days. Thermal reduction was performed at 200 °C under vacuum to yield rGO films.

The rGO electrodes were cut into 1.8 cm x 1.8 cm squares (mass: ~ 9 mg and thickness: ~ 30
um) and were attached to a double-sided carbon conductive tape (3M XYZ-Axis) that acted as a
current collector. The ionogels (2.0 cm x 2.0 cm) were placed in-between two rGO electrodes, and
a polyimide tape (Bertech) was used to wrap the supercapacitor and provide external electrical

insulation. The total mass and thickness of the devices were ~ 500 mg and ~ 0.5 mm, respectively.

Cyclic voltammetry was performed using the pouch cells at varying scan rates from 1 mV/s to
100 mV/s within a potential window of 0 — 3 V. All cells were pressed to ensure good contact
between the different layers, left undisturbed overnight, and preconditioned with a potentiostatic
step at 3V vs. OCP for 5 mins and 10 cyclic voltammetry cycles at 20 mV/s. Three cells were

tested per ionogel composition. The specific capacitance of one electrode was calculated from

: . . v, . :
cyclic voltammetry using the equation: C = 2- fvm_axde , where I is the current, V is the
min : )

voltage, AV is the potential window, m is the mass of two electrodes, and v is the scan rate.?*

Galvanostatic charge-discharge experiments were conducted at 0.2 A/g and the specific

. . . 14 .
capacitance of one electrode was calculated using the equation: C = 4‘m-_AtV’ where At is the
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discharge time, as previously reported.?* The specific energy of the device was calculated from the

equation: E = %-C-AVZ.24
3. Results and discussion

Synthesis and preparation of all materials components is described in Methods. AFM images
of CNFs revealed nanofibrillar structures with diameters of 3 — 4 nm and lengths up to 0.5 pum,
while CNCs exhibited needle-like structures with diameters of ~ 6.1 nm and length of ~ 165 nm
(Figure 1b), as reported earlier.'* AFM images of drop-casted pure PIL-16, PIL-32, and PIL-64
(Figure 1b and Figure S2) showed nanodroplets of a few tenths of nanometer in diameter. FT-IR
spectra of the TEMPO-oxidized nanocelluloses exhibit a prominent peak at 1618 cm! due to
vibrations from the carbonyl groups, and the CNCs exhibit all characteristic features for processed

nanocelluloses (Figure S3a).!>
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Figure 1. (a) Chemical structures of material components and (b) corresponding AFM topography
images. The Z-scale is 10 nm, 25 nm, and 6 nm for CNF, CNC, and PIL-16, respectively. (c) The step-by-
step assembly pathway for fabrication of robust ionogels from CNF + CNC with added PILs and ionic
liquids (from left to right).
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For assembly of reinforced ionogels we explored PILs containing polyol hyperbranched cores
with 16 (PIL-16), 32 (PIL-32), and 64 (PIL-64) carboxylated terminal groups and imidazolium
counterions (Figure 1a and Figure S1).'% !> 2% 26 The PILs investigated in this study belong to a
special class of branched polyelectrolytes. !> 27 Contrary to the traditional linear polyelectrolytes
where a considerable portion of the constitutional units contain ionic or ionizable groups, these
PILs are composed of multiple branches containing terminal ionic groups and counter ion liquid

species (Figure 1a). '>%7

The chemical composition of the PILs was confirmed by both '"H NMR and FT-IR spectra (see
Supporting Information, Figure S4, S5, and Figure S3b). The 'H NMR spectra contain
characteristic signals of aliphatic hyperbranched oligoester cores and aromatic components.
Specifically, signals of methyl groups of hyperbranched cores (0.84 — 1.25 ppm), aromatic rings
of benzene and imidazolium (7.21 — 8.57, 9.15 ppm), and methyl groups of imidazolium cations
(3.83 — 3.84 ppm) were observed. Also, the proposed structure of the PILs was evidenced by the
ratios of the integrals of the corresponding proton signals in the NMR spectra. The FT-IR spectra
of all PILs confirmed their chemical composition by exhibiting the characteristic peaks/absorption
bands, such as stretching modes of C=0 bonds at 1716 — 1720 cm !, symmetric and asymmetric
vibrations of bonds of (COO) carboxylate anions at 1379 — 1396 cm™! and 1568 — 1605 cm™!, and
oscillations of the imidazolium bonds (C—H bonds in 2™ position of imidazolium cation) and

