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Potassium-based batteries have recently emerged as a promising alternative to
lithium-ion batteries. The very low potential of the K*/K redox couple together with the
high mobility of KT in electrolytes resulting from its weak Lewis acidity should provide high
energy density systems operating with fast kinetics. However, potassium metal cannot
be implemented in commercial batteries due to its high reactivity. As safety is one of the
major concerns when developing new types of batteries, it is therefore crucial to look for
materials alternative to potassium metal that electrochemically insert K+ at low potential.
Here, the different types of negative electrode materials highlighted in many recent reports
will be presented in detail. As a cornerstone of viable potassium-ion batteries, the choice
of the electrolyte will be addressed as it directly impacts the cycling performance. Lastly,
guidelines to a rational design of sustainable and efficient negative electrode materials
will be proposed as open perspectives.

Keywords: potassium-ion battery, insertion electrode, alloy electrode, graphite electrode, organic electrodes

INTRODUCTION

In barely half a century, LIB have evolved from early-stage laboratory discoveries to a massive
industrial production. Today, they equip most of our portable electronics and are also considered
for powering the next generation electric transportation modes. As our societies are getting
everyday more connected and electrified, the production of LIB dramatically continues to increase
(Tarascon, 2010). Moreover, the growing part of renewable energy production needs to be
supported by an increasing storage capacity, and here again LIB play an important role. However,
this impressive success might face practical hurdles in the future. Like other intense human
productions, resources shortage or geopolitical tensions may arise. On top of that, after decades
of performance improvement, the LIB technology seems to approach its energy density limit (Van
Noorden, 2014). For all these reasons, it is important to investigate alternative ways for efficient
and sustainable electrochemical energy storage.

Among the possible alternatives to LIB, batteries based on multivalent cations such as Mg?™,
Zn?T, Ca?*, or AI** are of interest. Indeed, these elements have a high abundance in Earth’s crust
suitable to develop “low cost” batteries and the multivalent cations imply the transfer of more than
one electron leading to high capacities (Ponrouch et al., 2016; Fang et al., 2018; Ma et al., 2019; Yang
H et al,, 2019). However, the design of suitable electrolytes is still a main challenge for all of these
systems and significant efforts need to be done in order to reach their promising potential.

Regarding monovalent ions, after decades in the dark, NIB are now focusing the interest of the
research community (Chen et al., 2018; Eftekhari and Kim, 2018). Inspired by the wide literature on
LIB, NIB have rapidly grew using the similarities in terms of positive/negative electrode material,
electrolyte and today the first NIB are commercialized. Going down on the alkali column, KIB come
next below and deserve to be highlighted as well.
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For sure, the much bigger size of the KT ions compared to Li+
and Na™ will impact directly the materials chemistry inside the
battery. Nevertheless, KIB present a number of positive features:
(i) the high abundance of potassium on Earth crust compared
to lithium, resulting in low cost precursors and salts for battery
manufacturing; (ii) Aluminum does not alloy with potassium,
allowing cheap Al current collectors for the negative electrodes;
(iii) The low redox potential of the K*/K redox couple (—2.93 V
vs. SHE), very close to the Li*/Li one (—3.04 V vs. SHE) suitable
for developing high energy density batteries; (iv) The weaker
Lewis acidity of K ions compared to Na™ and Lit, leading to
small Stokes radius in common solvents and therefore providing
high ionic diffusion and conductivity. This last point is well
described by Kubota et al. who showed that the smaller Stokes
radius of K in PC compared to those of Li* and Na™ results in
higher conductivity for the KFSI salt in PC compared to NaFSI
and LiFSI whatever the salt concentration (Kubota et al., 2018).

Consequently, an intense research effort has been devoted
in the past few years on identifying electrode materials that
can electrochemically accommodate potassium ions. Regarding
positive electrode materials, layered oxides, polyanionic
compounds, and Prussian blue analogs seem to exhibit the
most promising behaviors (Zhu et al., 2018; Hosaka et al., 2019).
Among them, it is interesting to notice that Mn-based or V-based
oxides are also used as cathode materials in Zn/MnO, primary
cells as well as in rechargeable zinc ion batteries which both are
able to work with aqueous based electrolytes (Minakshi et al.,
2008; Subbaiah et al., 2015; Zhang N. et al,, 2017; Yang S et al,,
2019). Prussian blue analogs were also reported as possible
cathode material for KIB, using aqueous electrolytes (Wessells
et al., 2011; Su et al., 2017). The combination of earth abundant
and environmentally benign electrode materials with non-toxic
electrolytes is promising for the development of low cost and
safety battery systems.

Going back to the KIB, the very high air and moisture
sensitivity of potassium precludes its direct use as negative
electrode without a reliable chemical or physical surface
protection. Luckily, different materials react electrochemically
with potassium ions at low potential, and consequently offer
promising alternatives to potassium metal negative electrodes.
This short review aims at gathering the recent advances in
negative electrode materials for KIB, with critical comparison

Abbreviations: LIB, Lithium-ion batteries; NIB, Sodium-ion batteries; KIB,
Potassium-ion batteries; EC, ethylene carbonate; PC, propylene carbonate;
DEC, diethylene carbonate; DMC, dimethylene carbonate; FEC, fluoroethylene
carbonate; VC, vinylene carbonate; DME, dimethoxyethane; XRD, X-ray
diffraction; XAS, X-ray absorption spectroscopy; PDE Pair Distribution
Function; DFT, density functional theory; SEI, solid electrolyte interphase;
LSV, linear sweep voltammetry; PA-Na, sodium polyacrylate; CMC-Na, sodium
carboxymethylcellulose; PVdAE, polyvinyl difluoride; CVD, chemical vapor
deposition; CNT, carbon nanotubes; CNF, carbon nanofibers; HC, hard carbon;
SC, soft carbon; TEM, transmission electron microscopy; HRTEM, high
resolution transmission electron microscopy; FTIR, Fourier transmission
infrared spectroscopy; KESI, potassium bis(fluorosulfonyl)imide; NaFSI,
sodium  bis(fluorosulfonyl)imide; LiFSI, lithium bis(fluorosulfonyl)imide;
KTFSI, potassium  bis(trifluoromethanesulfonyl)imide; KPFg, potassium
hexafluorophosphate; rGO, reduced graphene oxide; GIC, graphite intercalation
compound; SHE, standard hydrogen electrode.

of the cell performance and with a particular attention to the
electrolytes and the corresponding electrochemical mechanisms.

