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Abstract

Rechargeable potassium-ion batteries (PIBs) have gained attention as sustainable, environmentally friendly, and
cost-effective large-scale stationary energy storage technology. However, although this technology was assumed
to perform in a manner similar to that of its monovalent counterparts, huge anode volume expansion and sluggish
kinetics are posing challenges in up-scaling it. Apart from the efforts to develop and optimise electrode materials,
recent research endeavours have also focussed on the essential role of sustainability. These attempts have often
relied on bio-derived and bio-inspired materials to mimic the effectiveness of nature. Furthermore, the use of
materials with self-healing properties can alleviate electrode degradation after cycling and augment its
electrochemical performance. This review summarises the development of smart materials with self-healing
properties that aid in overcoming the present issues of PIBs and highlights the relevance of the interphases. In
addition, state-of-the-art design strategies for bio-derived and bio-inspired materials are presented and discussed.
The incorporation of recycled and sustainable materials into the manufacturing of PIBs is expected to contribute
towards the ultimate goal of achieving truly circular economy ecosystems. Finally, perspectives for further
advancements are provided to kindle new ideas and open questions regarding the use of new-generation materials
in the development of PIBs.
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INTRODUCTION

Energy-storage solutions are the need of the hour for meeting the continuously increasing worldwide
energy demand, supporting the transition towards electrification of transportation and addressing the issue
of global warming. Lithium-ion batteries (LIBs) currently represent the preferred energy storage technology
owing to their high energy density, low long-term self-discharge, wide operable temperature range,
technology maturity, efc.!". The rapid increase in the demand for batteries for electric transport is predicted
to strain the supply chain of already scarce materials for LIBs". This fact, together with environmental and
sustainability concerns, is driving research endeavours towards alternative alkali-metal batteries with more
abundant active material components™*. Lower-cost alkali-metal technologies relying on heavier cations
can complement lithium-ion technologies in spaces where the price is the major driving factor with lower
requirements for weight and space, such as in stationary energy storage applications. This is the case of
sodium-ion batteries (NIBs); despite their lower theoretical and practical energy density compared to LIBs
[Figure 1A]"), NIBs are close to commercialisation owing to their projected lower price based on the high
abundance of Na-, cobalt (Co)-, and Ni-free cathode materials®.

Potassium-ion batteries (PIBs), with a more negative redox potential [-2.93 V vs. standard hydrogen
electrode (SHE)] than that of Na and comparable to that of Li [Table 1], are also a promising energy-storage
technology that will positively influence the battery potential. More importantly, potassium (K) is the
seventh most abundant element on the earth’s crust, which has a wide global distribution and provides
energy equity resources. Furthermore, the major chemical components present in PIBs are widely available
[Figure 1B]. PIBs have the added advantage of not requiring copper-based current collectors on the anode
and using cheaper and lighter Al because potassium does not alloy with it. Also, the higher mass-to-charge
ratio, together with a smaller solvated radius', permits the higher conductivity of K* in carbonate liquid
electrolytes (> 15.2 mS-cm™) with low desolvation energy [Table 1]". The first functional PIB prototype was
developed in 2004 by Eftekhari using an organic electrolyte and a Prussian blue (PB)-based cathode
material with potassium metal anodes"?. However, research attention was shifted to NIBs until 2015, when
the interest in PIBs reawakened, fuelled by reports on the intercalation of K* on graphite as anode materials
in organic electrolytes'*"”. These promising features and the potential of PIB technology have led to
commercial attempts, with start-up Group 1 announcing their plans to launch their first prototype by
2027"". The basic electrochemical operation of a PIB based on a graphite electrode paired with a PB
analogue (PBA) cathode is based on the electrochemical (de)intercalation of K* within the host electrode
materials following the classical rocking chair intercalation mechanism, as summarised in Eq. 1 for the
charge and discharge processes'”.

Charge mechanism

Graphite anode: 8C + K" + e — KC;

PBA cathode: K,Mn**[Fe,+(CN),] — Mn’*[Fe’*(CN),] + 2K* + 2¢
Discharge mechanism

Graphite anode: KC, » 8C + K" + ¢

PBA cathode: Mn**[Fe**(CN),] + 2K* + 2¢" — K,Mn*'[Fe**(CN),]

Equation 1 Charge and discharge reaction mechanisms for a graphite||PBA-based PIB.



Salado et al. Energy Mater 2023;3:300037 | https://dx.doi.org/10.20517/energymater.2023.36

Table 1. A comparative summary of the properties of Li, Na, and K alkali-metal elements and their cations
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Shannon's ionic radii (A) 0.76 1.02 1.38
Stokes radii in PC (A)™’ 4.8 46 36
E”(A",o/A) (V) vs. SHE -3.04 2.7 -2.93
E° (A" o/A) (V) s, LiTpe/LIT? 0 0.23 -0.09
Melting temperature (°C) 180.5 97.7 63.4
Desolvation energy PC electrolyte (kJ-mol™) 215.8 158.2 119.2
Conductivity in PC (mS-cm ™)™’ 83 9.1 15.2
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Figure 1. (A) Energy density plot of different rechargeable battery technologies (reprinted with permission™). (B) Abundance of the
most common elements in PIBs and LIBs within the earth’s crust (reprinted with permission[sl). (C and D) Anode and cathode
electrodes and their achieved energy densities, capacities, and working potentials in PIBs (adapted with permission from"™®.
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Figure 1C and D" provides a global view of the wide range of electrode materials that have been explored
for use in PIBs, where energy densities close to 350 Wh-kg™" can be achieved. Research on cathode materials
for PIBs has been centred on three leading families of materials, namely, PBAs, layered oxides, and
polyanionic host materials.