hydrogen bonding at 3100 — 3600 cm ™! (Figure S3b).!*

Initially, CNF/CNC ionogels without PILs were fabricated to determine the optimum CNC
composition. More specifically, concentrated CNF aqueous dispersions were mixed with CNCs,
followed by water/ethanol exchange, and the addition of ionic liquids (ILs, [EMIM][TFSI]).
Ionogels containing 0.5 wt% CNC were selected for further studies due to their improved
mechanical performance (tensile strength, Young’s modulus, toughness, and ultimate strain), as
shown in Table S1 and Figure S6 and discussed in section 3.3. Below, ‘CNF/CNC’ implies a
content of 0.5 wt% CNC. For the PIL-containing ionogels, aqueous mixtures of the different PILs
were added in the CNF/CNC suspension (Figure 1¢). Aqueous CNF/CNC/PIL mixtures formed
hydrogels faster than the CNF/CNC mixtures that did not contain PILs (Figure S7). More
specifically, CNF/CNC/PIL-32 and CNF/CNC/PIL-64 formed a hydrogel within 15 min. Mixtures
containing PIL-16 formed gels within an hour, while the CNF and CNF/CNC mixtures (without

PILs) required several hours for formation.
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3.1 Properties and morphology of composite ionogels

During assembly, uniform gelation without phase separation occurred despite the negatively
charged groups that CNFs, CNCs, and PILs possess (carboxylate and sulfate groups). This
indicates that CNF/CNC and PIL assembly resulted from extensive hydrogen bonding between the
different components, as also confirmed by XPS data discussed in section 3.2. Indeed, the negative
surface charges of CNF, CNC, and PILs, were confirmed by zeta-potential measurements (Figure
S8). CNF aqueous mixtures demonstrated a zeta-potential of -39.5 = 5.0 mV, and upon addition
of CNC:s the zeta potential changed to -43.5 £ 5.0 mV due to the more negative surface charge of
cellulose nanocrystals (-51.7 + 1.0 mV) similarly to those reported earlier.?® The introduction of
PILs in the CNF/CNC aqueous mixtures led to increased zeta-potential negative values due to
partial adsorption of the PILs on the carboxy-rich CNF/CNC surfaces.!? Additionally, with
increasing the PIL ionic group density, the negative zeta-potential values further reduced to -34.1
+ 1.0 mV, indicating greater presence of PIL with lower negative potential (Figure S8). The faster
gelation rates and the reduced negative zeta-potential values for the PIL-containing mixtures
suggest the formation of strong interfacial interactions between the PILs and CNF/CNC arising
mainly from hydrogen bonding among different material components rather than electrostatic

interactions.

In the end, free-standing films with thicknesses of ~ 300 um were obtained by releasing from
Petri dish (Table 1, Figures 1c, 2a, and Figure S9). The films were semi-transparent with an

optical transmittance in visible range up to 50% (Figure 2b).

Table 1. Composition of CNF/CNC/PIL ionogels.

lonogels CNF CNC PIL IL
[Wt%] [Wt%] [Wt%] [Wt%]
CNF (IL) 10.0 - - 90.0
CNF/CNC (IL) 9.5 0.5 - 90.0
CNF/CNC/PIL-16 (IL) 9.5 0.5 2.0 88.0
CNF/CNC/PIL-32 (IL) 9.5 0.5 2.0 88.0

CNF/CNC/PIL-64 (IL) 9.5 0.5 2.0 88.0
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The films were mechanically robust, and shape persistent and not fluidic despite the high
content of ionic liquids in the thin films (~ 90 wt%) (Table 1). Finally, the CNF/CNC/PIL-16
ionogels are flexible and can sustain folding, whereas the other composite ionogel films start

cracking during folding (compare Figure 2a and Figure S9).
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Figure 2. (a) Optical images for CNF (IL) and CNF/CNC/PIL-16 (IL). (b) Optical transmittance and (c)
bulk and substance densities, and porosity for the composite ionogels.