GRAPHITE AND CARBON-BASED
ELECTRODES

A wide range of carbon-based materials, such as graphite and
derivatives, doped carbons, carbon fibers, carbon nanotubes,
mesoporous carbons, and hard carbons have been reported as
possible candidates for negative electrode in KIB.

Graphite, the most widespread negative electrode in LIB, is
also able to intercalate potassium ions until the formation of
KCs, corresponding to a theoretical capacity of 279 mAh/g.
This is an important asset compared to the NIB technology,
since no insertion of sodium ions in graphite is observed
with conventional carbonate electrolytes. This characteristic was
confirmed by theoretical calculations of the potential profiles
for different GIC and could be explained by the higher
redox potential of Na®™/Na with —2.71V vs. SHE compared
to the redox potential of Li*/Li and K*/K with —3.04 and
—2.93V, respectively (Okamoto, 2014). The electrochemical
intercalation process of potassium ions into graphite was firstly
described by Jian et al. (2015), with a staging process and
the formation of KCss and KC,4 intermediates revealed by
ex situ XRD (Jian et al, 2015) (Figurel). The moderate
cycling performance of graphite electrode especially at high
current densities prompted the authors to look at the behavior
of softer carbons prepared by pyrolysis of organic aromatic
compound. Soft carbons showed higher working potential than
graphite with sloping potential profile, less suitable for battery
applications, but much better cycling performance and rate
capability. At the same time, a slightly different staging process
was proposed by Luo et al. based on ab initio calculations
with KCy4, KCjs, and KCg respectively formed from stage
II to stage I (Luo et al, 2015). The formation of KCg
at the full discharged state characterized by a bronze color
was confirmed by ex situ XRD and Raman spectroscopy
(Figure 1). Recently, several works centered on XRD experiments
rather suggested the formation of KCsg at the stage III and
KCy4 at the stage II (Beltrop et al., 2017; An et al, 2018;
Kubota et al., 2018).

A detailed study about the difference of the potassium ions
insertion mechanism in graphite using either carbonate based
electrolyte (KPF¢ in EC/DEC) or ether based electrolyte (KPFg
in monoglyme or diglyme) was carried out by the group of
Pint (Cohn et al., 2016; Share et al., 2016a). Operando Raman
spectroscopy revealed that free ions are inserted using carbonate
solvents, whereas co-intercalation of both ions and solvent occurs
with ether-based electrolyte, without however damaging the
pristine graphite structure (Figure 2). Thereby, a multi layered
graphene electrode exhibited a capacity of 95 mAh/g at 2 A/g
after 1,000 cycles with a high coulombic efficiency using KPFg
(I M) in, diglyme while poor capacity retention was obtained for
a few layer graphene electrode at 100 mA/g with KPF¢ (0.8 M)
in EC/DEC electrolyte. A similar trend was recently reported by
Wang et al. who showed that an electrolyte based on KPFs (1 M)
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FIGURE 1 | Left, XRD patterns of the electrodes stopped at different point during the first cycle of K/Graphite half cells cycled at C/10 rate, with corresponding
structures (Jian et al., 2015). Right, XRD patterns and photo of both pristine and full-discharged graphite electrode *KC24. Right-bottom, structures of the K-GICs
proposed by DFT calculations (Luo et al., 2015). Adapted with permission from Jian et al. (2015) and Luo et al. (2015) Copyright (2018) American Chemical Society.
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FIGURE 2 | Left-top, electrochemical behavior and performance of few layer graphene electrode with carbonate based electrolyte. Left-bottom, in situ evolution of the
Raman spectra during LSV at 0.5 mV/s. Right-top, electrochemical behavior of natural graphite with ether based electrolyte. Right-bottom, in situ evolution of the
Raman spectra during LSV measurement. Reproduced from Cohn et al. (2016) and Share et al. (2016a) with permission from the Royal Society of Chemistry.

in DME gives rise to a thin SEI and a small expansion of the
(002) graphite plane, whereas KPFs (1 M) in EC/DMC leads to
the formation of KCg with 60% volume expansion and a thicker

SEI (Wang et al., 2019).

Regarding cycling performance, Komaba et al. highlighted the
influence of the binder on the performance of graphite-based
electrodes (Komaba et al., 2015). Higher coulombic efficiencies
are obtained with PA-Na and CMC-Na binders than with
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PVdF. The electrolyte solvent also has a strong influence, in
agreement with the previously discussed comparison between
carbonates and ether based solvents. Focusing on carbonates,
Zhao et al. showed that an improved capacity retention of
220 and 200 mAh/g can be obtained at 20 mA/g with EC/PC
and EC/DEC mix, respectively, while with a EC/DMC mix the
capacity decreases continuously (Zhao J. et al., 2016). Poly-
nanocrystalline graphite synthesized by CVD showed a low
coulombic efficiency of 54% during the first cycle (compared to
78% for graphite) but better capacity retention, attributed to the
presence of disordered nano-domains allowing the preservation
of the structural integrity of the material upon the successive
K* insertion/desinsertion (Xing et al., 2017). In a recent study,
Hui et al. proposed that faster intercalation of K into graphitic
materials can be achieved with a preconditioning Li™ based
SEI layer (Hui et al,, 2018). The relative low rate capability
of graphite prompted the investigation of other carbonaceous
materials. Among them, amorphous ordered mesoporous carbon
(OMC) presents two interesting aspects for K ion storage:
a larger interlayer spacing and more edges and defects than
graphite, suitable for the intercalation and the adsorption of K*
ions, respectively (Wang W. et al., 2018). Thereby, this carbon
exhibited higher reversible capacity than graphite during the first
cycles, which was maintained at 257 mAh/g after 100 cycles at a
current density of 50 mA/g.