PBA materials [KM[M'(CN),], ,-z-H,O M, where M’ = Fe, Mn, or Ni, y is the number of [M'(CN),]™
vacancy, and z is the number of H,O molecules, either occupying the K sites (interstitial water) or
coordinating to the M metal at vacancy sites (coordinated water), present a cubic structure with large
interstitial sites in which K can be (de)inserted by an intercalation mechanism. PBAs can reach redox
operating voltage potentials close to 3.9 V vs. K'/K and capacities of 140 mAh-g", which enables energy
densities comparable to those of LiCoO,. The presence of structural water and Mn dissolution, however,
hinders the true potential of PBAs because of unwanted side reactions and reduces their cyclability™. Layer
oxide materials are analogous to those employed in LIBs and have also been explored for use in PIBs.
KMO, (M = Mn, Ni, Co, or Cr) layered-oxide crystal structure can be classified according to Delmas
notation™ as O3-, P2-, and P3-type depending on the coordination geometry of the intercalated alkali
metal (octahedral or prismatic)”'. In the case of K, its larger size can be better accommodated within the
trigonal prismatic sites, which makes the P-type structures more desirable for use as cathode host materials
with K" intercalation. Operating redox potentials are, however, usually < 3.5 V vs. K*/K, which limits the
energy density of the system”. Polyanionic materials [KMXO, with (M = transition metals) and (XO,)™ (X
=P, S, As, Si, Mo, or W)] can produce structures with high operating potentials of > 4 V vs. K*/K and
capacities of > 100 mAh-g* upon K" intercalation”. Careful selection of the polyanionic polyhedral moieties
and the tailoring of anions can produce open frameworks for rapid K" diffusion at high voltages.
Fluorination of these polyanionic materials to produce sulphate fluorides, KMSO,F (M = Fe, Co, or Ni), has
also been explored, where up to 0.8 K* could be intercalated per formula unit*?. Other recently investigated
cathode materials include organic-based materials, such as small molecules, metal-organic frameworks
(MOFs), and polymers. These organic-based materials are versatile and are an environmentally friendly
alternative to conventional metal-based electrodes. This type of electrode, however, faces the problems of
low operating voltages, dissolution issues, and poor electronic conductivity™'.

Similar to the Li and Na systems, K-chalcogenide (K-S, K-Se) batteries have also been explored**”,

promising cathode energy densities of > 1,000 Wh-kg"' via chalcogen to K.S or K,Se conversion reactions™.

The pitfalls in this type of chemistry are similar to those of Li and Na chemistries, with the shuttle effect of
polysulfides limiting the cycling life performance.

Regarding anodes, carbon-based materials have been extensively studied and are the preferred choice
because of their low redox potential vs. K/K. Unlike Na*, K* can effectively and readily intercalate into
graphite, with a potential of < 0.5 V vs. K'/K and capacities of c.a. 279 mAh-g***. The larger solid-state radii
of K, however, results in graphite volume expansions of up to 61% upon potassiation, which is six times
larger than that of lithiation'. Hard carbons can offer larger capacities than graphite via additional K*
adsorption onto the carbon surfaces. This adsorption is, however, obstructed in practical applications by
higher overpotentials and lower initial Coulombic efficiencies”. The potassium metal anode offers the
lowest redox potential possible for PIBs via the platting/stripping mechanism, with a capacity higher than
that of graphite (687 mAh-g). Nonetheless, the potassium metal faces the same challenges as its Li and Na
counterparts, with the dendritic formation of deposits and the added increased reactivity towards oxygen
and water and the low melting temperature (63.5 °C). Conversion materials (metal oxides and allowing
metals (Sn, Si, Ge, Bi, Sb, and P) can offer high theoretical specific capacities of up to 2,596 mAh-g* (K,P
system)"””. Nevertheless, these materials undergo large volume changes of > 600% during cycling owing to
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the formation of new chemical entities via the conversion reaction (e.g., MX + K" + ¢ —» M’ + KX). This
reaction results in poor cyclability; therefore, strategies to alleviate the negative impact of the volume change
are needed"™.

Electrolyte development is essential to attain the highest possible performance for each class of electrode
materials. The majority of the reported studies are based on the use of liquid electrolytes composed of alkyl
carbonates or ethers with common potassium salts that are analogous to those employed in LIBs and NIBs,
such as KPF, KBF, or KFSI (potassium bis(fluorosulfonyl)imide)"*". Advanced liquid electrolyte
compositions, such as ionic liquids, have also been explored to improve the compatibility with potassium
metal and high-voltage cathodes"**. The adequate selection of the salt in the liquid electrolyte is critical for
the performance of PIBs. The chemistry of the salt anion can influence the conductivity of K" in the
electrolyte, the transport number and the composition of the solid-electrolyte interphase (SEI) formed at the
electrode interface during battery operation. For instance, KFSI provides higher conductivity compared to
KPF, ", KPF, offers good passivation of the Al current collector at high voltages, and KFSI has been shown
to be corrosive™. KPF, is highly sensitive to oxygen and moisture and can easily decompose to HF, PF,, and
POF,. On the contrary, KFSI has been reported to be a more stable SEI than KPF, in alloy-based anode
materials®. These differences in properties show that the salt employed in the electrolyte needs to be
selected by considering the whole chemistry of the battery.

The choice of solvent(s) is also critical in PIB performance. Of the carbonate solvents, ethylene carbonate/
propylene carbonate (EC/PC) mixtures have been shown to facilitate higher cycling performance of the
graphite anode compared with EC/dimethyl carbonate (DMC) or EC/DEC solvent mixtures owing to the
formation of a more stable SEI"”. Furthermore, the use of additives in the electrolyte can enhance the
stability of the SEI formed at the interface of the PIB electrodes. Small amounts of ethylene sulphate, in
conjunction with trimethyl phosphate in KFSI/trimethyl phosphate (TMP) electrolyte, have been reported
to improve the cycling of graphite anode upon potassium intercalation because of the formation of a more
robust SEI that decreases K'-solvent co-intercalation.

Similar to the case of Li or Na chemistries, solid-state electrolytes have also been explored in K batteries to
improve the safety and performance of potassium metal anode systems or alleviate the shuttle effect of
polysulfides on K-S chemistries, for instance***.