The theoretical densities compared to experimental values to estimate their bulk porosity
(Figure 2¢ and Table S2). More specifically, the bulk densities were calculated using the
dimensions and mass of the ionogels, while the theoretical densities were calculated considering
only solid and liquid phases.? An increase (from 1.34 g/cm?® to 1.41 g/cm?®) in the bulk density
values with the addition of CNCs and PILs was observed indicating the porosity decreasing from
10% for CNF ionogels to 5.6% for the composite ionogels (Table S2). The changes in bulk density
and porosity values indicate the formation of denser ionogels due to strong interfacial interactions

between CNF/CNC and PILs as was suggested by surface potential measurements as discussed
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above. Additionally, the low porosity values indicate that most of the open free space inside the

initial nanocellulose networks is mostly filled with added ionic liquid phase.

Large-scale morphology of composite ionogels was revealed by SEM imaging (Figure 3a-c
and Figure S10). All CNF-based materials exhibited highly porous morphologies composed of
open continuous CNF networks able to confine ionic liquids. CNC aerogels demonstrate porous
interconnected structures as demonstrated earlier.!? Aerogels containing both CNCs and PILs
demonstrated more interconnected structures compared to pure CNF aerogels. SEM imaging of
the ionogels was challenging and the nanoscale CNF/CNC features were not visible due to the
high ionic liquid content (88 — 90 wt%) (Figure 3a). Therefore, SEM was performed on dried gels
using COz critical point drying (CPD) before the addition of ionic liquids.*® Similarly, AFM
imaging revealed continuous interconnected networks for various compositions with similar

organization and fibrillar bundles forming open pores (Figure 3d-f and Figure S11).

s
Y
¥

o i
S CNF/CNC/PIL-16

Figure 3. SEM images for CNF/CNC/PIL-16 (IL) ionogel, (b) CNF aerogel, and (c) CNF/CNC/PIL-16
aerogel. AFM images for (d) CNF, (¢) CNF/CNC/PIL-16, and (f) zoomed-in AFM image for diluted (to
0.01 wt%) CNF/CNC/PIL-16 drop-casted samples on Si substrates. The Z-scale is 39 nm, 42 nm, and 17
nm for panels (d), (e), and (f), respectively.

3.2 Chemical composition, interfacial interactions, and thermal stability

The CNF-based ionogels exhibited FT-IR spectra similar to those of pure ionic liquid with peaks
at 1200 — 1227 cm™! due to symmetric and antisymmetric -CF; stretching vibrations and a -SO»
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antisymmetric stretching peak at 1354 cm™!, verifying the addition of ionic liquid phase (Figure
S12).3! XPS study confirmed that initial CNF films (without ionic liquids) are composed of 67.1
at% carbon and 32.0 at% oxygen as expected from chemical composition (Figure 4a and Table
S$3).32 Additionally, traces of sodium (0.9 at%) were found resulting from the TEMPO-oxidation
process and the formation of sodium carboxylate (-COONa) groups (Figure S13 and Table S3).
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Figure 4. (a) XPS survey scans, (b) high-resolution Cls peaks, and (c) TGA for CNF, CNF (IL)
CNF/CNC (IL), CNF/CNC/PIL-16 (IL), CNF/CNC/PIL-32 (IL), and CNF/CNC/PIL-64 (IL).

The incorporation of ionic liquids was verified by the appearance of additional peaks assigned
to characteristic elements such as nitrogen, sulfur, and fluoride while the C/O ratio decreased to
1.7 (vs. 2.1 for pure CNF) (Figure 4b).'> 3 Similar contents of sulfur (7.2 — 7.7 at%) and fluorine
(22.8 — 23.1 at%) were found in all films indicating the incorporation of comparable amounts of
ionic liquids. PIL-containing composite ionogels (CNF/CNC/PIL-16, CNF/CNC/PIL-32, and
CNF/CNC/PIL-64) exhibited an increased C/O ratio (up to 2.3 vs.1.8 for CNF/CNC (IL)) due to

the presence of terminal aliphatic chains (Table S3).