Among the other carbonaceous materials investigated as
possible anode materials for KIB, CNT appear as promising by
virtue of the interconnected conductive network that they form
which also avoid the addition of dead volume materials such
as binder and conductive additive. Nitrogen-doped cup-stacked
CNT mats prepared by CVD exhibit a reversible capacity of
236 mAh/g after 100 cycles at 20 mA/g whereas multiwall CNT
mats do not intercalate K™ ions reversibly (Zhao et al., 2018).
Nitrogen-doped CNT prepared by pyrolysis of a metal organic
framework delivered 255 mAh/g at 50 mA/g after 300 cycles
and a superior rate capability with 100 mAh/g at 2 A/g with
KPF¢ (0.8 M) EC/DEC electrolyte (Xiong et al., 2018a). Wang
et al. reported a detailed study of hierarchical CNT sponge with
modulated bulk densities from 8 to 21 mg/cm? and showed that
the less dense CNT presenting the higher macropore volume and
the higher specific capacity (Wang Y. et al., 2018).

Changing morphology, CNF have been also extensively
investigated. CNF prepared by electrospinning showed high
cycling stability sustaining 210 mAh/g over 1,200 cycles at
200 mA/g with KPFs (0.8 M) in EC/DEC electrolyte (Zhao
et al., 2017). N-doped CNF synthesized by carbonization under
N, atmosphere of polypyrrole precursor displayed similar
performance with good capacity retention and high rate
capability (Xu et al,, 2018). A quantitative analysis of the storage
properties of N-CNF carbonized at different temperature from
650 to 1,100°C revealed that low temperatures induce K*
adsorption/desorption process ascribed to capacitive behavior
whereas higher carbonization temperatures lead to K* faradic
insertion/extraction processes. This was well described by Lin
et al. using operando Raman spectroscopy on CNF carbonized

at 650, 1,250, and 2,800°C (Lin et al., 2019). They showed that
the presence of huge N-induced defects or oxygenated functional
groups using low temperature carbonization led to capacitive
storage behavior at a potential higher than 1V. In the other
side, CNF carbonized at 2,800°C showed faradic behavior at low
potential and in situ Raman observations revealed the staging
process on the graphene layers with the formation of KCy4 and
KCs (Figure 3). The positive effect of N-doping on graphene
layers was previously demonstrated by Pint et al. through a
study dedicated to manifold graphenes (Share et al., 2016b). For
all the above-mentioned studies, the low coulombic efficiency
during the first cycles due to the high specific area leading to
strong electrolyte decomposition, as well as the shape of the
potential profiles with progressive slope, remain a hurdle for
industrial applications.

The performance of hard carbons, the renowned negative
electrode in NIB (Irisarri et al., 2015), were also investigated in
KIB. In a detailed study, Jian et al. compared the electrochemical
reaction of Na't and K" with hard carbon microspheres
electrodes prepared by pyrolysis of sucrose (Jian et al., 2016). The
average potential plateau is slightly larger and the polarization
higher with potassium than with sodium. However, better rate
capability and capacity retention were obtained for potassium
with 216 mAh/g after 100 cycles at C/10 rate with KPFg
(0.8 M) in EC/DEC electrolyte. A comparative work of the
carbon hardness was done by Ji et al. using hard carbons, soft
carbons, and mixed composites of them in order to identify
the main characteristics of non-graphitic carbon for potassium
storage (Jian et al., 2017). Their electrochemical evaluation
showed that the mixed composite exhibit the best performance
combining good cycling stability and high rate capability of
soft and hard carbons, respectively. The heat pre-treatment of
saccharide-derived hard carbons before carbonization seems to
be a key point for obtaining a molecular sieve-like framework
structure formed by cross-linked turbostratic nanodomains
which remains stable upon potassiation, and is therefore
responsible of the good cycle life of the composite. With
optimized synthesis parameters and PA-Na binder, Yamamoto
et al. obtained a reversible capacity of 290 mAh/g during 50
cycles at 25 mA/g with KFSI (1M) in EC/DEC electrolyte
(Yamamoto et al., 2018).

To conclude, a large range of carbonaceous materials have
been studied as potential negative electrodes for KIB. Graphitic
compounds can reversibly intercalate potassium ions at low
potential following a staging process until the formation of
KCs with a theoretical capacity of 279 mAh/g but they
present a relatively low rate capability. Porous carbons with
high specific area such as CNF or CNT are characterized by
capacitive behavior with adsorption/desorption of K* inside
the porous structure, showing higher working potential and
better capacity retentions and rate capabilities than graphite. The
synthesis of materials with taylored structures combining the
advantages of graphitic compounds and porous carbons might
allow the development of more performing negative electrodes
for KIB.
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FIGURE 3 | Left, potential profile at 25 mA/g and in situ Raman spectra of CNF annealed at 1,250°C (top) and CNF annealed at 2,800°C (bottom). Right, rate
capability of CNF electrodes. Adapted from Lin et al. (2019) with permission from Elsevier.

INSERTION-TYPE ELECTRODES

Titanium-Based Compounds

Besides graphite and carbonaceous materials, most inorganic
insertion-type materials investigated for their potential
application as negative electrodes in KIB are based on
the Ti**/Ti** redox couple. Representative studies on the
electrochemical properties of titanium oxides, phosphates and
carbides are resumed in the following paragraphs.

Electrochemical insertion of lithium and sodium into titanium
dioxides polymorphs have been intensively studied in the past
especially as model electrode materials. More interestingly in
terms of cycling performance, alkali titanium oxides, such as the
spinel Lig Ti5O;, or the monoclinic Na; Ti3O7, combine low-cost
synthesis and non-toxicity, and Li4TisO1, is nowadays in the
spotlight of battery industry. In order to bypass the low electronic
conductivity of Na,TizO7, Li et al. produced hydrogenated
nanowires grown on N-doped carbon sponge, and the resulting
composite shows early-stage capacities of 108 mAh/g at 100
mA/g, and good capacity retention, with KPFs (1M) in EC:DEC
electrolyte (Li et al., 2018).