The environmental appeal of K batteries is not limited to the higher abundance of the element and the
electrode components and extends to the entire life cycle of the technology and its long-term sustainability.
Hence, the current cyclability of non-aqueous PIBs falls well behind that of mature LIB technology owing to
its shorter long-term cycling performance. Some of the key reasons are the larger size of the K-ion, which
produces higher strain and larger volume changes within the host electrodes during solid-state diffusion.
Moreover, the high reactivity of the potassium metal anode results in a higher number of parasitic reactions,
which lead to premature degradation and failure of the cell****.

To overcome these challenges and improve the performance and sustainability of the PIB technology, it is
pivotal to design novel advanced materials. These functional materials must be able to accommodate large
volume changes and minimise parasitic reactions during the battery operation. Ideally, these materials
should also possess self-healing properties to repair any damage resulting from battery cycling or any
external damage. For instance, self-healing materials have been explored for other alkali-metal battery
technologies in recent years, and their use allows the reversion of unavoidable degradation processes/ageing

45]

due to the operation of the battery cells in different environments'
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In the last few decades, bio-inspired materials have gained immense attention within the energy storage
community*. These materials can mimic specific morphologies, and nanoparticles with complex structures
derived from nature have been proven to alleviate some of the degradation issues in LIBs and improve the
kinetics in sluggish systems'”. Sourcing battery materials from recycled materials or from biomass can
further enhance the sustainability and competitiveness of PIBs. The research community is experimenting
with the use of recycled materials in LIBs, and governmental and industrial initiatives are also being
developed™. Apart from the use of recycled materials, biomass-derived materials have also been explored to
produce low-cost electrode materials in other battery chemistries. Therefore, there are numerous

opportunities for additional sustainable pathways to PIBs'*.

In this review, we aim to provide an up-to-date overview of the investigations on the applications of
sustainable functional materials, including self-healing and bio-inspired materials in PIBs and sustainability
routes to materials from biomass sources and recycled sources. The exploitation of such materials plays a
crucial role in the design of next-generation energy storage devices, thus meeting the global demand for
sustainable power solutions.

FROM NANOSTRUCTURED TO BIO-INSPIRED MATERIALS

To prevent capacity loss and disruption of the electrolyte/anode SEI, it is imperative to preserve the
framework and interphase structures despite the substantial volume changes occurring in PIBs.
Nanostructured conversion materials and hollow nanostructures have been extensively applied in different
energy storage technologies owing to their advantage of increasing the surface contact area. Consequently,
the transport of ions or electrons is favoured, and strains (volume expansion) associated with ion (Li", Na’

or K*) insertion are accommodated™.

For instance, nanoheterostructures in which a nano-sized coordination polymer is combined with an
inorganic material have recently attracted research attention for developing advanced materials for energy
storage”'!. Specifically, size- and shape-controlled crystallisation of PB and its analogues can aid in
overcoming the issues discussed in the previous section. Ming et al. successfully demonstrated that by
tuning the pH of the electrolyte solution, the concentration of K,[Fe(CN),] and the presence of
polyvinylpyrrolidone permits controlling the size of PB nanoparticles in the range of 20-200 nm, the surface
area of 100 nm nanoparticles being 260 m*g'*?. Mn-Ni PBA nanoparticles have been synthesised using the
anion exchange method to improve K* diffusion kinetics and enhance the cycling performance
[Figure 2A and B]*”. When the material was used as a cathode, it had an initial discharge capacity of
130.6 mAh-g* at 10 mA-g" and exhibited enhanced capacity retention (e.g., 83.8%) after 500 cycles.

Regarding the anode material used in PIBs, carbon materials (e.g., graphite, graphene, hard and soft carbon,
and carbon nanotubes) have shown enormous potential®. Nevertheless, different strategies have been
developed to improve their performance. Some promising results include the deposition of Bi,S, nanorods
on reduced graphene oxide*", Bi@Bi,Se,@C nanoparticles[Figure 2C]"*?, flexible N-doped carbon/bubble-
like MoS, core/sheath frameworks (MoS,/NCS)", and the synthesis of complex hollow structures (e.g.,
dual-shell bismuth boxes [Figure 2D-F])*". Compared with simple hollow structures, complex ones (e.g.,
multi-shelled structures, yolk@shell/frame structures and superstructures) provide greater possibilities for
customising their physicochemical properties via microscale/nanoscale structural manipulation. This
possibility opens up new avenues for introducing novel functionalities or achieving enhanced performance
in specific applications.
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Figure 2. (A) Schematic illustration of the formation procedure of MnNi-PBA spheres. (B) Cycling performance of MnNi-PBA spheres
and MnNi-PBA particles at 50 mA-g” (reprinted with permission[53]). (C) Schematic illustration of the procedure for the synthesis of the
Bi@Bi,Se;@C sample (reprinted with permission™). (D) Scheme illustrating the synthetic procedure of C@DSBC. (E) SEM image and
(F) rate performance of C@DSBC (reprinted with permission™®). (G) Schematic illustration of template-COF HSs. (H) TEM image and
(1) prolonged cycling stability of TP-COF HSs (reprinted with permission™®).

MOFs are one of the best examples because their modular nature offers great synthetic tunability and allows
fine chemical and structural control. With creative synthetic design, properties such as porosity, stability,
particle morphology, and conductivity can be tailored for specific applications. Designing heterostructures
via a simple MOF-derived structure-inheritance strategy is an interesting approach. Bi/Bi,O,-C
heterostructures designed using this approach facilitate interfacial charge transfer and alleviate the volume
expansion of Bi/Bi,O, during potassiation””. Recently introduced novel materials, such as imine-based
covalent organic framework (COF) hollow nanospheres (TP-COF HSs), were designed using the same
procedure and are capable of excellent K storage owing to higher exposed active sites and wettability
[Figure 2G-1]"".