High-resolution C1s and N1s deconvoluted peaks for CNF films and the ionogels are shown in
Figure 4b, Table S4, Figure S14, and Table S5. Pure CNF films (no ionic liquids) showed peaks
associated to C-C, C-O, O-C-0, and -COOH/-COONa at 284.5 eV, 286.1 €V, 287.7 ¢V, and 288.7
eV, respectively.'> >3 Addition of ionic liquids led to the appearance of a peak at ~292.4 eV
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attributed to the -CF3 groups of the ionic liquid [TFSI]. In all composite ionogels, the peaks
attributed to the -CF3 groups were shifted to lower binding energies compared to pure
[EMIM][TFSI] (from 293.2 eV to ~ 292.4 eV) resulting from the confinement of the ionic liquids
and the chemical interactions occurring between the ionic liquids and the CNF, CNC, and PIL
functional groups.!> 3* Similar peak shifts were observed in the high-resolution N1s peaks, as
shown in Figure S14 and Table SS5. The N1s peaks were deconvoluted to two peaks at 399.4 eV
and 402 eV attributed to the imide of the anion and the imidazolium ring of the cation.>* The N1s

peaks were shifted to lower binding energies (from 399.7 eV and 402.3 eV) as expected.**

As known, multiple weak chemical interactions including electrostatic interactions and
hydrogen bonding can lead to shifts in the XPS deconvoluted peaks.>* The negative zeta-potential
values for CNFs, CNCs, PILs and their mixtures indicate that hydrogen bonding interactions are
dominant within the gels before the addition of ionic liquids. More specifically, CNFs and CNCs
interact with each other through hydrogen bonding interactions between their oxygen-containing
groups.'* Similar interactions occur between CNF/CNC and PILs with the CNF/CNC C-H and O-
H groups interacting with the n*-cloud in the PIL imidazolium ring.'? Additionally, anionic CNC
sulfonate and CNF carboxylate groups interact electrostatically with the imidazolium counterions
of the PILs.'? Addition of ionic liquids leads to the formation of ionic bridges between the ionic
liquid [TFSI] anions and the PIL imidazolium counterions, as well as between the negatively
charged groups in branches and the imidazolium counter ions of the ionic liquids.'? Furthermore,
the [TFSI] anions can hydrogen bond with the C-H or O-H CNF/CNC groups due to the S=0O and
C-F [TFSI] groups.'? ¥ Overall, XPS results confirmed intimate interactions between PIL/ionic

liquid molecules and nanocellulose network frame in the solid films.

Next, thermogravitational analysis (TGA) for CNF showed an onset degradation (10% mass
loss) temperature of 167°C and maximum thermal decomposition at 200°C which is in agreement
with previous reports Figure 4c¢ and Figure S15.3° Pure ionic liquids exhibited onset and peak
degradation temperatures at 424°C and 476°C, respectively. CNF/CNC ionogels and ionic liquids
exhibited similar thermal due to high ionic liquid content (88 — 90 wt%). CNF/CNC/PIL-16 (IL)
demonstrated an onset degradation temperature of 340°C and peak degradation at 462°C. Small
improvements in degradation temperature with the addition of PILs with higher ionic group
densities was observed. CNF/CNC/PIL-64 (IL) demonstrated an onset degradation of 410°C with
peak degradation at 471°C. Higher thermal stability can be associated with the enhanced polymer-
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nanocrystal interactions within the composite ionogels.?’” The high thermal stability of the
CNF/CNC/PIL ionogels suggests that they could be utilized at high temperatures, up to 340 —

400°C, that is critical for thermally stable energy storage devices.!

3.3 Mechanical properties and ionic conductivity

All CNF/CNC ionogels exhibited common stress-strain behavior for reinforced elastomeric
materials with ultimate strain reaching 4% (Figure 5, Figure S6 and Table S1). Despite the high
ionic liquid content (88 — 90 wt%), the composite ionogels exhibited high Young’s modulus (>
0.17 GPa) and tensile strength (> 1.2 MPa) resulting from the CNF continuous networks and the

strong interfacial interactions between components within the composite ionogels. '?