The potassium analogs (K;TisOg, K;TigO13, and K, TigO;7)
have been also recently investigated (Figure 4). In 2016, Kishore
et al. prepared micrometric-sized K;TigOg by solid-state route
and reported an initial capacity of 97 mAh/g at 30 mAh/g with
KPFs (1M) in EC:PC (Kishore et al,, 2016). Good capacity
retention was observed at low rates, but rapid fading occurs
with increasing current densities. As for other insertion-type
materials, particles downsizing is expected to improve the ionic

diffusion and thus boost the performance. Indeed, K;TisO9
nanoribbons made from acid-leached Ti;C, (MXene) obtained
through an hydrothermal route exhibit higher capacity even
at high current rates as well as longer cycling life, using a
KPF¢ (1M) in diglyme electrolyte (Dong et al., 2017) (Figure 4).
The preparation of C-K;TizsO9 nanocomposites by conversion
of Ti,AIC is also a possible alternative, however the resulting
material was only investigated as LIB electrode (Liu et al,
2019). In the same direction, nanostructured K,TigO;7; or
K,TigO;3 were prepared by hydrothermal processes. Using KPFg
(0.8 M) in EC:DEC electrolyte, composite electrodes made of
acanthosphere-like K, TigO;7 nanorods exhibit at 20 mA/g a first
discharge capacity exceeding 180 mAh/g. In spite of an important
irreversible capacity in first cycle, this materials maintains a
stable capacity exceeding 115 mAh/g for 50 cycles at low rates;
this value, however, fades rapidly when the rate is increased
(Han et al., 2016b). In a similar approach, K;TigO13 nanorods
structured in microscaffolds were been prepared through an
hydrothermal process under alkaline conditions. At 50 mA/g, the
initial discharge capacity nears 300 mAh/g with KPFs (0.8 M)
in PC (with 5 vol.% of FEC additive) electrolyte. After an
important irreversible loss during the subsequent charge, the
cycling capacity remains stable about 90 mAh/g (Dong et al.,
2018). For all these oxides, a low coulombic efficiency attributed
to the possible formation of SEI or to a significant trapping of
potassium ions into the layered structure, is observed.
Polyanionic compounds are widely investigated as electrode
materials for LIB and NIB as they usually shows very
opened framework that ease the ionic diffusion. Moreover,
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FIGURE 4 | Top, crystal structures of Ko TigOg, Ko TigO13, and Ko TigO17 (from left to right) showing the layered organization with triplet of edge-shared TiOg
octahedra chains and potassium ions in the interslab spaces. Bottom, TEM and HRTEM of TizC»-derived Ko Tig Og nanoribbons and corresponding electrochemical
performance. Adapted with permission from Dong et al. (2017) Copyright (2017) American Chemical Society.
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chemical substitution, either of the transition element or of
the ligand enable the tuning and sometimes the enhancement
of the electrochemical properties (Messinger et al., 2015).
Consequently, K-containing polyanionic compounds might also
be interesting electrodes for KIB. While lot of compositions are
suitable for the positive electrode side (Hosaka et al., 2019),
so far only NASICON-type KTiy(POy4); has been reported to
serve at the negative electrode. To balance the poor conductivity
and access interesting electrochemical performance, surface
engineering appears necessary. In 2016, Han et al. evaluated
nanocubic KTiy(POy); obtained by hydrothermal route and
carbon-coated KTiy(POy4); prepared by cane sugar-assisted
method (Han et al.,, 2016a). In both cases, a discharge potential
plateau at 1.7 V is observed after the first cycle, whereas the charge
profile is slopier (Figure 5). Without carbon coating, the capacity
of KTiy(POy); at C/2 current rate with KPFg (0.8 M) in EC:DEC
electrolyte rapidly decreases after the initial discharge capacity
around 75 mAh/g, Spheroidal KTi;(PO4)3;@C nanocomposites
prepared by electrospray take advantage of the intrinsic carbon
network and offer sufficient porosity for an efficient electrolyte
impregnation. Consequently, the electrochemical performance
is enhanced, with high reversible capacity of 293 mAh/g at
20 mA/g and very good rate capability (133 mAh/g at 1 A/g)
(Wei et al., 2018). Hierarchical Cag 5Ti;(PO4)3@C microspheres
were also prepared by electrospray. In this case, the divalent
calcium cations induces vacancies in the pristine materials that
could enhance ionic diffusion (Figure5). The electrochemical
performance is interesting, with a stabilized capacity close to 250
mAh/g at 50 mAh/g (Zhang Z. et al., 2018).

The electrochemical insertion of potassium was also
tested in MXene compounds. These early transition metal

carbides or carbonitrides offer interslab spacing in 2D
morphologies allowing fast ionic diffusion. MXenes are
usually obtained by the leaching of the A layers in pristine
phase Mp4+1AX,. It results in the chemical composition
Mp4+1Xn, or Mp1X,Tx if ones includes anionic termination
groups coming from the leaching step. Theoretical simulation
of potassium insertion into TizC, or O-terminated Ti;CO;
MXenes provides high capacities of 192 and 264 mAh/g,
respectively (Er et al., 2014; Xie et al,, 2014). Ti3C,Tx (T = O,
E and/or OH) was evaluated as electrode material, providing
a first discharge capacity of 260 mAh/g (in KPFs (1 M) in
EC:PC electrolyte) as predicted. While the subsequent charge
is still interesting (146 mAh/g), a continuous capacity fading
is observed upon cycling (down to 45 mAh/g after 120 cycles).
Tridimensional porous alkalized Ti3C, nanoribbons with an
expanded interslab space were easily obtained from Ti3;C,
in aqueous KOH by Lian et al. These materials exhibit a
capacity retention of 42mAh/g at 200 mAh/g after 500 cycles
(Lian et al., 2017).