Meeting the increased energy demand without increasing CO, emissions remains a major challenge.
Bearing this in mind, several research groups have lately focused on developing bio-derived and bio-
inspired energy devices [Figure 3]\

The convergence of biological and synthetic materials is a disruptive area of study that presents considerable
potential for developing bionic hybrid materials with improved properties, particularly with regard to
energy storage. For instance, bio-derived materials (see Section "CONCLUSION AND FUTURE
PERSPECTIVES"), such as biomass derived from potatoes, fungi, bacteria, dandelion seeds, cocoon-silk,
and corn husk, have been employed as raw materials to synthesise porous carbon for use as anodes in PIBs.
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Figure 3. Timeline of the development of bio-derived (top) and bio-inspired (bottom) materials for PIBs (reprinted with permission®*).

These materials act as a natural source of nitrogen/carbon and provide a bionic nanofiber network
structural skeleton, thereby offering additional pathways that lead to the high-rate ion transport of K'.
Furthermore, bio-inspired materials can mimic the mechanism that nature has perfected over millions of
years of evolution to generate and store energy directly. Some examples include the synthesis and
functionalisation of bio-inspired hierarchical structures, achieved by the high integration degree of
functionalities, with only basic construction materials'*. Nevertheless, certain limitations need to be
considered while attempting to meet the large-scale demand. For instance, some bio-derived materials often
rely on specific feedstock sources, such as plants or microorganisms, whose availability may be limited or
may require specific growth conditions. Moreover, the growth stages of bio-derived materials often
influence their composition and performance. This variability poses difficulties in achieving consistent and
standardised material properties, which is crucial for certain applications. Regarding bio-inspired materials,
their functionality is derived from complex hierarchical structures. Precisely replicating these structures at a
large scale can be technically challenging and also expensive. Sophisticated fabrication techniques or
specialised equipment may be required, which limits the widespread adoption of such materials'®’.

For example, Cui et al. utilised bio-inspired mineralisation (BM) to synthesise nanomaterials with
controlled size, shape and polymorphs under freezing conditions to prepare anode materials for PIBs
[Figure 4A-D]"". Specifically, the feather-like sophisticated hierarchical structure obtained from methyl
cellulose (MC)/NaHCO, flake precursors possessed a reversible capacity of 347 mAh-g* at 50 mA-g* and a
relatively stable cyclability for 3,000 cycles. Wang et al. reported the rational design of four-electron
accepting bithiophene-bridged carbonylpyridinium species [Figure 4E-G]'*”. This design was inspired by
the nicotinamide adenine dinucleotide in the respiratory chain. The non-conjugated polymers exhibited
electrochemical activity and an effective ability to suppress dissolution in LIBs and NIBs. These polymers
had a charge capacity of 331 mAh-g*, and the capacity retention was only 27% after 100 cycles in PIBs. The
researchers attributed this result to the sluggish diffusion kinetics compared with Li* and Na* because of the
larger ionic ratio that results in a Warburg factor of 91.7 (e.g., 41.8 for NIBs, which denotes faster ion
diffusion). Another interesting study proposed a promising pathway for intelligent biomimetic electrodes to
overcome the dissolution and shuttle issues faced by high-capacity electrodes in K-S batteries®”. Specifically,
the concept of intelligent nanofluidics was introduced in electrodes, and a leaf-bio-inspired electrode
(Bio-CL@CoS,/C) was proposed to solve these issues. The results showed that Bio-CL@CoS,/C had obvious
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Figure 4. (A) Schematic diagram and (B) SEM image of the NaHCO; crystal coated with MCs using a directional freeze-drying process
without carbonisation. (C) Rate capability profiles of WPCS and MCC electrodes. (D) Cycling performance at a current density of 5 A-g”
(reprinted with permission®™). (E) Synthesis route of non-conjugated poly(carbonylpyridinium)s (NCP1 and NCP2). (F) Galvanostatic
charge/discharge curves of NCP2 electrode at 0.1 A-g”.(G) Rate performance of NCP2 for NIBs and PIBs at different current densities
(reprinted with permission™?). (H) Schematic illustration of the synthesis process and (l) the carbon interlayer on the separator to
capture shuttled species. (J) K-S battery system in the voltage range of 0.5-3.0 V. (K) Schematic illustration of efficient and self-
protectable functions of this leaf-bio-inspired structure (reprinted with permission™®).

advantages in increasing the areal capacity of the electrode and the rate capability (0.15% capacity decay per
cycle) of metal sulphides [Figure 4H-K].

Regarding bio-inspired cathode materials for PIBs, not much information is available compared with Li or
Na technology. Nevertheless, approaches such as the use of self-healing materials or the modification of the
cathode chemical composition have been used to stabilise the cathode architecture during K* intercalation
and deintercalation and avoid the detrimental effect of volume expansion. A study has recently proved that
a cocoon-like structure, such as P3-type K .Mn,,Ni O, (KMNO) [Figure 5A-C], enhances the structural
stability with just 1.46% of volume exchange, thereby leading to a remarkable cycling stability of 77.0% over
300 cycles at 100 mA-g*.
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Figure 5. (A) SEM images of Mn,,Ni, ;CO..(B) Galvanostatic charge/discharge curves at 20 mA-g" of KMNO cocoons. (C) Rate
properties of the KMNO cocoons and KMNO particles and the corresponding Coulombic efficiencies (reprinted with permission[f"”).
(D) Schematic of the synthesis of the MNPBA-P grown on Ni foam. SEM images of (E and F) MOF-Ni and (G and H) MNPBA (reprinted
with permission®).

As mentioned above [Figure 2A], Mn-Ni PBA spheres offered excellent capacity retention and good cycle
life mainly because of the presence of Ni and the porous structure. Hence, it would be an interesting idea to
grow Ni-Fe PBA on a carnation-shaped MOF-Ni. This strategy has been used by Xu et al. to develop a
bifunctional electrocatalyst (MNPBA-P) for urea electrolysis [Figure sD-H]". The high specific surface
area, together with the good stability provided by the MOF structure, could make it an excellent candidate
for application as a cathode material. In addition, MOFs can be tuned with different functionalities, which,
together with the possibility of modifying the morphology, may augment their performance.

