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ABSTRACT

Potassium batteries are very appealing for stationary applications and domestic use, offering a promising alternative to lithium-
ion systems. To improve their safety and environmental impact, gel polymer electrolytes (GPEs) based on bioderived materials
can be employed. In this work, a series of biobased membranes are developed by crosslinking pre-oxidized Kraft lignin as bio-
based component and poly(ethylene glycol) diglycidyl ether (PEGDGE) as functional linker with 200, 500, and 1000 g mol™*
molecular weight. The influence of PEGDGE chain length on the physicochemical properties and electrochemical performance
of GPEs for potassium batteries is investigated. These membranes exhibit thermal stability above 240°C and tunable glass
transition temperatures depending on the PEGDGE molecular weight. Their mechanical properties are determined by rheology
measurements in dry and swollen states, evidencing a slight decrease of elastic modulus (G’) by increasing PEGDGE chain
length. An approximately one-order-of-magnitude lower G’ value is observed in swollen membranes versus their dry coun-
terpart. Upon successful activation of the lignin-based membranes by swelling in the liquid electrolyte embedding potassium

Lat

salts, these GPEs are tested in potassium metal cell prototypes. These systems exhibit ionic conductivity of ~107>Scm™
ambient temperature. Interestingly, battery devices equipped with the GPE based on PEGDGE 1000 g mol™" withstand current
densities as high as 1.5 mA cm™2 during operation. Moreover, the same devices reach specific capacities of 130 mAh g™ at
0.05A g™ in the first 100 cycles and long-term operation for over 2500 cycles, representing outstanding achievements as bio-

sourced systems for potassium batteries.

1 | Introduction

The constant technological development experienced by human
society in the past century has been steadily accompanied by an
increasing demand for widely available and reliable energy

sources, among which electrical energy plays a pivotal role [1-3].
To address this issue at a global scale without compromising the
ecosystem, the past few decades have been characterized by
intensive research efforts in the development of efficient energy
conversion technologies of limited environmental impact and
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ready scalability. Among them, those based on renewable sources
such as solar, wind, geothermal, and tidal energy have become
the subject of intensive studies both from academia and industry
[4, 5]. While potentially being able to provide a virtually
unlimited (on a human timescale) and readily accessible energy
for direct use, all these natural approaches are characterized
by an intrinsically discontinuous availability, which makes their
output variable and uncontrollable over time and geographical
location [6, 7]. For these reasons, efficient energy storage systems
are highly desirable to make such intermittent energy sources
geographically distributed and potentially available when
required, thus providing a solution for power grid integration and
remote/delocalized energy distribution [2, 8].

Among the different energy storage technologies available
today for combination with renewable energy conversion
systems [9, 10], electrochemical energy storage represents one
of the most advantageous solutions to meet the constantly
growing demand for portable energy devices. In this category,
rechargeable batteries are extensively employed for a wide
range of storage applications, including small-scale and large-
scale utilization, transportation, and stationary grid storage,
and they are playing a key role as enablers of the transition
toward more widespread use of renewable energy on the
global landscape [11, 12].

In this context, lithium-ion batteries (LIBs) are the most pop-
ular solution for portable electronics, automotive applications,
and stationary purposes, and their demand keeps growing
globally as a result of their versatility and ability to provide high
voltage, high specific energy, and high energy density with long
cycles life [13-15]. However, issues related to the limited
availability of some of the raw materials needed for LIB devices
(e.g., lithium and cobalt) and to their confined geographical
distribution [16] still hamper a truly widespread and reliable
use of such systems, thus not allowing the growing global
market demand to be fulfilled in terms of both battery pro-
duction throughput and risk for supply shortage or price vola-
tility [17-19].

In this scenario, secondary rechargeable batteries based on
sodium, magnesium, aluminum, or potassium ions are garner-
ing attention as greener post-lithium technologies due to the
larger abundance and natural availability of their main raw
materials [12, 17, 20, 21]. Among them, potassium ion batteries
(KIBs) show some potential interesting advantages that make
them particularly appealing for stationary applications,
domestic use, or load-leveling operations [22]. In particular, in
KIBs aluminum can be used as a current collector instead of
copper (as in the case of LIBs), since potassium does not form
metal alloys with aluminum, unlike lithium. This entails a
potential reduction in battery costs and weight. In addition,
potassium can provide higher working voltages than other
metal-based batteries thanks to its redox potential (-2.93V vs.
standard hydrogen electrode [SHE]), which is similar to the one
of Li*/Li (-3.04V vs. SHE), but more negative than Na*/Na
(-2.71V vs. SHE), Mg*>*/Mg (-2.37V vs. SHE), and AI**/Al
(-1.66 V vs. SHE) [21, 23]. Finally, despite the larger ionic
radius of K*, potassium ions can be hosted by commercial
graphite anodes typically used in LIBs, as opposed to the sister
sodium-based technology. Indeed, they are characterized by a

smaller solvated radius and lower desolvation energy, ulti-
mately leading to faster diffusion in the electrolyte and through
the electrolyte/electrode interface than what is experienced in
lithium and sodium technologies [24-26]. KIB battery tech-
nology relies on the “rocking chair” diffusive mechanism of K*
ions between electrodes via intercalation and deintercalation
during the charge/discharge cycles. In the past few years, dif-
ferent potassium hosting materials have been explored as
potential cathode (Prussian blue analogs, layered oxides, poly-
anionic and organic compounds) and anode (carbonaceous, al-
loying, conversion, and intercalations materials) systems [22]. Due
to their high theoretical capacity, potassium metal and alloying
materials are considered as interesting anodes for high-energy KIB
applications. However, potassium metal can lead to the rupture of
the solid electrolyte interphase (SEI) by dendrite formation due to
its high reactivity, while alloying materials may undergo non-
negligible volume expansions during operation. For these reasons,
alternative strategies have also been introduced, based on artificial
SEIs, composite nano-sized structures, and electrolyte engineering
(salts, additives, polymers, etc...) [22, 27, 28].