In summary, although good discharge capacities are
usually observed for titanium-based insertion anode materials,
the subsequent irreversible and rapid fading dramatically
lowers the overall performance. The insertion of a large
amount of potassium ions in rigid crystalline structures
does not seem straightforward, and only limited capacities
are obtained. Moreover, capacity fading is often observed
at elevated current densities, most probably related to
important kinetic limitations. It is interesting to note
a kind of consensus in the use of the electrolyte when
studying such insertion-type materials. Indeed, all the above
mentioned works mentioned KPFg-based electrolytes. As it
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is shown with other electrode materials, the electrolyte is
expected to influence the cycling performance. Therefore,
revisiting  these titanium-based materials with other
electrolyte salts and formulations might lead to enhanced
electrochemical properties.

Other Insertion-Type Electrode Materials
Electrodes based on vanadates, such as many different V,05
polymorphs have been intensively investigated for their alkali
insertion properties. Potassium vanadium oxides gathers a wide
range of compounds, which are mainly proposed as positive
electrode materials for LIB. Interestingly, Liu et al. revisited
hydrothermally-obtained Kg 23 V,05 and evidenced the very low-
potential of the electrochemical insertion of potassium (Liu et al.,
2018). The very high first discharge capacity of 800 mAh/g
(caused by significant side reactions) is not maintained upon
cycling, and a stable capacity of 100 mAh/g at 20 mA/g with KPFg
(0.8 M) in an EC:DEC as electrolyte is rather obtained.

Layered transition metal dichalcogenides exhibit a lamellar
structure with open diffusion planes. Although potassium
chemical insertion into layered MoS, has been studied
for decades to access unusual physical properties such as
superconductivity, electrochemical insertion was reported only
recently. Starting from commercial MoS, and using a simple
electrode formulation, a stable capacity of 65 mAh/g was

obtained at current density of 20 mA/g (Ren et al., 2017).
Even though the corresponding redox potential is quite high
for a negative electrode material (1.2-1.5V), the abundance of
MoS; could make it a material of choice for sustainable large-
scale applications.

ALLOYING AND CONVERSION
ELECTRODES

The properties of insertion-type electrode materials presented
in the previous sections clearly demonstrate that open
crystallographic structures might not be able to stabilize
the reversible insertion of potassium ions over long periods of
time. With conversion and alloying-type materials, conversely,
there is no problem of sluggish potassium ions diffusion
in the crystalline structure as the electrochemical process
completely reshapes the pristine material and forms new
potassium-containing species through phase transitions. In
this section, intermetallic compounds and conversion type
materials based on p-block elements will be discussed as possible
negative electrode materials. As in the case of lithium and
sodium, also with potassium the formation of such phases
correspond to high theoretical capacities with concomitant high
volume expansions that need to be tackled down by electrode
engineering (Sultana et al., 2018). In some cases, a composite
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approach is used to tackle the expansion issue, combining
the active elements with carbon which can also contribute to
the capacity.

Among the alloying elements, antimony appears to be very
interesting because of its low working potential vs. Kt/K and
its high theoretical capacity of 660 mAh/g corresponding to
the formation of K3Sb. In 2015, McCulloch et al. investigated
a Sb/C nanocomposite prepared by ball-milling and reached
600 mAh/g at 35 mA/g with KPFgs (1M) in EC:PC electrolyte
(McCulloch et al.,, 2015). The formation of cubic K3Sb was
shown by XRD. The overall electrochemical mechanism was
later detailed by other groups. The formation of amorphous
intermediates K4Sb was proposed by operando XRD, and
the amorphous state of Sb after charge was confirmed by
Raman spectroscopy, whereas our group also pointed out the
formation of minor amounts of hexagonal K3Sb (Tzolov and
Iliev, 1992; Gabaudan et al., 2018a; Han et al., 2018; Yi et al,,
2018) (Figure 6). It is important to notice here that different
kind of pristine particles were used in these papers, going
from bulk Sb to nanoparticles confined in a porous carbon
matrix, all leading to very similar electrochemical mechanisms.
Moreover, the reaction mechanism of Sb with K is not yet
fully understood due to the extensive amorphisation of the
material during cycling, and several efforts have to be done
in the future to identify the structural transformations which
take place during cycling. This cannot be done without the use
of powerful techniques probing the local environment around
the Sb atoms such as XAS or PDF analysis, by comparing
samples obtained by electrochemistry with references prepared

via solid state chemistry as it was done in the past for Sb in NIB
(Allan et al., 2016; Darwiche et al., 2018).

Similarly to antimony, bismuth can react with potassium to
form K3Bi, corresponding to a theoretical capacity of 385 mAh/g.
Whatever the nature of the Bi electrode and of the electrolyte,
a single potential plateau is observed around 0.35V under
galvanostatic conditions during the first discharge suggesting
a two-phase reaction. During the following sweeps, however,
three flat plateaus can be detected between 0.5 and 1.3V, in line
with three independent reaction steps. Very early, Zhang et al.
proposed a reversible potassiation in two steps from Bi to KBi
and then from KBi to K3Bi whereas Guo et al. suggested the
formation of a Bi-K solid solution process before a two-phase
reaction between KsBiy and K3Bi. Huang et al. corroborated
experimental data with DFT calculations and showed the
continuous formation of K3Bi during the first reduction and
then a three-step process upon the oxidation leading successively
to K3Bi, and KiB; and Bi, discarding K5Bis and KBi. The same
mechanism was proposed by Lei et al. with Rietveld refinements
of ex situ XRD patterns and by Gabaudan et al. in operando
conditions (Figure 6). Tin is a well-known anode material in
LIB and NIB, theoretically providing specific capacities of 991
and 847 mAh/g corresponding to the formation of Liy;Sns and
Naj5Sny, respectively. Moreover, tin is earth-abundant, low
cost and non-toxic. In KIB, first principle DFT calculations
suggested the formation of KSn as the most potassiated phase at
the average potential of 0.5V leading to a capacity of 226 mAh/g
(Kim et al., 2018). In the first experimental study by Sultana
et al. a Sn/C composite prepared by ball-milling exhibited a
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first reversible capacity of 150 mAh/g (Sultana et al, 2016).
The corresponding galvanostatic profile shows a single plateau
during the discharge whereas several processes are observed
(but not explained) upon charge. Wang et al. obtained similar
features using Sn nanoparticles and identified the formation of
KSn with both ex situ XRD and electron diffraction (Wang et al.,
2017). Looking at the evolution of volume expansion by in situ
TEM, they also suggested the formation of amorphous K4Sng as
intermediate phase only during the discharge. More recently, in
situ synchrotron XRD performed on CVD Sn film cycled at 0.1
mV/s showed that Sn could also be directly converted into KSn
(Ramireddy et al., 2017). The volume expansion resulting from
the KSn formation is 180%, which is relatively low compared to
formation of Liy»Sns (257%) and NajsSng (410%) in LIB and
NIB. Nevertheless, the potassiation of tin is also accompanied by
many cracks inducing electrode pulverization and continuous
electrolyte degradation with the exposition of fresh tin surfaces
to electrolyte.