Addition of up to 0.5 wt% CNCs led to significant improvements in mechanical performance
compared to the CNF (IL) ionogels. More specifically, CNF/0.25 wt% CNC (IL) demonstrated a
Young’s modulus of 0.24 + 0.04 GPa (vs. 0.17 = 0.01 GPa for CNF (IL)), a tensile strength of 3.2
+ 0.2 MPa (vs. 2.0 = 0.5 MPa for CNF (IL)), an ultimate strain of 2.4 £+ 0.4 % (vs. 2.0 £ 0.2% for
CNF (IL)), and a toughness of 66 + 23 kJ/m? (vs. 19 + 1 kJ/m? for CNF (IL)). Similarly, CNF/0.5
wt% CNC (IL) exhibited a Young’s modulus of 0.32 + 0.03 GPa, a tensile strength of 6.2 + 0.4
MPa, an ultimate strain of 2.6 + 0.5%, and a toughness of 128 £ 10 kJ/m>. The improvements in
mechanical performance are attributed to the CNCs that strongly interact with the CNFs through
hydrogen bonding and facilitate load transfer between components within the ionogels.'
Additionally, a multistep plastic deformation with partial crack propagation at high strains was
observed for the CNF/CNC ionogels (without PILs), because of possible cellulose nanofiber
bridging and fiber reorientation, as observed in nanofiber reinforced composites.*® Higher CNC
loadings (0.75 wt%, 1.0 wt%, and 1.5 wt% explored in this study) led to an overall deteriorated
mechanical performance due to possible CNC agglomerations that disrupt the continuous CNF

networks (Figure S6 and Table S1).%

Upon further addition of PILs, Young’s modulus and tensile strength further increased
significantly (22-fold and 8-fold, respectively) (Figure S and Table S1). For example, CNF/0.5
wt% CNC/PIL-16 (IL) demonstrated a Young’s modulus of 0.9 + 0.1 GPa and a tensile strength
of 11.0 = 0.7 MPa. Addition of PILs with higher ionic group densities led to further enhancements
with the CNF/CNC/PIL-32 (IL) gels exhibiting a Young’s modulus of 1.9 + 0.3 GPa and a tensile
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strength of 14.2 = 1.6 MPa. CNF/CNC/PIL-64 (IL) gels had a Young’s modulus of 3.8 = 0.7 GPa
and a tensile strength of 17.2 + 2.6 MPa.

The increasing Young’s modulus and tensile strength are attributed to the strong interactions
between CNF/CNC and the PILs, as discussed earlier. In contrast, ultimate strain and toughness
did not follow the same trend. CNF/CNC/PIL-16 (IL) demonstrated an ultimate strain of 3.8 +
0.5% and a toughness of 272 + 30 kJ/m?® which corresponds to a 2-fold and 14-fold improvement.
The PIL-16 ionogel demonstrated a similar multistep plastic deformation with partial crack
propagation to the CNF/CNC ionogels (without PILs) resulting from possible CNF bridging and
reorientation.*’ On the other hand, composite ionogels with PIL-32 and PIL-64 became brittle and
exhibited deteriorated toughness values (Figure 5 and Table S1). This stiffening can be caused by
entanglements of the long PIL terminal chains and the CNF interconnected networks, as well as

their strong interfacial interactions.*!
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Figure 5. (a) Representative stress-strain curves, and box plots for (b) Young’s modulus, (¢) tensile
strength, (d) ultimate strain, (¢) toughness, and bar graph for (f) ionic conductivity for CNF (IL), CNF/CNC
(IL), CNF/CNC/PIL-16 (IL), CNF/CNC/PIL-32 (IL), and CNF/CNC/PIL-64 (IL). Legend in panel (b)
applies also for panels (c-¢). Positions on the x-axis of the box plots correspond to different compositions
as indicated by color coding in panel (b).