A crucial component in KIBs is the electrolyte, which must solu-
bilize the metal ion and provide electrical continuity through ion
conduction between the two electrodes. In this context, liquid
electrolytes, especially those based on organic carbonates (viz.,
propylene carbonate [PC], ethylene carbonate [EC], dimethyl car-
bonate [DMC], diethyl carbonate [DEC]) as solvents in combination
with KBF,, KPFg, KFSI, KTFSI potassium salts, are widely used in
KIBs as they can guarantee high ionic conductivity and effective
metal-ion solvation [22, 28]. However, liquid electrolytes are flam-
mable, very volatile, and do not hinder dendrite formation [29, 30]
during operation. These negative features represent critical obstacles
to safety and battery functionality because they can yield liquid
electrolyte leakage and possible thermal runaway (even explosion)
due to short circuits resulting from dendrite growth [31, 32]. One
approach to overcome these issues relies on the use of gel-polymer
electrolytes (GPEs), in which a solid crosslinked polymer network is
used to confine the liquid electrolyte and to provide a mechanically
stable contact with the electrodes, hindering volumetric expansion
and dendrite growth [33, 34]. In this way, increased battery safety
and prolonged operational stability can be achieved, without lim-
iting ionic conductivity and device performance as often found in
fully solid-state electrolyte systems. While many examples of GPEs
for more consolidated battery technologies such as LIBs have
appeared in the literature in the past decade [35-38], their devel-
opment and use in KIBs is still in its infancy. Interestingly, the
challenge of controlling and reproducing the thickness of GPEs,
which is typically a critical issue in LIBs applications, becomes less
significant in KIBs. In particular, in LIBs applications, producing a
very thin GPE is crucial for ensuring a high power density to the
battery, even at the expense of mechanical strength. Conversely,
due to the higher diffusion rate of K-ions across the electrolyte, the
trade-off between the mechanical strength of GPEs and the ion
diffusion rate is less critical in KIBs compared to their lithium-ion
counterparts. This confers to GPEs high potential in KIB technol-
ogy, as they can provide sufficient ion diffusion while offering en-
hanced mechanical robustness, ultimately contributing to a longer
battery lifespan.

Most GPEs for KIBs are typically obtained from fossil-based
polymers, such as poly(methyl methacrylate), poly(ethylene
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oxide), and poly(acrylonitrile) [39-41]. In particular, poly
(ethylene oxide) is widely used in GPEs and solid-state polymer
electrolytes due to the high solvation and high ionic conduc-
tivity of the ethylene oxide/ether group with alkaline cations. In
this framework, different chemical derivatization strategies of
poly(ethylene oxide) have been proposed in the literature via
free radical polymerization, atom transfer radical polymeriza-
tion, reversible addition-fragmentation chain transfer polym-
erization, or ring-opening polymerization (ROP). More
specifically, cyclic ether monomers based on the glycidyl ether
moiety have been widely employed in the preparation of poly-
mer electrolytes based on poly(ethylene oxide) through ROP, as
this synthetic strategy does not lead to the release of small by-
product molecules, retaining the original number of equivalents
of monomeric functional groups in the final product [42-44].

On the contrary, very little has been done in the area of bioderived
GPEs for KIBs, despite their obvious advantages in terms of
renewability and lower carbon footprint compared to their oil-based
counterpart [45]. Among the vast array of biobased polymers with
suitable characteristics [46-49], lignin represents a particularly in-
teresting material platform for this purpose because it is widely
available, highly functional, and highly thermally and mechanically
stable [50]. Indeed, lignin has been successfully used as macro-
molecular precursor for high-value polymeric materials in a variety
of engineering and electrochemical applications, including phenolic
resins for adhesives, electrodes in energy storage, filler for composite
materials, and coatings [51-55]. In particular, a recent work from
our groups demonstrated the use of lignin as precursor for the
development of a stable GPE yielding excellent operational stability
and electrochemical response in KIB devices [56].

Despite the promising performance of this and very few other
proposed biobased systems in the KIBs field [51, 57], a detailed
description of the relationships between macromolecular
structure, materials property, and electrochemical device per-
formance of sustainable GPEs for KIBs is still lacking, despite
its strategic importance to enable a rational design of such key
element in the battery stack for optimal device performance.

To bridge this gap, in this work, a series of GPEs was prepared
using lignin as the base component and poly(ethylene glycol)
diglycidyl ether (PEGDGE) as a functional linker. By system-
atically varying PEGDGE chain length (viz., molecular weight)
at constant lignin relative content, detailed structure-property
correlations could be highlighted based on an extensive chem-
ical, thermal, mechanical, viscoelastic, and functional charac-
terization of the obtained lignin-based crosslinked membranes.
Upon their suitable activation by absorption of liquid electrolyte
embedding potassium salts, the influence of PEGDGE chain
length on the performance of the resulting GPEs was also elu-
cidated by electrochemical analysis in KIB prototypes.

2 | Results and Discussion
2.1 | KOx-PEGDGE Membranes Characterization
The biobased membranes investigated in this work were

obtained by ring-opening polyaddition crosslinking reaction
between Fenton pre-oxidized Kraft lignin (KOx) [58-60] and

PEGDGE of different molecular weights, namely, 200, 500, and
1000 g mol™* (Figure 1). The reaction was conducted in alkaline
water to dissolve lignin and activate its carboxylic, aliphatic,
and aromatic OH groups, the latter being particularly reactive
according to the literature [61, 62]. The crosslinking process is
assumed to proceed via nucleophilic attack of the —CH, group
in the oxirane ring in PEGDGE by the OH groups in KOx [42].
This regioselective nucleophilic attack is favored by the easy
accessibility and stabilization effect of the less hindered and
substituted carbon atom in the epoxy ring, leading to the for-
mation of a secondary alcohol in the —CH epoxy position [63].

