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Characterisation and modelling of
potassium-ion batteries

Shobhan Dhir 1, John Cattermull 1,2, Ben Jagger 1, Maximilian Schart1,
Lorenz F. Olbrich 1, Yifan Chen 1, Junyi Zhao1, Krishnakanth Sada 1,
Andrew Goodwin 2 & Mauro Pasta 1

Potassium-ion batteries (KIBs) are emerging as a promising alternative tech-
nology to lithium-ion batteries (LIBs) due to their significantly reduced
dependency on critical minerals. KIBs may also present an opportunity for
superior fast-charging compared to LIBs, with significantly faster K-ion elec-
trolyte transport properties already demonstrated. In the absence of a viable
K-ion electrolyte, a full-cell KIB rate model in commercial cell formats is
required to determine the fast-charging potential for KIBs. However, a thor-
ough and accurate characterisation of the critical electrode material proper-
ties determining rate performance—the solid state diffusivity and exchange
current density—has not yet been conducted for the leading KIB electrode
materials. Here, we accurately characterise the effective solid state diffusivities
and exchange current densities of the graphite negative electrode and
potassium manganese hexacyanoferrate K2Mn½FeðCNÞ6� (KMF) positive elec-
trode, through a combinationof optimisedmaterial design and state-of-the-art
analysis. Finally, wepresent aDoyle-Fuller-Newmanmodel of aKIB full cell with
realistic geometry and loadings, identifying the critical materials properties
that limit their rate capability.

Batteries are critical for decarbonisation of the transport sector and
energy storage for renewables. However, the leading lithium-ion (Li-
ion) chemistries meeting this demand are highly intensive in terms of
criticalminerals including lithium, nickel, cobalt, graphite and copper1,
many of which have experienced exceptional price volatility over
recent years, posing significant uncertainty for their future security of
supply2–4. Therefore, the case for alternative chemistries which can
fulfil some lithium-ion battery (LIB) functions with reduced critical
mineral dependency is significantly growing5–9. One of the most pro-
mising positive electrode materials for potassium-ion batteries (KIBs),
the potassium manganese hexacyanoferrate K2Mn½FeðCNÞ6� (KMF),
contains no critical minerals while K-ion can also utilise aluminium
negative electrode current collectors unlike Li-ion, removing the need
for any copper in the cell5. KIBs also present a significant advantage
over sodium-ion batteries (NIBs) as K+ can intercalate into the graphite

electrodes used in LIBs10,11. Therefore, one of the primary components
of KIBs is already available at global industrial scale, unlike for NIBs5.

Fast electric vehicle (EV) battery charging rates (~4 C12) are also
becoming increasingly important for consumers, however, LIBs are
limited in their capability for fast-charging13. Critical challenges limit-
ing accessible capacities at high rates in LIBs include slow electrolyte
transport, Li metal plating and constant solid electrolyte interphase
(SEI) formation12–14. KIBs, however,may present an advantage over LIBs
in terms of fast-charging. We recently demonstrated that the K-ion
electrolyte potassium bis(fluorosulfonyl)imide (KFSI) in 1,2-dime-
thoxyethane (DME) displays significantly higher salt diffusivities and
cation transference numbers than the Li-ion equivalent, resulting in
reduced electrolyte concentration gradient formation, thus faster
electrolyte transport and lower electrolyte concentration over-
potentials at higher charging rates15. This is due to the larger size of K+,
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resulting in a lower charge density and weaker interactions with sol-
vent molecules15.

In the absence of an electrolyte capable to provide both a stable
SEI for the graphite negative electrode and practical coulombic effi-
ciencies at the high operating voltages of the leading positive
electrodes5, the experimental validation of the rate capability of KIBs is
not currently possible. Therefore, to understand the potential of K-ion
fast-charging, and invigorate the search for a suitable electrolyte,
requires full-cell Doyle-Fuller-Newman (DFN)16,17modellingof K-ion in a
commercial cell format. This requires characterisation of the KIB cri-
tical electrode material properties which also significantly contribute
to determining rate performance, the solid-state diffusivity, D, and the
exchange current density, j0. These properties have been char-
acterised, estimated and parameterised in teardown analyses for
commercial Li-ion cells18–23 but not yet for K-ion.