SELF-HEALING MATERIALS

Owing to the substantial volume changes occurring at the electrodes (~600%), mostly within the potassium
particles, the interparticle contact and pulverisation decrease, which is accentuated during battery
operation. Thus, the disintegration of particles and the lack of contact among them are responsible for
considerable irreversible capacity loss and poor cycling stability in PIBs'**”. As previously mentioned, to
enhance the cycle life of devices, electrode damage should be mitigated by developing new composite
materials, and battery structural designs must also be optimised'*”

Additionally, self-healing materials that are able to identify, heal, and repair internal or external battery
damage could become a reality in the near future. These self-healing mechanisms can be categorised as
extrinsic and intrinsic. The former involves the incorporation of microencapsulated agents and micro-
hollow fibres healing at the molecular level, and the latter involves the formation of reversible covalent and
non-covalent bonds (e.g., covalent bonds formed via condensation, exchange or addition reactions, and
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non-covalent bonds, such as hydrogen bonding and electrostatic, n-x, dipole-dipole, or host-guest
interaction)***”. Although few studies have been conducted on PIBs, most of the developments already
realised for LIBs and NIBs could easily be applied to PIBs"". Scheme 1 summarises the different
approaches and self-healing mechanisms reported for PIBs.

The use of self-healing materials has been focused on the electrolyte/anode interface by minimising the
dendrite growth and reducing the anode disintegration by volume expansion. For example, materials that
exhibit excellent deformability and, at the same time, are able to return to their original shape after cycling
are of immense potential in potassium-based battery systems””. Cu,BiS, anode exhibits phase and
morphological reversibility, showing ultra-stable cycling performance (58% capacity retention after 12,000
cycles). This performance can be attributed to the self-healing mechanism that involves several steps. First,
during an initial battery discharge to 0.01 V, the nanoparticles are transformed into small-grained
intermediates comprising Cu, K,Bi, and K,S. Next, charging the battery up to 1.6 V leads to the formation of
a Cu/Bi heterostructure interface that suppresses the shuttle effect (because Cu prevents the aggregation of
Bi particles). Finally, during the charge process of up to 3 V, the small-grained intermediates are
transformed back to the initial large-grained Cu,BiS, nanoparticles. In self-healing materials, the concept of
electrochemical reconstruction can reduce the capacity decay rate, improve the reactivity of the electrode,
and maintain cycling stability.

Moreover, to overcome the volume expansion observed in intercalated graphite (KC,) anodes while
maintaining the theoretical capacitance (279 mAh-g"), silicon carbide (SiC) has been proposed as an
excellent candidate. Manju et al. performed first-principles density functional theory computations to assess
the potential application of a monolayer SiC with the presence of vacancy and Stone-Wales type topological
defects”. The authors suggested that the formation of stable 5-8-5 rings healing the vacancy created a
transition from a point defect to a topological defect in the case of C-bivacancy and Si-C-bivacancy. As a
result, negative binding energy, high specific capacity (501 mAh-g"), low open circuit voltage (0.1 V), and
low diffusion barrier (~0.77 eV) were obtained in LIBs. When a similar concept was applied to PIBs, a
maximum capacity of 284.8 mAh-g" at a current density of 0.1 A-g" after 200 cycles and a highly reversible
capacity of 197.3 mAh-g" at 1.0 A-g™ after 1,000 cycles were observed.

In the specific case of the interface between the electrolyte (solid or liquid state) and the anode, self-healing
binders and liquid metal materials are generally considered. In the case of self-healing binders, the focus is
to avoid the disintegration of the anode because of volume changes after cycling. Various self-healing
polymer binders have been developed, such as polyacrylic acid, polyamide-imide ureido-pyrimidinone
(UPy), poly (ether-thioureas), and polyethene glycol®’. Liquid metals (e.g., NaK, gallium (Ga) and its
additives, and amalgams) have been used as anodes or as self-healing elastic interfaces that suppress the
growth of dendrites””*. Compared with conventional anode materials, liquid metal materials are ideal self-
healing candidates owing to their liquid state, self-healing ability, and surface tension. Regarding liquid
metals, most of them are based on Ga and its derivates (Ga-Sn, Ga-Si, Ga-In, or CuGa$,)""*!. For instance,
Ga-Sn alloy anodes possessed an excellent ability to repair the mechanical cracks generated during the
cycling process. Unfortunately, the limited material selection and applicability of these self-healing liquid
metal anodes are detrimental to their practical application in metal batteries.

Bearing this in mind, different metal-based amalgams (such as Li, Na, K, Al, Zn, Mg, Ag, Au, and Sn) can be
used to overcome the interfacial challenges owing to their superior wetting properties. This concept was
studied by Lagrange et al. as early as in the 1980s"™; Fan et al. researched further and reported that glass-
phase solid-state electrolyte interfaces are formed as the result of using different metals-Hg (e.g., Li, Al, Mg,
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Self-healing strategies applied to K-batteries Approaches and self-healing mechanisms

Scheme 1. Summary of the different approaches, self-healing mechanisms, and successful strategies applied in PIBs.

and Zn) and inorganic solid-state (Li,S-P,S,)". This leads to a long and stable cycling life, with only a small
voltage hysteresis over hundreds of hours in a symmetric cell configuration.

Furthermore, the insertion of a fluid [namely, a liquid metal or a non-Newtonian fluid state (NaK)] in
ordered structures (e.g., MOFs, COFs) offers new ways of achieving high-performance PIBs. In addition,
the use of nanostructures has been examined as a strategy to enhance their long-term cycling, as these can
prevent the strong adhesion and permeability observed in liquid anodes during battery operation. For this
purpose, nano-Ag powder, a novel material, was synthesised recently as a functional anti-permeation film
on the surface of the separator”. As a result, lower overpotential and higher specific capacity and Coulomb
efficiency were attained in stretchable potassium-based batteries.