To exclude possible effects of the presence of different
residual chemical functionalities on the properties of the
resulting crosslinked materials and on the electrochemical
performance of the corresponding KIB devices, the molar
ratio between epoxy groups in PEGDGE and hydroxyl groups
in KOx (quantified through *'P-nuclear magnetic resonance
(NMR) spectroscopy, Supporting Information S1: Table S1)
was maintained constant at 1.28 mmolepoxy/MMmMOlomtot-kKOxs
corresponding to a constant molar-to-mass ratio between
PEGDGE and lignin of 4.69 mmolpggpge/grox for all for-
mulations. This allowed to uniquely identify the contribution
given by the chain length of the PEG-based macromolecular
linker to the chemical—physical and morphological response
of the obtained membranes. Furthermore, the role of
PEGDGE in the functional performance of the operating KIB
devices could also be assessed, considering the ability of the
ethylene-oxide moiety (CH,-CH,-0O-) to ease ion-pair dis-
sociation into free ions and lead to enhanced ionic conduc-
tivity by ion hopping [64-67].

Successful crosslinking reaction between lignin and PEGDGE
was confirmed experimentally by gel content analysis, which
underlined an insoluble fraction higher than 94% for all mem-
brane formulations (see Supporting Information S1: Table S2).
This evidence was further visually corroborated, as mechani-
cally intact and self-supporting membranes could be obtained
after the reaction.

2.1.1 | Fourier-Transform Infrared (FTIR)
Spectroscopy Analysis

FTIR spectroscopy (Figure 2) was used to investigate the
chemical modifications occurring to the reactive species
during the crosslinking process and to confirm the successful
covalent bonding between PEGDGE and KOx. The FTIR
spectra of all the membranes underlined a broad absorption
band in the 3650-3200 cm™ range, attributed to the stretch-
ing vibration of hydroxyl groups: aliphatic and aromatic
—OH, predominantly associated with KOx (Supporting
Information S1: Table S1), and secondary alcohol groups
formed as a result of the epoxy ring-opening crosslinking
reaction with PEGDGE (Figure 1). The increasingly higher
intensity and sharpness of the signal in the 3600-3200 cm ™"
range for membranes incorporating longer PEGDGE linkers
may be associated with intramolecular and intermolecular
hydrogen-bonded —OH vibrations resulting from the pres-
ence of trapped moisture, as the hygroscopic character of the
membranes increases [68, 69].
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FIGURE 2 | (a) FTIR spectra of KOxP membranes and (b) zoomed fingerprint region. All signals are normalized with respect to the absorbance

at 1515 cm™ associated with the invariant aromatic skeletal vibration signal in lignin.

Successful incorporation of PEGDGE was confirmed by the
increase in the intensity of the signals in the region
2950-2850cm™ (C-H stretching vibrations), at 1460cm™
(asymmetric C-H deformation), and at 1110 cm™ (asymmetric
stretching of C-O-C ether bonds in the CH,-O-CH, PEGDGE
backbone) for membranes with increasing PEGDGE molecular

weight. In addition, effective epoxy ring-opening reaction could
be demonstrated by the disappearance of the peak in the
920-880cm™" region, typically attributable to the asymmetric
vibration of the monosubstituted epoxy ring in PEGDGE
(Supporting Information S1: Figure S1). Signals associated with
C=0 stretching vibrations of ketones, carbonyl, and ester
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groups in KOx were found at 1740-1700 cm™* (nonconjugated)
and 1660-1610cm ™ (conjugated) [70, 71]. In addition, peaks
attributable to aromatic skeletal stretching vibrations in lignin
were detected at 1600, 1515, and 1420 cm™, while the signal at
1463 cm™ was ascribed to the combination of aromatic ring
vibration with C-H deformation [72]. The sharp absorption
band found at 1260 cm™ in all formulations can be related to C-
O vibrations in guaiacyl (G) moieties combined with C=0 and
C-C stretching (the presence of G-units was confirmed by
*'P_NMR, see Supporting Information S1: Table S1) [73, 74].

2.1.2 | Thermal Characterization

Differential scanning calorimetry (DSC) was performed to
assess the thermal transitions in the oxidized lignin-PEGDGE
membranes (Figure 3a). KOxP200 showed a single glass tran-
sition (Tg) occurring at 80°C, which was found to be the highest
among the different investigated systems. By increasing the
molecular weight of PEGDGE in the formulation, a decrease in
Tg was observed down to —40°C. This behavior can be associ-
ated with the role of the macromolecular PEG chains in
PEGDGE, acting as flexible segments in the three-dimensional
polymeric network, thereby yielding larger free volume and
increased mechanical flexibility of the membrane. Interestingly,
while for both KOxP200 and KOxP500 no melting transitions
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FIGURE 3 | (a) DSC and (b) TGA traces of KOx-PEGDGE based
membranes.

(Ty,) attributed to the presence of crystalline phases could be
detected, a broad endothermic signal peaking at T,, =37°C
was found in KOxP1000. The presence of such melting tran-
sition (with lower enthalpy and Ty, than the pristine PEGDGE
1000 linker, see Supporting Information S1: Figure S2) could
be explained considering the possible crystallization of a
fraction of long PEGDGE macromolecular chains due to self-
polymerization within the three-dimensional network, as lat-
eral pendant groups or in between crosslinking points (Sup-
porting Information S1: Figure S5) [42, 44, 75-77]. The self-
polymerization of PEGDGE likely explains the Tg observed at
—40°C in KOxP500, which is similar to the Tg of KOxP1000.
This similarity suggests the presence of second-order transi-
tions of long self-polymerized macromolecular chains within
the material. However, no crystalline domains (viz., melting
transitions) were observed in KOxP500, likely due to the
insufficient chain length of PEGDGE 500, as opposed to the
longer PEGDGE 1000 in KOxP1000.