Accurate characterisation of D is particularly challenging. Typi-
cally measured using galvanostatic intermittent titration technique
(GITT) or the potentiostatic intermittent titration technique (PITT), D
characterised by these methods can vary by several orders of magni-
tude even for the same material24,25. This is a result of a variety of
sources of error including unsuitable experimental conditions, inac-
curate analysis and high uncertainties of critical parameters. Both
techniques were originally developed for dense, single-phase, planar
bulk materials26,27. However, leading battery electrode materials today
are multi-particle, often multiphase, porous materials, which poses
significant additional challenges.

There is considerable debate regarding the D measured in multi-
phase systems by techniques such as GITT and PITT28–33. However,
Ceder et al. showed that GITT and PITT are still accurate in measuring
D in multiphase systems described with phase field modelling
accounting for the phase changes29. In two-phase regions, the mea-
suredD is considered an effective diffusivity (eD) rather than a chemical
diffusivitywith contributions from the chemical diffusivities of the two
stable phases as well as the movement of the interphase boundary29,30.
PITT has been found to be inferior to GITT formultiphase systems due
to the insufficiently low potential step that can be applied in the two-
phase potential plateaus and the inability to apply sufficient integra-
tion time28,29. PITT is also inherently limited compared to GITT due to
there being no zero-current relaxation periods to separate current-
related overpotentials25.

Kang and Chueh recently conducted a systematic analysis of the
sources of error in GITT application for battery materials, providing
recommendations for improved GITT experimental conditions and
analysis, as well as determining an optimised modified fitting method
for more accurate determination of D (method denoted herein as
Kang-Chueh GITT). In the Kang-Chueh GITT analysis (‘Methods’) D [m2

s−1] is calculated according to Eq. (1)25,34:
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where I [A] is applied current, Vm [m3 mol−1] is molar volume, F [A s
mol−1] is the Faraday constant, z [–] is the charge number, S [m2] is the
electrochemically active surface area, ∂V eq

∂x [V] is the derivative of the
Nernst voltage with stoichiometry, V [V] is voltage during relaxation,
trelax [s] is relaxation time and τ [s] is pulse duration.

Important sources of error in conventional GITT include
composition-dependent overpotentials during conventional pulse
analysis, finite-size effects due to inappropriate pulse conditions or
particle size, convolution of electrolyte transport limitation with D, or
counter electrode overpotential contributions in two-electrode cells25.
Utilising accurate relaxation-only analysis, large particles and appro-
priate pulse conditions tominimisefinite-size effects, low samplemass
loading with high porosity to ensure that the potential relaxation

profile is governed by D, and three-electrode cells, mitigate these key
sources of error24,25. However, one of the most critical sources of
uncertainty for both GITT and PITT applied to porous electrode
materials is the determination of the electrochemically active surface
area, S, or the diffusion length, L24,25,31,35. With an inverse-square rela-
tion, the resulting D is highly sensitive to this parameter (Eq. (1)). This
ambiguity in S results in orders of magnitude difference in D alone.
Therefore, the accuracy of D could be substantially improved with the
design of a material with greater morphological homogeneity.

Reaction kinetics at the electrode-electrolyte interface for porous
electrode materials are conventionally taken to follow the Butler-
Volmer kinetic laws. The kinetic reaction rate is governed by the
exchange current density j0 according to the Butler-Volmer equation
(‘Methods’)17. By measuring the charge-transfer resistance, Rct [Ω],
using electrochemical impedance spectroscopy (EIS), j0 [A cm−2] can
be determined through linearising the Butler-Volmer equation in
combination with S [cm2], the Faraday contant, F [A s mol−1], the molar
gas constant, R [ J mol−1 K−1], and temperature, T [K] (Eq. (2)). By mea-
suring j0 at various stoichiometries, the plot of j0 over composition can
be fitted to a formof the Butler-Volmer equation (Eq. (3), ‘Methods’) to
determine the constant reference current for the reaction, k0, which
can be utilised in the DFNmodel17,18,20,36. To isolate the Rct and hence j0
at a single electrode requires the use of three-electrode cells17. There
are modifications to classical Butler-Volmer kinetics for multiphase
materials that have been proposed recently from the work of Bazant
et al. in multiphase porous electrode theory (MPET)37 or coupled ion-
electron theory (CIET)38. However, both models predict the exchange
current densities for lithium iron phosphate (LFP) and graphite com-
parably to the values obtained using the classical Butler-Volmer
model39–41. Therefore, similar to D, one of the most significant uncer-
tainties in determining j0 is also S, though it is less sensitive thanDwith
an inverse rather thanan inverse-square relation (Eq. (2)). Hence, again,
improved homogeneous material design would improve the determi-
nation of j0.