In parallel to the understanding of the electrochemical
alloying mechanism, several strategies targeting the
improvement of the cycling performance were proposed.
In their seminal work, McCulloch et al. observed rapid capacity
fading after few cycles with a Sb/C nanocomposite. By reducing
the potential window, they limited the volumetric expansion and
stabilized a reversible capacity of 250 mAh/g for almost 50 cycles
(McCulloch et al., 2015). The formulation of the composite
material plays an important role on the cycling performance
as it was reported for ball milling Sb/C (Sultana et al., 2019).
More carbon allowed to improve the cycling stability but
reduced capacities are obtained taking into account the mass of
composite for the capacity calculation. The choice of electrolyte
is also a key parameter to promote the performance. With
Sb-based electrodes, the use of KFSI salt instead of KPF¢ in a
mix of EC:DEC allowed obtaining a better SEI stability and thus
higher coulombic efficiencies and capacity retentions (Madec
et al., 2018; Zhang Q. et al., 2018). Enhanced performance can
also be obtained by using salt concentrated electrolytes as it was
reported by Liu et al. with KFSI (3M) in DME giving for an Sb/C
composite electrode a capacity of 200 mAh/g after 800 cycles at 1
A/g (Liu Q. etal., 2018). Moving to bismuth-based electrodes, it is
also interesting to notice that carbonate-based electrolytes seem
not appropriated as they lead to rapid capacity fading. Moreover,
it is not well understood why the plateaus corresponding to the
phase transitions KBi,-Bi and K3Biy-KBi, are not preserved
upon cycling using carbonate-based electrolytes, whereas
they are conserved using ethers as electrolyte solvents. The
choice of the potassium salt is also crucial: better coulombic
efficiencies are reported with both KFSI salt instead of KPFg,
and ether-based electrolytes, including monoglyme or diglyme,
instead of carbonate based electrolytes. The salt concentration
plays also a significant role on the electrode performance as it
was shown by Zhang et al. with KTFSI salt in diglyme giving
better performance for a Bi@C composite electrode with 5M
salt concentrated electrolyte (Zhang R. et al., 2018). Recently,
outstanding capacity retention of 550 mAh/g after 100 cycles
was obtained for a Sb/C composite synthesized by electrospray
assisted strategy cycled with KTFSI (4 M) in EC/DEC mix

(Zheng et al., 2019). Looking at the influence of the solvent, it
was reported by Chen et al. that monoglyme molecules undergo
a specific chemical adsorption at the surface of Bi electrodes
leading to a stable SEI and better performance compared to
PC-based electrolytes (Lei et al., 2018). Thereby, they obtained a
capacity of 320 mAh/g at 2C (800 mA/g) after 300 cycles with a
DME-based electrolyte in K/Bi half-cell configuration. A Bi/rGO
nanocomposite synthesized via a room temperature solution
route sustained a capacity of 290 mAh/g after 50 cycles at 50
mA/g (Zhang Q. et al,, 2018). Same trends were observed for
tin-based electrodes. The use of the KFSI salt instead of KPFg in
EC:DEC, as well as a limited potential window between 0.01 and
1.2V, led to better cycling performance (Ramireddy et al., 2017;
Zhang Q. et al., 2018).

Other alloying type materials such as Si, Ge, and Pb catch
minor attention for the time being. These elements can react with
only one potassium leading however to interesting theoretical
capacities of 954, 369, and 129 mAh/g, respectively. Regarding
silicon, Sultana et al. did not obtained a reliable evidence of
the electrochemical potassiation of a Si/graphene electrode in
contrast with the predicted formation of KSi alloy suggested by
Ceder (Kim et al., 2018; Sultana et al., 2018). The only reported
electrochemical activity of silicon can be found in the work of
Komaba et al, who used a Si/graphite composite formulated
with PA-Na binder which exhibited a reversible capacity of 510
mAh/g (Kubota et al., 2018). The activity of Ge in KIB, on the
other hand, was only reported by Guo et al. with the use of
GePs leading to the formation of KGe (Zhang et al., 2018a).
Lead presents a relatively low theoretical capacity (127 mAh/g).
The electrochemical alloying pathway was carefully followed by
operando XRD, showing a three-step process during the discharge
with K;oPbsg and K4Pby intermediates and KPb as the final
product, whereas only K4Pby is evidenced during charge before
the recovery of Pb metal (Gabaudan et al., 2018b).