The thermolytic stability of lignin-PEGDGE based membranes
was evaluated by thermogravimetric analysis (TGA) in N, inert
atmosphere (Figure 3b). All the three formulations showed less
than 1.5% mass loss up to 90°C-100°C, which may be related to
the release of trapped moisture associated with the intrinsic
hygroscopicity of the membranes. In this temperature range,
first-order derivative (DTG) revealed a slightly faster water
elimination as the molecular weight of PEGDGE increased.
This is likely to be associated with the increased molecular
mobility found in membranes incorporating higher molecular
weight PEGDGE, in addition to an increased porosity (as will be
discussed later on). At higher temperatures, KOxP200 showed
excellent thermal stability up to 240°C with a maximum deg-
radation rate at 349°C (Tnax = 349°C), while both KOxP500 and
KOxP1000 were found to be stable up to 290°C with a very
similar Tp,.x =397°C. The single-step thermal decomposition
of membranes can be mainly related to the degradation of
PEGDGE backbone [33] and of a-B-aryl-alkyl ether linkages and
C-C aliphatic chains present in lignin-based membranes after
the crosslinking reaction [78]. Interestingly, higher residual
mass at 700°C was found for membranes based on lower
molecular weight PEGDGE, likely due to the incorporation of
higher relative amount of KOx lignin on a mass basis (as cor-
roborated by Table 1 and the TGA thermograms of pristine KOx
and PEGDGE: found in Supporting Information S1: Figure S6).
This evidence highlights the beneficial effects of the presence of
lignin in increasing the high-temperature thermal stability of
the membranes upon crosslinking.

2.1.3 | Membrane Morphology and Swelling

The top-surface and cross-section morphology of the obtained
membranes after the crosslinking process was investigated by
scanning electron microscopy (SEM) on cryo-fractured samples.
SEM images (Supporting Information S1: Figure S7) revealed a
similar porous membrane morphology for all formulations,
with an increasing amount and larger pore dimension found for
membranes incorporating higher-molecular-weight PEGDGE.
As shown in the SEM images and pore size distribution curves
(Supporting Information S1: Figures S7 and S8, respectively),
KOxP200 exhibited a very compact structure with finely isolated
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TABLE 1 | Formulations and the composition ratio of lignin/PEGDGE-based membranes.

Mn PEGDGE Lignin wt.% mmol mmol epoxy/
Membrane PEGDGE g PEGDGE/g wt.% in the in the PEGDGE/g mmol total
. —1 . . . .
formulation (g mol™) lignin membrane membrane lignin OH of KOx
KOxP200 200 0.94 48% 52%
KOxP500 500 2.34 70% 30% 4.69 1.28
KOxP1000 1000 4.69 83% 17%
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FIGURE 4 | Dynamic rheological results of (a, d) KOxP200, (b, €) KOxP500, and (c, f) KOxP1000. Dynamic strain sweep (a-c); and dynamic
frequency sweep analyses (d—f) are reported. In all dynamic strain sweeps, the y. is depicted for each system.

pores on the surface (2, ~0.75 um) and in the inner part of the
membrane (o, ~0.65um, with few larger, isolated pores of
~8um). As opposed to this, a more regular and ordered mor-
phology with larger pore size on the surface (e, ~ 3.1 um, and
broad pore size distribution) and in the cross-section
(em~1.9um) were found in KOxP500. Finally, KOxP1000
possessed a more irregular morphology characterized by a large
number of larger interconnected and interpenetrating pores per
unit area both on the surface (e, ~ 3.3 um) and in the inner part
(em ~ 2.7 um), in line with the polyphasic nature of this mate-
rial, as evidenced by DSC analysis.

In view of their use as GPEs for KIB devices, the obtained
membranes were evaluated in terms of their ability to swell
when in contact with an electrolyte medium. To this end, liquid
solvent uptake (LSU) measurements were conducted on all
membranes in an ethylene carbonate (EC):diethyl carbonate
(DEC) 1:1v/v solution, these latter being supporting solvents
commonly employed in KIB systems (Supporting Information
S1: Figure S9). In line with the morphological characteristics of
the previously discussed membranes, the crosslinked systems
incorporating longer-chain PEGDGE (i.e., KOxP500 and
KOxP1000) provided larger LSU values, which were found to be
compatible with those typically required for GPE application.

On the contrary, very modest swelling and insufficient LSU was
observed for KOxP200, as a result of its tighter porous structure
combined with the lower macromolecular mobility and free
volume (i.e., higher Tg) observed on this system, which limits
liquid electrolyte penetration and retention in time.

2.14 | Mechanical and Viscoelastic Characterization

Together with the extent of membrane swelling in the liquid
electrolyte, the viscoelastic response of the material represents
another key descriptor of its applicability as GPE for KIBs. To
this end, dynamic rheology curves were recorded for the different
lignin-based membrane materials monitoring the conservative (G
") and the dissipative (G”) shear moduli at increasing frequency
and oscillation-strain amplitude, both in the dry and in the
swollen (in EC:DEC 1:1v/v solution) states (Figure 4). As ex-
pected, an approximately one-order of magnitude lower G’ value
was observed in swollen membranes versus their dry counterpart
irrespective of their composition, as a result of the plasticization
effect of the entrapped solvent. Furthermore, the critical oscil-
lation strain (y.) defining the extent of the linear viscoelastic
region (LVR) (i.e., the region where G’ does not show any
dependence on the oscillation strain amplitude) was found to
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increase in formulations incorporating PEGDGE of increasingly
larger molecular weight (Yc_koxp200 < Ye_koxP500 < Ye_KOxP1000s
Supporting Information S1: Table S3). This behavior can be
correlated with the progressively lower Tg values observed on the
different materials (markedly lower for KOxP500 and KOxP1000
than KOxP200), promoting more suitable mechanical resist-
ance and robustness to oscillatory stresses. Accordingly, lower
Tg membranes are expected to better accommodate high shear
stresses during battery cell assembly and production, thus fa-
voring optimal contact with the electrodes and easier handling
during operation.