j0 =
RT

SFRct
ð2Þ

Therefore, in this study we characterise the effective solid state dif-
fusivities and exchange current densities of the leadingK-ion electrode
materials: the graphite negative electrode and K2Mn[Fe(CN)6] (KMF)
positive electrode (Fig. 1). Tomitigate the critical sourceof uncertainty
and error of S, for the determination ofD and j0, we synthesise a highly
homogeneous and monodisperse KMF positive electrode material
enabling a considerably more accurate determination of S, while we
analyse the active area of a commercial synthetic graphite. To
determine the effective eD of these materials we employ the state-of-
the-art Kang-Chueh GITT technique and analysis to mitigate common
errors from conventional GITT application25,34. We determine j0 for
both materials using EIS. KFSI in triethyl phosphate (TEP) was utilised
as the electrolyte as it has arguably achieved the best K-ion full-cell
performance42. Finally, we present a Doyle-Fuller-Newman model of a
KIB full cell in a hypothetical cell based on the commercial LG M50
cylindrical cell format, enabling us to identify the critical limitations in
realising fast-charging KIBs.

Results
Graphite negative electrode
High-crystallinity synthetic graphite exhibits superior capacity reten-
tion to low-crystallinity graphite in K-ion cells43. Therefore, a com-
mercial, highly crystalline, synthetic graphite was utilised (SGP5, SEC
Carbon). A larger particle size was utilised to minimise finite-size
effects in the Kang-Chueh GITTmeasurements25. Pawley refinement of
synchrotron X-ray diffraction (XRD) data confirms the highly crystal-
line, phase-pure nature of the synthetic graphite (Fig. 2a). Graphite
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particles comprise of highly oriented layers, shown in a single graphite
particle in the the SEM image in Fig. 2b, where the basal planes are
parallel to the graphene layers while the edge planes expose the end
faces of the graphene layers44. Intercalation of K+ into graphite is
similar to Li+ and only occurs through these edge planes where gra-
phene layers are exposed as shown clearly in Fig. 2b, with the diffusion
process advancing into the particle centre along the basal plane44–47.
Therefore, the graphite particle S is only this edge area (Fig. 2b).
Supplementary Fig. 1a and b show other SEM images of the graphite
particles in powder and in a cast electrode, respectively, showing the
flake-like morphology expected. The graphite average particle size
distribution from SEM analysis is shown in Fig. 2c, with an average
graphite particle size of 5.28 μm and thickness of 0.17 μm (Supple-
mentary Fig. 2).

Based on the active edge area and the SEM average particle size
and thickness geometric analysis, the graphite particles were
approximated as discs (Supplementary Fig. 3) with S determined from
this disc edge geometric shaded area where K+ intercalation occurs.
Levi et al. andYang et al. also accounted for this edge intercalation area
in graphite in their determination of Li graphite eD45,46. Adsorption
methods such as Brunauer-Emmett-Teller (BET) are most commonly
used to characterise S. However, in addition to being a limited and
inaccurate proxy for S, for instance being unclear whether very fine
pores measured by BET are wetted by the electrolyte25,48, it is highly
unsuitable for determining S of graphite as it would include the large
area of inactive basal plane regions of the graphite particles. The gra-
phite reversible capacity is close to the theoretical capacity (260 vs.
279mAhg−1, respectively, Supplementary Fig. 4), this indicates there is
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Fig. 2 | K graphite characterisation.Material and kinetic characterisation of the
potassium synthetic graphite. a Pawley refinement of synchrotron XRD pattern
(data in black, fit in teal, data-fit difference in grey, and reflection positions below in
green). b SEM image of a single particle. c Particle size distribution. d Open-circuit
voltage (OCV) profile from the Kang-Chueh GITT during depotassiation at 20 °C.

e Effective diffusivity over composition from Kang-Chueh GITT analysis at 20 °C.
Greyedout points indicate datawhichmaybe affected by SEI formation. f Exchange
current density over composition at 20 °C. Error bars depict the standard error in
the mean from at least two repeat measurements.