Finally, as known, pure ionic liquids ([EMIM][TFSI]) have been reported to have an ionic
conductivity of 10.9 mS/cm.** Correspondingly, the CNF-based ionogels exhibited slightly
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reduced ionic conductivity in the range of 3.0 — 6.2 mS/cm due to the high ionic liquid content and
the open porous interconnected CNF network morphology (Figure S16 and Figure S5f).
Furthermore, an increase in ionic conductivity was observed upon addition of PIL components.
More specifically, CNF/CNC (IL) ionogels demonstrated ionic conductivity of 3.3 &+ 0.3 mS/cm,
while CNF/CNC/PIL-16 (IL) had an ionic conductivity of 4.3 = 0.2 mS/cm. Increasing the PIL
ionic group density, ionic conductivity increased up to 6.2 £ 0.3 mS/cm (for CNF/CNC/PIL-64
(IL)). The improvement in ionic conductivity can be attributed to the screening of interfacial
interactions of nanocellulose framework by absorbed PILs that facilitate ion liquid transport

through open continuous pores with minimum dissipation of energy.* 4

3.4 Energy storage performance demonstration

In order to test the practical performance of composite ionogels in device environment, we
fabricated supercapacitors comprised of selected CNF-ionogels and reduced graphene oxide (rGO)
electrodes that make them robust and bendable at the same time (Figure 6a-c). More specifically,
we selected CNF/CNC/PIL-64 (IL) because it demonstrated the highest ionic conductivity and
strength, CNF/CNC/PIL-16 (IL) due to its combination of good ionic conductivity and high
toughness, and CNF (IL) as the control. All devices tested here exhibited pseudo-rectangular cyclic
voltammograms (CVs) resulting from the formation of electric double layer (EDL) at the
electrode/electrolyte interface (Figure 6, Figure S17, and Table S6).*° Deviation from perfect
rectangular CVs behavior indicates some ion-diffusion limitations, which are common for solid
state devices based on ionic liquids due to the lower electrolyte ionic-conductivity and the large

ionic liquid molecules.'>#°

First, CNF (IL)-containing supercapacitors exhibited a specific capacitance of 19.9 + 1.2 F/g at
100 mV/s. Furthermore, supercapacitors with PIL-containing electrolytes demonstrated enhanced
capacitance values and rate capabilities with capacitance values of 34.5 — 44.1 F/g at 100 mV/s
resulting from the enhanced ion-conduction of ionic liquids through nanocellulose framework with
the PIL modification. This is also confirmed by their superior ionic conductivity values (4.3 mS/cm
for CNF/CNC/PIL-16 (IL) and 6.2 mS/cm for CNF/CNC/PIL-64 (IL) vs. 3.0 mS/cm for CNF (IL))
resulting from the ionically conductive PIL bearing groups that facilitate ion-transport. At
increasing the scan rate, capacitance deteriorated due to ion-diffusion limitations.!? Similar

observations were made from galvanostatic charge-discharge experiments at various specific
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currents (0.2 - 1 A/g, Figure S18). In conclusion, it is worth to note that similar characteristics
were obtained for all supercapacitors at 1 mV/s with specific capacitance values of 117 — 120 F/g,

which is comparable to rGO-based solid state supercapacitors.*® 47

Furthermore, CV was performed for these flexible supercapacitors in flat and bent states to test
sustainability under deformations and the mechanical robustness of the CNF-based ionogels
(Figure 6d and Table S7). More specifically, CV was performed at 50 mV/s for 10000 cycles
with the state of the supercapacitor changing from flat to bent every 2000 cycles. In fact, the CNF
(IL) and CNF/CNC/PIL-64 (IL) containing supercapacitors exhibited modest electrochemical
stability against bending cycling with a capacitance retention of only ~50% and ~58% after 10000

cycles, respectively.
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Figure 6. (a) Schematic representation and optical images of the (b) supercapacitor with the CNF-based
ionogels and (c¢) the supercapacitor lighting up a red LED light. (¢) Cyclic voltammetry at 50 mV/s for
CNF/CNC/PIL-16 (IL) in flat and bent states (bending radius: 0.8 cm) and (d) capacitance retention Vvs.
cycle number for CNF (IL), CNF/CNC/PIL-16 (IL), and CNF/CNC/PIL-64 (IL).