Interestingly, for all membranes the elastic response (G’) was
found to prevail over the viscous response (G”) in the entire
frequency domain investigated, further indicating successful
and effective crosslinking. This solid-like behavior (G’ > G”")
was observed in both dry and swollen states, thus confirming
that during the swelling process no dissolution or solvent ex-
traction process takes place on the materials, which could result
in disruption of the three-dimensional macromolecular network
and decline in mechanical response.

2.2 | Electrochemical Characterization
As evident from the previous discussion, KOxP200 membranes

do not appear suitable as GPEs for battery applications because
of their dense and compact structure, in addition to their high

Tg, extremely low LSU, and unfavorable mechanical response.
For these reasons, these systems will not be considered further
in this work for electrochemical characterization, which will
instead mainly focus on the KOxP1000 formulation compared
to KOxP500. Indeed, the presence of larger and interconnected
pores in KOxP1000 enables a much higher volume of liquid
electrolyte to be incorporated, leading to a record liquid elec-
trolyte uptake >300% already after 50 min of swelling in
potassium hexafluorophosphate (KPFs) 0.80M in EC:DEC
1:1v/v solution (Supporting Information S1: Figure S10).

Activated KOxP1000 membranes were obtained by soaking and
swelling these systems in a KPFs/EC/DEC solution, leading to
the target GPE (from here on referred to as GPE1000). To assess
their electrochemical performance, half-cells were assembled
with potassium foils as anode and current collector, GPE1000 as
electrolyte, and carbon black Super P on copper current col-
lector as cathode. Their long-cycling performance was evaluated
by testing such half-cells at a constant specific current of
0.05A g™ for as many cycles as the system could withstand
without the occurrence of short circuits and with satisfying
retained capacities. Conversely, the half-cell underwent 30
activation cycles before measuring the rate performance, en-
suring that the SEI layer was already formed. This approach
aimed to exclude the influence of SEI layer formation on
performance at increasing current densities. As shown in
Figure 5a, after the formation of a stable interface during the
first 100 cycles (specific capacity ~130mAhg™), long-term
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FIGURE 5 | Galvanostatic charge and discharge measurements of KIGPE1000| Super P half cell: (a) long cycling performance at a constant specific

current of 0.05A g™' and (b) current rate performance at different specific currents. (c) Ionic conductivity of GPE1000 at different temperatures.
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operation could be attained. After as many as 1000 cycles, the
cell could retain 60% of the original capacity shown at the 100th
cycle. Notably, continuous stable operation was observed on a
much longer cycling time (over 2500 cycles, as shown in Sup-
porting Information S1: Figure S11). To the best of our
knowledge, such remarkable stability has never been shown
before in the KIBs field. Considering that KIBs based on fossil-
derived GPE are scarcely documented, and bio-based GPEs or
polymer electrolytes are either unreported or not yet fully
investigated electrochemically (e.g., in terms of ionic conduc-
tivities with temperature rise, interfacial stability under plating/
stripping, and galvanostatic cycling in half-cell or full-cell
configurations), the results presented in this work represent a
significant milestone in the advancement of sustainable KIB
technology (see Supporting Information S1: Table S4). Addi-
tionally, from our previous experiences such a high cycling
stability in potassium battery cells is also hardly achievable by
adopting commercial separators (e.g., Celgard, glass fiber, etc.).

Even superior current rate performance was obtained when
comparing KIGPE1000| Super P cells to those based on
KOxP500 (Supporting Information S1: Figure S12). Indeed, in
contrast with its counterpart, the GPE1000-based system could
deliver more stable capacities at each specific current as well as
a positive capacity at the highest specific current value of
2.5Ag" (Figure 5b). Based on these results, additional elec-
trochemical analyses were conducted to better assess the role of
longer-chain PEGDGE in such interesting improvement of GPE
performance in KIBs. Interestingly, measurements on the ionic
conductivity (o) in symmetrical stainless steell GPE1000! stain-
less steel cells at increasing temperatures from 10°C to 60°C
(Figure 5c) did not highlight anomalies, as the obtained o values
were found to be in line with those typically reported for fossil-
based GPEs in potassium battery application [79-83]. Also, the
linear dependence indicates an Arrhenius-like behavior, typical
of GPEs in which both the charge transfer in the liquid phase
and the ion hopping on the ether groups contribute to the ion
conduction. Indeed, both of the ion migration mechanisms have
a linear dependence with 1000/T, and it is not possible to dis-
tinguish one contribution from the other. Notably, these ionic
conductivity values were comparable to or even exceeded those
of bio-based potassium-ion-conducting polymer electrolytes and
bio-derived GPEs reported in the literature, as summarized in
Supporting Information S1: Table S4.

The diversified nonhomogenous morphology of the KOxP1000
membrane, characterized by the presence of randomly alter-
nating ordered and disordered regions (SEM analysis, Sup-
porting Information S1: Figure S7), may also lead to
nonuniform ion transfer through the electrode/electrolyte
interface, ultimately resulting in nonuniform plating on the
potassium metal surface. This potential phenomenon was
investigated by means of plating and stripping tests carried out
on a symmetrical cell (KIGPE1000IK) at increasing current
density values (i.e., 0.1 and 0.5mA cm™>) for 35 cycles of 2h
each (i.e., 1h at positive current and 1h at negative current).
The overpotential profile depicted in Figure 6 shows a perfectly
symmetrical peaking profile at lower current density, resulting
from the superposition of two parallel kinetic pathways,
namely, plating on one electrode and stripping on the other one.
With the increase of the current density up to 0.5mA cm™,