Among p-block elements, phosphorus appears as a very
promising electrode material by virtue of its high abundance and
of its very high theoretical capacity: 2,594 mAh/g are expected
for the formation of K3P. The K-P phase diagram presents the
following range of alloys: K3P, K4P3, KP, K4P¢, K3P7, K3P;1, and
KP;5 might be observed during the electrochemical potassiation
of phosphorus (Sangster, 2010). First principle calculations
conducted by Ceder et al. showed that KP and K4P3 phases
might be formed at the potential of 0.8 and 0.2V, respectively
whereas K3P appeared to be unstable in their calculation (Kim
et al, 2018). However, phosphorus suffers from both a low
electrical conductivity and a substantial volume expansion as all
alloying materials. The use of intermetallic compounds as well
as nanostructuration in porous carbon frameworks are possible
solutions to overcome these drawbacks. Combining phosphorous
with other active elements, or looking for nanostructured
architectures in porous conductive frameworks is mandatory
to balance its low electrical conductivity. The first study of a
phosphorus-containing compound was performed by Guo et al,,
using a SngP3/C composite which exhibited a capacity of 307
mAh/g after 50 cycles at 50 mA/g, much better than both P/C or
Sn/C electrodes (Zhang W. et al., 2017) (Figure 7). The synthesis
of SnsP3 nanoparticles embedded into porous carbon fibers
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in addition to the substitution of KPFs salt by KFSI allowed
a significant improvement of the cycling performance (Zhang
et al., 2018b). Following the SnyP3 study, they looked at the
potassiation of nanocrystalline GePs synthesized by ball milling
which exhibited a reversible capacity of 495 mAh/g after 50 cycles
at 50 mA/g (Zhang et al., 2018a). FTIR measurements performed
on GeP;s electrode after one cycle revealed the formation of
homogeneous SEI layer with both KFSI and KPFs in EC/DEC,
while the use of 5% of FEC induced a non-uniform and thick SEI.
The confinement of phosphorus into porous carbon host have
been intensively studied in LIB with the purpose of increasing the
electrical conductivity and buffering the volume change during
the alloying process. The same methodology was also applied in
KIB with the reported P/C ball-milled composites and P@CN,
P@TBMC or P@rGO synthesized by vaporization/condensation
route (Sultana et al., 2017a,b; Liu D. et al., 2018; Wang H. et al.,
2018; Wu et al,, 2018b; Xiong et al., 2018b) (Figure 7). Looking
at the electrochemical behavior of these materials, the first
discharge capacity never reached 2,596 mAh/g as expected for the
formation of K3P, but rather capacities near 850 mAh/g expected
for the formation of KP. In spite of this unexpected low capacity,
promising cycling properties are observed for phosphorus: a
capacity of 427 mAh/g is measured after 40 cycles at 100 mA/g
for red P nanoparticles embedded into 3D carbon nanosheet
framework, whereas 366 mAh/g after 50 cycles at 100 mA/g
are obtained for red P vaporized and dispersed into reduced
graphene oxide (Wang H. et al., 2018; Xiong et al., 2018b).

A few conversion materials were also reported as possible
negative electrode for KIB such as Co304-Fe;Os3, tin oxides

or antimony and tin sulfides (Lakshmi et al., 2017; Sultana
et al., 2017b; Liu Y. et al., 2018; Shimizu et al., 2018). Shimizu
et al. reported the electrochemical activity of SnO, which is
irreversibly converted into tin nanoparticles embedded in a
stable matrix of K,O. This matrix hinders the aggregation of
the tin nanoparticles, which then undergo alloying reaction
with K (Shimizu et al, 2018). Interestingly, SnO exhibits a
discharge capacity around 200 mAh/g during 30 cycles, whereas
SnO, appears to be inactive. In the studies of sulfide systems,
nanocrystalline particles of antimony and tin sulfides were
dispersed onto graphene frameworks in order to increase the
electrical conductivity and minimize the volume variation upon
cycling. As a consequence, few-layered antimony sulfide/carbon
sheets showed promising performance combining successively
the intercalation mechanism of K™ between carbon sheets with
a conversion mechanism of the sulfur with the formation of
K,S3 and an alloying reaction for the Sb converted into K3Sb
(Liu Y. et al., 2018).

To summarize the results obtained with alloying materials,
the theoretical capacities of the composite electrodes are easily
reached during the first cycles but then decrease quickly over
the first tens cycles. For the time being, the use of conventional
electrolyte additives such as FEC or VC have not proven their
efficiency to improve the cycling stability. Many efforts should be
devoted to electrolyte formulation (salts, solvent, and additives)
as well as to electrode formulation with efficient binders in
order to improve the performance of alloying materials. The
understanding of the electrochemical mechanisms also needs
to be further deepened, considering that it is not basically a
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translation of those observed for the same materials in LIB-
and NIB.

ORGANIC COMPOUNDS

Organic materials are more and more targeted as effective
electrode materials in LIB and NIB because they are low-cost
and environment friendly, but also for their good cyclability.
Focusing on the potassium electrochemical storage, the Van der
Waals forces between the organic molecules lead to lower barrier
energy and enable the formation of more free space to insert big
metal ions. Most anode materials reported so far stem from the
terephthalate structure.

In 2009, terephtalate compounds were highlighted as
attractive sustainable anodes for LIB by Armand and workers,
with a large lithium uptake occurring at 1V and leading to the
high initial capacity of 300 mAh/g (Armand et al., 2009). Two
groups simultaneously tested the advantages of terephthalate-
based electrodes to emerging KIB. At C/20, Deng et al. reported
a stable capacity of 180 mAh/g for 100 cycles for dipotassium
teraphtalate (K,CgH4Oy4, hereafter named K,TP), with KFSI
(IM) in EC:DMC as electrolyte (Deng et al., 2017). A slightly
better performance were presented by Chen et al. with KPFs-
based electrolytes (Lei et al., 2017) (Figure 8). Interestingly, K, TP
is obtained by a first potassiation of theraphtalic acid. Then,
the redox process occurs at the two conjugated carboxylate
groups and is facilitated by the flexible layered structure. The
corresponding working potential is very low 0.6 V, making K, TP
suitable for application as negative electrode materials. The
electrochemical process was carefully followed by FTIR and
XPS, and the crucial role of the SEI film formed when DME
is used as solvent was evidenced. In fact by replacing the latter
by carbonate-based solvents both limited reversible capacities as
well as fast capacity decay were observed.