In contrast, the PIL-16 containing supercapacitors exhibited much enhanced electrochemical
stability to severe bending deformations (bending radius of 0.8 cm) with a high capacitance
retention of ~ 85% after 10000 cycles (Figure 6e). The improved capacitance retention under

cycling deformation can be attributed to enhanced mechanical robustness, high toughness, and
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strength of composite ionogels with PIL-16 acting as an interfacial agent between open porous

nanocellulose frame and liquid phase immersed.*%4’
3.5 Discussion

As has been discussed above, gel/solid electrolytes need to combine high ionic conductivity and
high Young’s modulus to accommodate for the current needs for safer flexible and stress-prone
supercapacitors and batteries. High ionic conductivity is required to facilitate fast ion-transport
and enhanced energy storage, while good mechanical properties accommodate enhanced safety
against external and internal mechanical stresses and leaks.>® Recent summary of corresponding
performances in terms of ionic conductivities/specific energy vs elastic modulus is presented in
Figure 7.°! Young’s modulus is of particular interest in the field of gel/solid electrolytes due to its
correlation to the internally developed stresses during charging/discharging and prospective metal-
ion dendrites growth suppression, for the case of metal-ion batteries.’® It is worth noting that few
studies would also report mechanical strength and toughness. On the other hand, the specific
energy, which corresponds to the amount of energy stored, is one of the main performance metrics
in addition to traditional ionic conductivity.>?

Next, as known, the ionic conductivity and specific energy are inversely correlated to the

Young’s modulus '!:31:°

and attempts to improve ion-conduction typically leads to deteriorations
in mechanical properties below common rubbery materials performance.'!*!>>° To date, only a
handful of reports have demonstrated the simultaneous improvement of both ion-conduction and
mechanical performance, and only modest improvements were achieved while the final energy

storage performance is often overlooked. 3! 3% 33

Indeed, as clear from this Ashby analysis of current reported results for ionogels (Figure 7a
and Table S8), known solid polymer and polymer hybrid electrolytes demonstrate poor ion-
conduction within 10° — 10" mS/cm resulting from the restricted segmental mobility of the
ionically conductive polymer chains.!? 4 3% 55 56 Their mechanical performance is characterized
by wide range of Youngs’ moduli from MPas to GPa. In contrast, current gel electrolytes offer
enhanced ion-conduction, however, this comes with poor mechanical performance.! Specifically,
gel electrolytes typically reach ionic conductivities of 102 — 10> mS/cm with lower Young’s moduli
(in MPa range).! Recent attempts to improve the mechanical performance while maintaining high

ionic conductivity using bi-continuous epoxy-based electrolytes and double-polymer crosslinked
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networks led to gel electrolytes with Young’s moduli of ~ 1 GPa and ionic conductivities of 1 —
40 mS/cm (Figure 7a).'">* In contrast to reported result, CNF-based ionogels fabricated in this
study surpassed this performance greatly with Young’s moduli reaching 3.8 GPa, common for

reinforced elastomeric polymer materials (Figure 7a).
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Figure 7. Ashby plots of ionogel materials performance: (a) Ionic conductivity vs. Young’s modulus
for solid and gel electrolytes. (b) Specific energy vs. electrolyte Young’s modulus for supercapacitors
containing gel-based electrolytes. Tables S8 - S9 provide details and references.

The CNF-based ionogels maintained high ionic conductivity values (3.0 — 6.2 mS/cm in
comparison with 10.9 S/cm for pure [EMIM][TFSI]).*! Furthermore, increasing the ionic group

density at the interface between nanocellulose frame and ionic liquid phase (with PIL-16 to PIL-
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64 addition) resulted in significant improvements in both ion-conduction and mechanical
performance (Figure 7a). Such unique behavior, in fact, breaks the traditional trade-off thus,
placing them in a unique parametric space unachievable with traditional electrolyte materials and

structures.

In addition, we conducted comparative analysis of the specific energy (Wh/kg) of
supercapacitors containing different solid or gel electrolytes (Figure 7b and Table S9). The known
electrolyte materials are categorized based on their solvent by aqueous, organic, and ionic liquid-
based and emphasis was given to supercapacitors that used carbon-based electrodes (rGO and other
carbon materials) for comparison reasons and to avoid any pseudocapacitive contributions.!!: 4352
53 Comparison was conducted to other ionic liquid-based electrolytes reported to date, such as
polyvinyl alcohol (PVA)/crosslinked poly(2-hydroxyethyl methacrylate) (C-pHEMA)/60 wt%
EMIMBF.4* polyvinylidene fluoride (PVDF)/ZIF-8/74 wt% EMITFSI,> polyoxyethylene/nitrile
butadiene rubber (PEO/NBR) with 70 wt% EMIBFs>’ epoxy/ALO3/50 wt% BMIM-