some needle-shaped peaks appeared, which are symptoms of
possible nucleation and growth of metal dendrites. These may
be caused by a nonperfectly uniform and stable solid electrolyte
interphase (SEI) layer that can be subjected to cracks with the
subsequent formation of pits on the metal surface, especially for
more challenging charge transfer. It has been shown that alkali
ions tend to nucleate on these pits [84], creating a non-
homogeneous surface and inducing a reversible process of
plating-on/stripping from mossy dendrites. This behavior is
typically represented by arcing voltage profiles, as those found
in Figure 6. Since the electrochemical characterization is
intended to assess the GPE capacity to work properly and safely
even in the most challenging conditions, we intentionally chose
not to rely on the use of additives when formulating the elec-
trolyte, the duty of which is to form stable SEI layers to avoid as
much as possible unfavorable conditions for the battery oper-
ation. With the same purpose, the current density was increased
up to 1.5 mA cm™ during the test, a widely recognized very high
value for electrolyte characterization. Indeed, at this current
density the formation of dendrites is typically encountered, with
the consequent collapse of the electrolyte/potassium metal
interface, ultimately leading to short-circuit or rectangular-
shaped overpotential profiles. The latter is caused by the pres-
ence of a very high surface area coming from the large number
of dendrites and “death-potassium” resulting from the detach-
ment of the dendrites, which yields a very low applied current
per cm®. Interestingly, as never achieved in the KIB literature
before, none of the above mechanisms was observed in our
systems. Indeed, no anomalies in the electrochemical imped-
ance spectra or short-circuits were recorded (Supporting
Information S1: Figure S13).

2.3 | Correlations Between Material Properties,
Electrolyte Structure, and Electrochemical
Response

The observed differences in electrochemical performance and
material properties discussed in the previous sections are at-
tributed to the synergistic interplay between the composition of
the formulations and the morphological and macromolecular
structure of KOxP/GPEs systems. The incorporation of
PEGDGE with increasing molecular weights (200, 500 and
IOOOgmol'l) at constant 1.28 mmolepoxy/MmMOlomiorkox Tatio
resulted in an improvement in thermal and macromolecular
properties of the crosslinked KOxP membrane systems. In
particular, the thermolytic stability was enhanced, ranging from
240°C for KOxP200 to 397°C for KOxP500 and KOxP1000.
Moreover, the incorporation of longer macromolecular
PEGDGE chains resulted in higher network mobility, as evi-
denced by a decrease in Tg for the corresponding membranes,
namely, 80°C for KOxP200 and —40°C for KOxP500 and
KOxP1000. These results can be associated with larger free
volume and molecular mobility due to the presence of longer
flexible polymeric bridges between crosslinking points (Mc) in
the crosslinked network (the higher the molecular weight of the
PEGDGE crosslinker, the longer Mc) [44, 82]. These features
are highly desirable in polymer electrolytes for battery appli-
cations, since low Tg and low crystalline fraction are known to
enhance ionic conductivity [85-87].
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FIGURE 6 | Overpotential profile of the symmetric KIGPE1000IK cell subjected to 500 h of plating and stripping at three increasing current

density values (i.e., 0.1, 0.5, and 1.5 mA cm2). The left inset shows the zoomed peaking symmetrical profile and the right inset highlights the stable

arcing behavior.

As shown in Supporting Information S1: Figure S7, the dense
and compact structure of KOxP200, with sub-micron pore
dimensions (< 1 um) and high stiffness (Tg = 80°C), limited lig-
uid electrolyte penetration and uptake, highlighting the negative
impact of the lowest molecular weight PEGDGE linker (200 g
mol™) on Mc, and consequently on the available free volume.
The rigid structure of KOxP200 hinders the uptake of solvent
resulting in only 20% of LSU (Supporting Information S1: Fig-
ure S9). However, when the potassium salt dissolves in the liquid
electrolyte and attempts to penetrate, the chain mobility is so
sluggish that the LEU remains zero even after 10 h, making the
membrane unsuitable as a polymer electrolyte. Consequently,
KOxP200 could not be electrochemically characterized.

In the case of GPE1000 and GPES500, similar values for ionic
conductivity o were obtained (Supporting Information S1: Fig-
ure S14). This trend may be explained considering the tradeoff
between the higher amount of uptaken solvated potassium salts
in solution (i.e., higher number of ionic species contributing to
o; Supporting Information S1: Figure S15) during membrane
swelling, and the presence of crystalline phases in GPE1000/
KOxP1000 hindering ion mobility (DSC traces in Figure 3),
likely resulting from self-polymerization of PEGDGE during the
crosslinking reaction.

Interestingly, membranes incorporating the longest PEGDGE
chains (GPE1000) resulted in the best battery performance in
terms of durability and specific capacity (Supporting Infor-
mation S1: Figures S11 and S12). We speculate that the ability
of our GPEs to withstand such high current densities for so
many cycles may be associated with their favorable elastic
behavior. Indeed, an extended LVR (y.) was observed in
membranes incorporating increasingly longer PEGDGE
linkers, which was found to be the largest in GPE1000 (Fig-
ure 4). This extended linear viscoelastic response over a wide
range of mechanical stresses, such as those typically resulting
from dendrite formation, is expected to preserve excellent
contact with the electrodes during operation, while being
enough mechanically robust to suppress further dendrite
growth, ultimately ensuring appreciable specific capacities
for over 2500 cycles. Moreover, the higher liquid electrolyte
incorporation and concentration of solvated potassium salts
found in GPE1000 (Supporting Information S1: Figure S15) is
also expected to counterbalance the consumption of chemical
species taking place during SEI formation in the first cycles
of operation and the progressive, slow degradation of KPFg
and EC:DEC carbonate solvents [88-90], ultimately leading
to excellent long-term performance retention during battery
lifetime.
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3 | Conclusion