Several reviews have focused on the use of self-healing materials as electrolytes by adopting different
strategies and employing various materials. Although only a few of them have been focused on PIBs, the
topic is well covered”*. It is important to highlight that these self-healing approaches can be extended to
PIBs not only to improve their performance but also to comprehend the degradation kinetics and
mechanisms that are dependent on several intrinsic and environmental conditions. To highlight one of the
different materials, supramolecular polymers are designed using a polymer backbone [Figure 6]**' and
multiple hydrogen-bonding UPy grafts. These polymers exhibit efficient self-healing, rapid shape-memory
abilities and highly tunable mechanical properties owing to the dynamic supramolecular interactions.

][83—85

The optimisation and operating mechanisms of cathode materials are paramount for reaching a satisfactory
energy density of PIBs, as in the case of Li and Na batteries. Of the various cathode materials mentioned in
the introduction section, PBAs are the most widely used ones owing to their facile preparation and high
energy output. However, the charging and discharging processes can affect the properties of the
electroactive materials in the battery. Recently, Xie et al. presented an innovative approach that involves the
selective doping of ferric hexacyanoferrate (FeHCF) with trace amounts of Co to overcome the progressive
degradation resulting from the self-healing mechanism of “electrochemically driven dissolution-
recrystallization”™. As depicted in Figure 7, reversible recrystallisation is controlled by the electric field.
The anchoring effect of Co to Fe crystalline sites effectively enhances the electric and ionic transportation
properties, which facilitates self-healing characteristics (with an average Coulombic efficiency of 99.8% after
4,000 cycles) and superior electrochemical performance.
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Figure 6. Pros and cons of self-healing polymer electrolytes for safer LIBs: examples of different categories explored so far. (A) Gel
polymer electrolytes using an ionic liquid plasticiser demonstrating good flexibility and self-healing behaviour of the ionogel membrane
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capabilities enabled by dynamic disulfide and hydrogen-bonded polymer cross-links (reprinted with permission[gsl).
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There is a need for new-generation materials that can augment the performance of PIB technologies that are
currently in their infancy. Self-healing effects can also be obtained using the so-called “high energy
conditions”, such as temperature (e.g., ~60 °C) and high current density (e.g., 2 mA-cm™). Li et al. examined
this phenomenon in three different metal anodes (e.g., Li, Na, and K), with potassium dendrites exhibiting
the highest self-healing ability and reparability under these conditions”. This effect has also been observed
theoretically using a phase-field model with atom diffusion and heat transfer modules"””. The researchers
predicted that dendrites achieve thermal self-healing at ~55 °C via atom diffusion.

Recycled/sustainable materials

The application of sustainable functional materials in PIB technology not only relies on the use of highly
abundant redox-active metal centres (such as Fe or Mn) or metal-free organic-based compounds but also
encompasses the use of recycled materials from waste sources. With the PIB technology still in its infancy,
there is ample opportunity to develop new resource-sustainable and environmentally friendly
manufacturing chains. Furthermore, the incorporation of recycled and sustainable materials into the
manufacturing of PIBs can contribute towards the ultimate goal of achieving truly circular economy
ecosystems and also Sustainable Development Goal 7: Affordable and Clean Energy. Designing new
manufacturing processes and industries within the scope of the circular economy paradigm is key to their
long-term sustainability as it maintains materials and resources in use as long as possible. Consequently,
new regulations are being enforced, such as the mandate within the European Union (EU) Circular
Economy Plan on the Green Deal. This mandate sets minimum levels of used and recycled materials and
collection targets for batteries produced in the EU® ", In addition, car manufacturers are leaning towards
the increased incorporation of recycled materials in their batteries instead of sourcing them from mining
activities™".

Estimates predict that spent end-of-life LIBs from electric vehicles alone would reach nearly four million
tonnes annually by 2040"?. The PIB manufacturing chain can take advantage of the surplus availability of
used LIBs and make use of materials from secondary sources to ensure the sustainable manufacturing of
PIBs. This topic has been explored by the PIB research community, albeit in a limited manner.

Recycled graphite from spent LIBs has been successfully employed as an anode material in PIBs, as reported
in a study by Liang et al., where a high reversible capacity of 320 mAh-g" was achieved””. Employing a
similar methodology, the back-integration of recovered graphite from waste batteries has been
demonstrated [Figure 8]. In this case, the recycled graphite achieved a capacity of 361.4 mAh-g*, with good
cycling performance over 290 cycles'™.

Cathode materials for PIBs have also been produced by recycling waste materials. For instance, the team led
by Zhu reported the transformation of rusty stainless-steel meshes into stable, low-cost, and binder-free
cathodes™. The resulting Prussian blue-based cathode materials possessed a high capacity of 96.8 mAh-g”,
with a discharge voltage of 3.3 V and a high-rate capability. The materials retained 42% of their capacity at
1,000 mA-g"' owing to the high electrical conductivity of the prepared system. Moreover, the cathode
material exhibited commendable cycle stability, retaining 75.1% of the initial capacity after 305 cycles.

Recycled cathode components from LIBs have also been explored as anode materials. A recent study
examined the successful transformation of spent LiCoO, into a CoO/CoFe,O,/graphite composite anode
material®. The conversion of cathode materials into anode materials opens additional pathways that could
be incorporated into the manufacturing of conversion anodes for PIBs.
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Figure 8. Schematic illustration of the recycling of graphite from spent LIBs and repurposing it as a potential electrode material in PIBs
(reprinted with permission[%).