TFSILiTFSL!" and PVA/35 wt% BMIMCI-Li>SO4 (Figure 7b).*3

The CNF-based ionogels demonstrated comparable specific energy values (36.9 —37.5 Wh/kg)
resulting from the high ionic liquid content (88 — 90 wt%) and the porous CNF networks that
accommodate ion-transport (Figure 7b). Only PEO/NBR with 70 wt% EMIBF4 show higher
specific energy values (59.4 Wh/kg) which can be associated to pseudocapacitive contributions
from the nitrogen-doped carbon electrodes used in that case.>” The highest modulus among the
different polymer-based electrolytes used in supercapacitors was obtained for CNF/CNC/PIL-64
(3.8 GPa) due to the strong and continuous CNF/CNC networks with strongly interacting PIL-64
linker. At this point, it is worth noting that the PIL-16 containing ionogels also exhibited the
highest toughness values (272 kJ/m?) (Table S1).

Overall, CNF-based composite ionogels fabricated in this work exhibited a unique balanced
energy storage and mechanical performance if compared with traditional polymer-based
electrolyte materials. More specifically, the CNF-ionogels demonstrated improved energy storage
and mechanical performance with the larger electrochemical stability potential window of the ionic
liquids and the continuous and strong CNF/CNC/PIL networks.*® 33:3* We suggest that a key factor

causing the enhanced performance is the presence of strong open and continuous porous networks
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from cellulose nanofibers that facilitate mechanical robustness without compromising transport of

large ionic molecules.

On the other hand, the addition of highly branched polymer ionic components with high
concentration of ionic terminal groups screens the surface groups of nanofibers and nanocrystals
and allows for enhanced transport of ionic molecules through porous networks. At the same time,
we suggest that multiple hydrogen bonds between the PIL and nanofiber surfaces facilitate load
transfer within the multicomponent material and ultimately leads to improved mechanical
performance without compromising the sturdy open porous morphology. These interactions occur
between the cellulose surface groups, the ionic liquid S=O and C-F [TFSI] groups, and the 7'-

cloud in the PIL imidazolium ring.'?

4. Conclusions

In conclusion, we demonstrated flexible, mechanically robust, and highly conductive composite
ionogel electrolytes from a nanocellulose frame with added polymer ionic liquids. The highly
porous and mechanically strong CNF/CNC networks host large amounts (up to 90 wt% vs. 50 —
85 wt% typically reported in the literature)’*=!? of ionic liquids while supporting robust, shape-
persistent, flexible, and semi-transparent ionogel thin films, which are sustainable under prolonged
cyclic deformational stresses. This combination of high ion-conduction and mechanical
reinforcement can rarely be achieved as these properties come at a trade-off. To our knowledge,
the effect of hyperbranched PIL ionic group density on the performance of ionogels was
investigated for the first time. It was found that the PIL ionic group density can significantly affect
the ionogel properties leading to multi-fold improvements in ion-conduction, energy storage, and
mechanical performance. The greatly improved performance of the PIL-containing ionogels and
their unique position in parametric space for existing polymer ionogels result from the balance of
open porous morphology of strong nanocellulose networks and the ionically conductive PIL
linkers. Efficient modification of porous network with branched polymer with high-density of
terminal ionic/counter-ionic enables fast ion-transport and significantly reduces ionic liquid energy
dissipation for ion transport. Correspondingly, we verified that these composite ionogels have the
potential to be used as robust bendable electrolyte media in stress-sustainable energy storage
devices such as flexible supercapacitors capable of sustainable performance under cycling abusive

bending deformations.
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Overall, we suggest that this work offers insights on fabrication of composite gel electrolytes
with unique electromechanical and mechanical performance that paves the pathway for the
development of both conductive and mechanically robust gel electrolytes for high-energy storage
devices sustainable under cyclical stresses. The nanocellulose-based composite ionogels can be
further investigated using different ionic liquid and PIL chemistries and architectures, and they
can be considered for prospective applications such as in wearable power sources, self-powered

electrochemical sensors, and actuating elastomeric materials for soft robotics.
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