A series of lignin-based membranes were successfully synthe-
sized by ring-opening polyaddition crosslinking reaction
between pre-oxidized Kraft lignin and PEGDGE of different
molecular weights (200, 500, and 1000 gmol™"). To compare
these systems, a constant 1.28 mmolepoxy/MMmOlomtorkox Iatio
corresponding to a fixed molar-to-mass ratio between PEGDGE
and lignin of 4.69 mmolprgpcr/grox Was maintained fixed for
all formulations. The influence of PEGDGE chain length on the
physico-chemical properties and electrochemical performance
of the resulting membranes as GPEs for KIB was investigated.
The increase in the molecular weight of PEGDGE was found to
slightly increase the thermolytic stability from 240°C for
KOxP200 to 397°C for KOxP500 and KOxP1000. This was
accompanied by a decrease in the Tg of the membranes,
namely, 80°C for KOxP200 and —40°C for KOxP500 and
KOxP1000. Second-order transitions were also observed in
KOxP500 and a crystalline phase with T,,, = 37°C in KOxP1000
was visible, likely attributed to self-polymerization of PEGDGE
during the crosslinking reaction. However, this residual crys-
tallinity in KOxP1000 did not appear to negatively affect the
electrochemical properties of the corresponding membrane.
The mechanical properties of the membranes were determined
by rheology measurements in dry and swollen states, eviden-
cing a slight decrease of the elastic modulus G’ and an extended
LVR (y.) for systems incorporating increasingly longer
PEGDGE linker. Additionally, an approximately one-order of
magnitude lower G’ value was observed in swollen membranes
versus their dry counterpart, irrespective of their composition.
The crosslinked systems with longer-chain PEGDGE (KOxP500
and KOxP1000) exhibited larger LSU values, suitable for GPE
applications. In contrast, KOxP200 showed minimal swelling
and insufficient LSU due to its tighter porous structure and
lower macromolecular mobility (i.e., higher Tg), which hin-
dered liquid electrolyte penetration and soaking. For these
reasons, only KOxP500 and KOxP1000 were found to be viable
for testing as GPEs after activation by means of a liquid elec-
trolyte embedding potassium salts.

Accordingly, GPE500 and GPE1000 were investigated in
potassium metal cell prototypes, exhibiting an ionic con-
ductivity of ~107*Scm™ at ambient temperature, on par
with those reported in the literature in the GPE field for
potassium-based batteries. Interestingly, systems incorporat-
ing GPE based on PEGDGE 1000 g mol™" could reach specific
capacities as high as 130 mAh g™ at 0.05 A g™ in the first 100
cycles and long-term durability of over 2500 cycles, repre-
senting outstanding achievements as bio-sourced systems for
potassium batteries. Moreover, GPE1000-based devices were
shown to tolerate current densities as high as 1.5 mA cm™?,
validating the ability of this membrane formulation to
withstand dendrites over long cycles without leading to short
circuits.

This work provides the first detailed description of the re-
lationships between macromolecular structure, materials
property, and electrochemical device performance of sustain-
able GPEs for KIBs, paving the path for the definition of design
guidelines for the development of future high-performance
biobased GPEs for stable and sustainable KIB devices.

4 | Experimental Section
4.1 | Materials

The kraft lignin (Indulin AT) used in this project was supplied by
Ingevity. Poly(ethylene glycol) diglycidyl ether (PEGDGE 200, Mn
~200 gmol™) and poly(ethylene glycol) diglycidyl ether (PEGDGE
1000, Mn ~1000 gmol ™) were purchased from Polysciences. Poly
(ethylene glycol) diglycidyl ether (PEGDGE 500, Mn ~500 g mol ™),
ferrous chloride tetrahydrate (FeCl,» 4H,O, analytical grade),
hydrogen peroxide (H,O,, 30 wt% in H,0), sulfuric acid (H,SO,,
ACS reagent, 95%—98%), sodium hydroxide (NaOH, EMSURE ACS,
Reag. Ph Eur, ISO, pellets), tetrahydrofuran (THF, contains BHT as
inhibitor, ACS reagent, > 99.0%), diethyl carbonate (DEC, 99%), and
ethylene carbonate (EC, 98%) were provided by Sigma-Aldrich. All
the mentioned chemicals were used without any further purifica-
tion before their use. Potassium (cubes in mineral oil, 99.5% trace
metals basis), potassium hexafluorophosphate (KPFg, 99.5% trace
metals basis), and N-methyl-2-pyrrolidone were provided by Merck.
Battery grade EC and DEC were bought from Solvionic. Carbon
black Super-P and poly(vinylidene fluoride) were purchased from
Alfa Aesar.

4.2 | Membrane Fabrication
4.2.1 | Lignin Oxidation

Pristine lignin was pre-functionalized via Fenton oxidation
reaction to obtain oxidized Kraft lignin (KOx). This preliminary
step was required to increase the amount and the reactivity of
OH groups involved in the epoxy ring-opening crosslinking
reaction with PEGDGE to obtain a stable and self-standing
membrane, as reported in the literature [58-60]. Briefly, lignin
(25 Wt%; 0.25 gjignin/mly,o) was dispersed in deionized water
and left under stirring for 30 min in a conical flask. FeCl,-4H,0
(0.025 mmol/gjignin) Was added to the suspension and stirred for
additional 30 min. H,0, was added dropwise to achieve a
concentration of 0.3% Vi,0,/Vip,0 in the reaction mixture. After
24 h of continuous stirring at room temperature in a conical
flask, the mixture was air-dried in a Petri dish at room tem-
perature. KOx in the form of a brownish powder was finally
obtained after drying overnight in vacuum oven at 50°C.