The use of biomass sources to produce carbonaceous materials is a sustainable approach that has been
widely explored. These represent an environmentally friendly and reasonably inexpensive source of
carbon"”. Furthermore, the use of biomass and carbon materials can produce tailored structures with
customised porosity and high surface areas and materials with abundant functional groups [Figure 9],

The versatility of different biomass sources and preparation methods allows the synthesis of hard carbons
from oD to 3D entities, which can result in different anode cycling mechanisms. Most of the common
cycling mechanisms are based on the intercalation-adsorption mechanism. These can be tuned by
modifying the dimensionality of the structure to obtain targeted performance. Higher ion adsorption on the
carbon surface permits higher cycling rates. Nevertheless, it can increase the overpotential between the
charge and discharge processes. On the contrary, designing structures that promote intercalation
mechanisms can result in lower intercalation voltages and, in turn, enhance energy efficiency. For example,
in-depth studies on hard carbons from the Magnolia grandiflora Lima leaf revealed that the higher potential
slope region is linked to the adsorption/desorption mechanism on the surface-active sites. The low-potential
quasi-plateau region corresponds to the ion insertion/extraction in the graphitic-type interlayer™". The
pyrolysis temperature affects the graphitisation level of the resulting carbonaceous electrode. In general, a
lower carbonisation temperature can decrease the graphitisation of the material, thereby resulting in higher
anode voltages. The use of a higher pyrolysis temperature, however, can reduce the available specific surface
area of the material and the reactive sites. Moreover, the interlayer spacing is decreased, which is not
conducive for the rapid insertion/extraction of K ions"”"**. Thus, a rational study of the various pyrolysis
treatments to produce different biomass-sourced carbon electrodes is required to fathom the interplay
among material dimensionality, doping and active surface area and their relationship with the performance.
A wide range of biomass products has been explored as carbonaceous electrode precursors for K-ion
batteries. These include the use of different husks, dandelion seeds, walnuts, orange peels, bones, and
seafoods””. Table 2 summarises the electrochemical performances of various carbonaceous PIB anode
electrodes sourced from biomass.

The process of converting biomass material into carbonaceous anode materials depends on the slow
pyrolysis of materials at temperatures > 400 °C in oxygen-free conditions to induce carbonisation"*".
Biomass-derived materials are usually subjected to acid activation to form highly porous structures, thereby
increasing the surface area and improving the potassium-ion storage””. Some of these materials have
achieved outstanding high-performance metrics. This is the case of nitrogen-rich hard carbons obtained
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Table 2. Summary of various biomass-sourced carbonaceous anode materials and their electrochemical performance in potassium half-cells (adapted and updated from Yuan et al.””")

SSA Initial Capacity Voltage window Capacity retention Highest rate performance

Anode materials Morpholo, - Electrolyte system E k - References
phology (m*g") vte sy (mAh-g") V) (mAh-g™) (mAh-g™)

Chitin Fibre 309.45 KPF, in EC/DEC 240 at 28 mA-g'1 0.01-2.0 215 after 200 cycles 103.4at 0.56 A-g'1 [105]
at6mAg’

Bacterial cellulose Fibre 778.75 KPF, in EC/DEC 240 at 50 mA-g'1 0.01-2.8 158 after 2,000 cycles 122 at5 A-g'1 [106]
atTAg"

Potato Irregular 531.67 KFSI'in DME 248 at 100 mA-g'] 0.01-2.7 171 after 400 cycles 152 at 1 A-g4 [107]1
at05Ag"

Loofah Fibre 270 KPF, in EC/DEC 155at 100 mA-g'  0.01-3.0 ~150 after 200 cycles 70 at 0.2 A-g” [108]
at0.1Ag"

Cyanobacteria Network 473.7 KPF¢ in EC/DEC 352 at 50 mA-g'1 0.01-3.0 266 after 100 cycles 155at 1 A-g'1 [109]
at 0.05A.g"

Maple leaves Irregular 62.6 KCIO, in EC/DEC 359 at 50 mA-g'1 0.01-3.0 141.9 after 1,000 cycles 144.8 at 1 A-g'1 [110]
at1 A-g'1

Skimmed cotton Fibre 612 KPF¢ in DME 409 at 100 mA-g'1 0.01-2.0 120 after 500 cycles 135at2 A-g'1 [111]
at2 Ag’

Sugar cane Bowl 4251 KPF¢ in EC/DEC 463 at 100 mA-g'1 0.01-2.5 304 after 150 cycles 182 at 2 A-g'1 [112]
at01Ag"

Oak Irregular 156 KPF, in EC/DEC 233 at 20 mA-g'1 0.01-2.3 ~140 after 150 cycles  135at 0.1 A-g'l [113]
at01Ag"

Skimmed cotton Fibre 354 KPF, in DME 253 at 40 mA-g'1 0.01-2.0 240 after 150 cycles 165at 4 A-g'1 [114]
at02 Ag’

Artemisia hedinii Irregular 1196 KPF¢ in EC/DEC 16 at 70 mA-g'1 0.01-3.0 10 after 500 cycles ~115at 0.14 A-g'1 [115]
at 0.07 Ag”

Walnut septum Open hierarchical tubular porous 99.6 KPFg in EC/DEC 478 at 100 mA-g'1 0.005-3.0 120 afte1r 1,000 cycles 102.6 at 2 A-g'1 [116]
atTAg

Corn husk Hierarchical porous structure 34 KPFg in EC/DEC 396 at 100 mA-g'] 0.005-3.0 135 afte%' 500 cycles 167at2 Ag’ [17]
atTAg

Dandelion seeds Irregular 1303 KPFg in EC/DEC 168 at 50 mA-g'1 0.01-2.0 170 after 100 cycles 49 at1 A-g'1 [M8]
at0.05Ag"

Seafood waste (Chitin) Microspheres 563 KPF, in EC/DEC ~320 at 35 mA-g'1 0.01-3.0 180 after 4,000 154 at 2 A-g'1 [99]
at05Ag"

White radish Irregular 412.8 KPF, in EC/DEC 1,464 at 25 mA~g'1 0.01-2.5 410 after 150 cycles 98 at1 A~g'1 [100]
at0.025Ag"

Jute fiber Fibre 210.9 KPF, in EC/DEC 245 at 30 mA-g'1 0.005-1.5 194 after 50 cycles 32at3 A-g'1 [119]
at 0.03 Ag’

Bone-derived Hierarchical porous structure 1474.5 KPF, in EC/DEC 470 at 58 mA-g4 0.01-3.0 205 after 450 cycles 113 at 0.58 A-g'1 [120]
at 0.06 Ag’