Later, nanocomposites made of K, TP and carbon nanotubes
was implemented in a full KIB with potassium-rich iron
hexacyanoferrate as cathode material and a KClO4-based
electrolyte (Liao et al, 2017). Without potassium metal, the
electrochemical evaluation in full cell shows the absence of side
reactions and improved cycling performance. Looking at other
teraphatalate-based compounds, average capacities of 146 mAh/g
for 200 cycles at 60 mA/g were obtained for cobalt teraphtalate
(CoTP) with KFSI (1 M) in EC:DMC (Fan C. et al., 2017). More
simply, the direct use of the common and commercially available
terephthalic acid enabled the access to capacities up to 240 mAh/g
for 150 cycles at 500 mA/g (Wang C. et al., 2018).

Other organic molecules based on carboxylates with an
extended aromatic skeleton were investigated with the hope that
larger 7 conjugation might improve intermolecular electron
percolation. With potassium 1,1’-biphenyl-4,4'-dicarboxylate
(K,BPDC) and  potassium  4,4'-E-stilbenedicarboxylate
(K2SBDC), low potassiation potentials at 0.35 and 0.55V
are observed, respectively. Although cycling capacities are
logically lower than K,TP, they are still promising with for
example 143 mAh/g at 200 mA/g and 100 mAh/g at 1,000 mA/g
for K,BPDC (Li et al.,, 2017). In the same spirit, the group of
Wang developed azobenzene-4,4’-dicarboxylic acid potassium
salts with an azo group as the redox center (Liang et al., 2019).

Among the organic systems, also a series of oxocarbon salts
[M2(CO)y, with n ranging from 4 to 6] were prepared and
investigated as negative electrodes in LIB NIB, and KIB (Zhao
Q. et al,, 2016). It was surprisingly found that K,C¢Og and
K;C505 allow an ultrafast K-ion insertion/extraction. As an
example, the discharge capacity of K;CsOg is 212 mAh/gat 0.2 C,
while 164 mAh/g are maintained at 10 C, using KPF¢ (1.25M) in
DME electrolyte. The higher electrical conductivity of K,CsOg
than the lithium and sodium analogs was proposed to explain
such surprising high-rate performance. The electrochemical
potassiation of K;CsOg proceeds in two-step, and the higher
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potential plateau at 2.4V (reaction from K;CsOg to K3CsOg)
is too high for application as anode. Thanks to the important
difference with the second potential plateau at 1.3V (reaction
from K3CeOg to K4CsOg), the authors bypassed this issue by
proposing a full K4CsOs/K,C6O¢ KIB, showing a potential of
1.1V and a limited total energy density of 35 Wh/kg (Figure 9).

Finally, it is important to mention a recent report on anodes
based on vitamin K (Xue et al., 2018). Indeed, this biomolecule
possess a quinone structure which makes them electrochemically
active. Using commercially available vitamin K associated with
graphene nanotubes, Xue et al. reported at 100 mA/g a promising
initial capacity of 300 mAh/g, which remains quite high upon
cycling (222 mAh/g after 100 cycles) or at high current rates (165
mAh/g at 1,000 mA/g).

Organic electrode materials are interesting candidates since
a large-scale low cost production can be forecasted. Unlike
insertion-type materials, the size of the potassium ion does
not affect the electrochemical performance, and the very recent
works described above surprisingly underline that fast reactions
are feasible for selected organic compounds. Rational electrode
formulation of the organic material with carbon additives should
further promote the overall cycling performance.

GENERAL CONCLUSION AND
PERSPECTIVES

Efforts for discovering high-performance negative electrode
materials for KIB logically follow the pathways previously taken

when developing LIB and NIB. Owing to this past experience,
starting from the same type of electrode materials and following
the same methodologies, the research on negative electrode
materials for KIB is rapidly advancing. However, the lack of new
concepts only devoted to the electrochemistry of potassium can
be regretted. A comparison of the electrochemical behavior in
KIB, NIB, and LIB is thus helpful to understand the mechanism
and forecast the limits in terms of performance.

Similarly to lithium ions, potassium ions can be
electrochemically inserted into graphite. Consequently, graphite
and carbonaceous-based materials have ben intensively
investigated. However, the specific capacities and rate capabilities
reported so far appear limited. Other insertion-type materials
may show electrochemical reversible reaction with potassium
ions, but the large size of the potassium ion may not ease the
ionic diffusion in particularly constrained structures. Moreover,
after a quite promising first discharge capacity, a large irreversible
capacity loss is often observed because of a high degree of ion
trapping in the host structure.

For alloying and conversion-type electrode materials
involving phase transitions, the size of K-ion is not expected
to play a significant role. However, it influences directly the
volumetric expansion, which is sometimes 4 times higher than
that observed in case of lithium alloying. This important volume
change represents a real limitation for large-scale application.
Nevertheless, it can be mitigated by using specific formulations
including binders and carbon additives or nanostructuring the
active material such as it was widely done for the silicon in LIB
(Franco Gonzalez et al., 2017).
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There is currently a growing interested toward designing
hybrid systems combining battery and supercapacitor behavior
working on the dual reaction of both cations and anions with
the electrode materials (Fan L. et al., 2017; Fan et al., 2018). In
this context, there is no doubt that playing with potassium ion as
the electrochemical vector could be of interest, with for example
some electrode materials listed above.

In a number of works, the electrolyte was pointed out as
a key factor for the electrochemical performance of negative
electrode materials. Most of the electrochemical measurements
were done with KPFg salt (Hwang et al., 2018), but KFSI seems
more stable and allowed obtaining better capacity retentions and
coulombic efficiencies with most negative electrode materials.
For the solvent, the mix of EC/DEC was mostly reported,
but also EC/DMC and EC/PC were considered. Many works
were focused on the comparison of carbonate-based vs. ether-
based electrolytes. A strong difference was observed for
graphite, for which carbonate species in the electrolyte led to
intercalation of Kt between the graphene layers whereas ether
electrolytes rather show co-intercalation mechanisms. Well-
known LIB electrolyte additives such as FEC or VC appear
to be not suitable in KIB. Many efforts should therefore
be done in the future to develop stable and performing
electrolytes with appropriate additives. The high reactivity of
metallic potassium needs to be taken into account in half-cells
measurements because its presence alter both the electrochemical
performance and the SEI formation. Indeed, potassium metal
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