4.2.2 | KOx-PEGDGE Crosslinking

The crosslinking step was carried out using a modified procedure
compared with those reported in the literature [56, 60, 62, 91],
KOx (25wt%; 0.25 ggox/mlp,,) Was dissolved in a NaOH 3.3 M
aqueous solution under stirring at 50°C for 3 days in a parafilm-
capped glass beaker to prevent water evaporation. Then, the
solution was cooled down to room temperature while keeping it
under stirring for the subsequent addition of PEGDGE, according
to the aggregation state of this difunctional linker: liquid
PEGDGE 200 and PEGDGE 500 were poured into the solution,
instead PEGDGE 1000 (solid/waxy) was previously melted in a
beaker at 40°C and then quickly added to the solution. After
1min of stirring, then the KOx-PEGDGE formulation was de-
posited on a glass Petri dish covered on the surface with a cel-
lulose acetate film to facilitate membrane detachment once
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consolidated. The deposited formulation was left to crosslink
for 1 day at room temperature under a fume hood. The
resulting alkaline membranes were rinsed thoroughly with
plenty of deionized water and neutralized with H,SO, 0.05M
dropwise until a neutral pH was reached. The neutralized
membranes were finally air-dried on poly(tetrafluoroethylene)
substrates and then dried overnight in vacuum oven at 50°C
(the composition of the prepared formulations is reported in
Table 1). The obtained crosslinked membranes will be referred
to as KOxP, followed by the molecular weight of the used
PEGDGE to fabricate them.

4.3 | Gel Content (GC) Measurements

GC analyses were performed by immersing a ~50 mg vacuum-
dried membrane sample in 20 mL of THF, which is proved to be
a good solvent both for lignin [92] and PEGDGE. After 24 h of
stirring at 40°C, the sample was extracted and completely dried
in a vacuum oven. The gel (insoluble) fraction was determined
gravimetrically following Equation (1), where m, and my refer
to the dry mass of the initial and final sample after the GC
analysis, respectively.

mg
GC = — - 100. €))
my

4.4 | Fourier-Transform Infrared (FTIR)
Spectroscopy

FTIR spectroscopy was conducted on a Nicolet 760 FTIR
spectrophotometer. The membrane sample was previously
dried in vacuum oven overnight at 50°C, then it was crushed
and reduced to powder in a mortar after being immersed in
liquid nitrogen. The powder was dried in vacuum oven over-
night at 50°C and then compounded with KBr powder to obtain
a circular disk with the use of a hydraulic press.

FTIR spectra were acquired using 64 cumulative scans with a
resolution of 4cm™ in a wavenumber range of 4000-400 cm™
in transmission mode in air at ambient temperature.

4.5 | Thermogravimetric Analysis (TGA)

TGA was carried out on KOxP membranes by using a TA
Thermogravimetric Analyzer TGA Q500. The analysis was
conducted on approximately 10 mg samples by applying a
heating rate of 10°Cmin™" under nitrogen inert atmosphere
from 25°C to 700°C. The degradation onset temperature, the
temperature at maximum degradation rate, the sample residual
mass, the mass loss, and the mass loss derivative (first-order
thermal derivative) curves were recorded and assessed.

4.6 | DSC
DSC was employed to evaluate glass transition temperature

(Tg), and melting temperature of crystalline phases related to
lignin/PEGDGE-based membranes. The analysis was performed

using a Mettler Toledo DSC/823e instrument on approximately
10 mg samples placed in a hermetically sealed aluminum pan.
Three thermal scans were carried out, specifically heating/
cooling/heating from -80°C to 200°C at 20°Cmin™' heating
rate. In the second heating ramp, Tg was assessed as the
inflection point of the recorded heat flow curve.

4.7 | SEM

SEM analyses were performed on the surface and cryo-fractured
cross-section of the sample using a Carl Zeiss EVO 50 extended
pressure scanning electron microscope (acceleration voltage
from 15 to 17.5kV). The pore size distribution and the average
pore diameter (o) in the prepared membranes were deter-
mined by analyzing surface and cross-section SEM images using
Image-Pro Plus software. For each log-normal distribution
curve, three SEM images were analyzed per sample, measuring
the diameters of at least 100 pores.

4.8 | LSU and LEU

LSU and LEU analyses were performed at room temperature to
assess the capability of membranes to soak up supporting sol-
vents (EC:DEC 1:1v/v) and liquid electrolyte solution with
potassium ions (KPFg 0.80 M in EC:DEC 1:1 v/v), respectively.
Approximately 50 mg of membrane sample were dried at 50°C
the night before and then weighed (m,). Subsequently, the dried
membrane was placed in the liquid electrolyte solution and,
after different time intervals (Supporting Information S1: Fig-
ures S9, S10, and S15), the mass of the swollen sample was
measured by weighing (m,).

The degree of liquid uptake was calculated according to Equa-
tion (2):

LSU/LEU = M=o

100.
- @

4.9 | Dynamic Rheology

Dynamic rheology analyses on KOxP membranes were carried
out at 25°C in the swollen (in solution EC:DEC 1:1v/v) and in
unswollen dry state by using 20 mm stainless steel parallel plate
geometry and a Peltier-plate temperature control installed on a
TA Instruments Discovery DHR2 stress-controlled rheometer.
The LVR was evaluated between 0.01% and 10% oscillation strain
amplitude at a constant frequency of 50 Hz. Frequency sweep
analyses were performed in shear mode in the 0.01-100 Hz
frequency range at constant 0.03% oscillation strain amplitude to
lie within the LVR for each sample type with the same strain
amplitude. A constant normal axial force was applied to the
specimen throughout the analysis (1 N and 0.5 N for the dry and
swollen specimen, respectively) to ensure reliable contact of
the material with the rheometer plates. The critical strain for the
LVR range (y.) was computed in dynamic strain sweep analyses
as the value of strain amplitude after which the elastic modulus
G’ drops below 95% of its initial plateau value encountered at
low strains.
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4.10 | Electrochemical Characterization

The crosslinked polymer membranes were activated by swelling in
KPF¢ 0.8 M in 1:1 EC:DEC standard liquid electrolyte for over 20 h.
The activated KOxP polymer membranes are referred to as gel-
polymer electrolyte (GPE). All the electrochemical characterizations
of GPEs (i.e., ionic conductivity, plating and stripping, and the rate
and long cycling performance) were performed in symmetrical or
half-cell configurations by using ECC-Std electrochemical cells (EL-
CELL GmbH). Electrochemical testing conditions were those
commonly adopted in the KIB framework, and the reader can refer
to relevant literature for details [51].
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