Rose petals Hemispherical micropillar Not reported KFSIin EC/DMC 514 at 100 mA-g'1 0.01-3.0 193 after 800 cycles 134.6 at 1 A-g'] [1211

at05Ag!
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Water chestnut Irregular 106.5 KFSI'in EC/DEC ~475 at 100 mA~g'1 0.01-3.0 220 after 1,000 cycles 134.8 at1 A‘g'1 [122]
at01Ag"

Orange peel Irregular 64.25 KPF, in EC/DMC 408 at 30 mA'g'1 0.01-2.0 112 after 3,000 cycles 101.5at1 A-g'1 [98]
at0.5Ag’

Soybeans Irregular 379.9 KPF¢ in EC/DEC 543 at 50 mA-g'1 0.01-3.0 200 after 900 cycles 70 at 0.8 A-g'1 [1231]
at 0.05Ag"

Cocoon silk Irregular 977.7 KFSI'in EC/DMC -390 at 25 mA-g'1 0.01-3.0 270 after 923 cycles 164 at 1 A-g'1 [124]
at0.2 A-g'1

Ganoderma lucidum spore  Cage 104 KPFg in EC/DEC 823 at 50 mA-g'1 0.02-3.0 125 afte:’ 700 cycles 133 at1 A-g'1 [125]
atTAg

Bamboo Rod-like fibre 336.4 KPF¢ in EC/DEC 339 at 50 mA-g'1 0.01-3.0 204 after 300 cycles  124.2 at1 A-g'1 [126]
at02Ag’

Glucose Irregular 280.0 KFSIin EC/DMC ~285 at 200 mA-g'1 0.01-3.0 148 after 950 cycles 100 at 5 A-g'1 [127]
at02Ag’

Chlorella pyrenoidosa algae Fibre Not reported KFSIin DME ~800 at 50 mA‘g'1 0.01-3.0 207 after 800 cycles  185at5 A-g'1 [128]
at2 Ag’

Vitamin K Irregular Not reported KPF, in EC/DEC 466 at 100 mA-g'] 0.1-2.5 222 after 100 cycles 165 at1 A~g4 [129]
at01Ag"

Lignin Irregular 6.1 KPF¢ in EC/DEC ~580 at 50 mA-g"'  0.01-3.0 237 after 100 cycles 171at 0.2 Ag” [130]
at 0.05Ag"

Cellulose Honeycomb-like surface 22 KFSI'in DME/TFETFEE 579 at 100 mA-g'1 0.01-3.8 203 after 6,000 cycles 121at 10 A-g'1 [131]
at2 A-g'1

Rice husk Irregular 365.4 KPFg in EC/DEC ~490 at 30 mA-g'1 0.01-3.0 104 after %OO cycles 63at1Ag’ [132]
at0.5Ag

from seafood waste chitin biomass, where an impressive rate performance of 154 mAh-g* at 20.2 A-g" and an ultralong cycle life of 4,000 cycles without any
noticeable capacity decay have been reported”’. Generally, the formation of hard carbons from biomass can produce high-performing anodes with a long
cycling life comparable to those from synthetic hard carbons****, thus representing a viable sustainable alternative for PIB anode materials.

Non-biomass waste has also been explored as a source of carbonaceous materials. In this regard, pyrolysis of sulfonated waste tire rubber into high value-
added hard carbons has been reported, with a capacity of 220 mAh-g" at 28 mA-g*"*.

The use of biomass is not limited to the production of electrode materials, and solid electrolytes have also been produced from biomass. The use of lignin for
the preparation of hard carbons has been reported™””, and recently, Trano et al. have explored its use as a precursor for the preparation of polymer
electrolytes**. The lignin-based polymer presented ionic conductivity exceeding 10” S-cm™ at ambient temperatures and a wide stability window of up to 4 V
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Figure 9. Schematic representation of the versatility of biomass-sourced carbon anodes as functional materials in PIBs (inset graphs
reproduced with permission'®® "),

vs. K'/K. Furthermore, the use of cardanol as a precursor for producing epoxy resins as bio-based gel
polymer electrolytes has been investigated. In this case, the electrolyte stability window was increased to 5 V
vs. K'/K while retaining the same level of ionic conductivity in the mS-cm™ range'”..

The studies highlighted in this section demonstrate the enormous possibilities for developing sustainable
and environmentally friendly pathways for exploiting PIB technology.

CONCLUSION AND FUTURE PERSPECTIVES

Although PIBs are considered promising low-cost candidates for large-scale energy storage applications by
virtue of the abundant reserves of potassium resources, anode volume expansion and slow ion diffusion are
the major bottlenecks in their commercialisation.

This review has focused on the use of advanced materials to overcome these issues. Specifically, bio-derived
and bio-inspired materials have gained increasing attention over the last few years, taking advantage of
structures present in nature. Moreover, to avoid structural anode degradation after cycling, materials with
self-healing properties have been successfully incorporated into PIBs. This has reduced the overpotential
and enhanced the specific capacity and cycling stability. However, issues related to processability and
compatibility need to be considered for the successful application of self-healing materials in PIBs.

In addition, the selection of materials employed in new-generation energy storage devices requires
consideration of additional key factors, such as the use of non-toxic and environment-friendly materials in
the preparation process and the need to reduce energy consumption and waste generation. With the PIB
technology still in its infancy, there is an immense opportunity to develop new resource-sustainable and
environmentally friendly manufacturing chains. The incorporation of recycled and sustainable materials
into the manufacturing of PIBs can aid in attaining the ultimate goal of truly circular economy ecosystems
and further contribute to the realisation of sustainable development goals.
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Motivated by the recent findings, this review has summarised the most relevant approaches to give shape to
the idea of developing practical PIBs in terms of performance and sustainability. In particular, future
developments are likely to focus on the development of self-bonding systems as intrinsic self-healing and
stretchable multi-layered devices with robust interfaces and improved durability. The current advances in
PIB research, such as self-healing materials, are opening novel avenues for advanced technologies with
higher energy densities, such as solid-state or chalcogen-based chemistries. These technologies are presently
being limited by the continuous degradation of the active components during battery operation.
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