K+

Charging

K-ion Characterisation and Modelling

cK+

Dg

j0,g

j0,KMF

DKMF

Hypothetical (DMEe)

State-of-ff the-art
(TEP)

Fig. 1 | K-ion characterisation and modelling. Schematic of the leading K-ion
chemistry characterised and modelled. The graphite negative electrode (left) and
the potassium manganese hexacyanoferrate (KMF) positive electrode (right). The
effective solid-state diffusivities, eDi, and exchange current densities, j0,i, were
characterised here, enabling full-cell Doyle-Fuller-Newman modelling in

combination with electrolyte transport properties of the current state-of-the-art
K-ion electrolyte in the K-ion research community KFSI:TEP (TEP) or a hypothetical
electrolyte with equivalent transport properties of KFSI:DME (DMEe) electrolyte
characterised previously15.
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very little inactive regionof the cast graphite electrode, supportingour
method of estimation of S.

Figure 2d shows the open-circuit voltage (OCV) profile of the gra-
phite and Fig. 2e shows the effective eDg results over stoichiometry from
the Kang-Chueh GITT and determined S. The results show the median
eDg fromboth potassiation and depotassiation is 2.32 × 10−13 cm2 s−1. This
appears to be two to three orders of magnitude lower than the values
reported for Li+ in graphite18,36,45, suggesting slower diffusion for K
graphite. However, the Li+ eDg should be measured using the Kang-
Chueh GITT for a more meaningful comparison.

Studies have shown using operando XRD and Raman49,50 that K+

intercalation into graphite progresses through several two-phase
transformations and Onuma et al. proposed the following staging
evolution49:

Graphite ! Disorderly stackedhigh stage
Graphite� KC96

! Stage4L� 3L
KC96 � KC24

! Stage 2L
KC28 � KC24

! Stage 1
KC8

Stages 4L, 3L and 2L exhibit “liquid-like” in-plane potassium distribu-
tions and Daumas-Hérold defects are generated during the phase
transformations. The phases therefore have variable compositions and
a high concentration of defects, causing their potentials to change
during intercalation and explaining the lack of clear plateaus in Fig. 2d
for x < 0.4. In contrast, stage 1 forms with a fixed composition through
the complete filling of the graphene layerswith potassium, eliminating
Daumas-Hérold defects and resulting in a constant potential, as
evident by the flat voltage plateau for x ~ 0.4 to 0.8 in Fig. 2d as KC8

forms. This appears to coincide with a two to three orders of
magnitude drop in the effective eDg between x ~ 0.4 to 0.8 (Fig. 2e).
However, we exercise caution in analysing regions where

∂V eq

∂x
approaches zero (Supplementary Fig. 5), which in turn leads to eD∼
zero (Eq. (1)), which is not physical31.

Onuma et al. further observed hysteresis between the intercala-
tion and deintercalation processes, with a stage 2 (KC16) structure able
to form from KC8 initially before Daumas-Hérold defects are again
necessary for further deintercalation49. These differences may explain
some of the directional differences in the eDg profile during potassia-
tion and depotassiation, particularly since composition-dependent
overpotentials are avoided here through the relaxation-only GITT
analysis25. However, autocatalysis effects may also contribute to
direction-dependencies; therefore it is advisable to refrain from
assigning excessive physical meaning to the direction-dependency25.

We further note that eDg appears to be significantly greater at low x
during potassiation and at high x during depotassiation, which is not
expected physically. Both of these inflated regions correspond to the
first few pulses after switching the current direction, and may there-
fore be caused by SEI formation. Although the GITT measurements
were performed with the current leading K-ion electrolyte (KFSI:TEP),
continuous SEI formation is still a common issue, even after numerous
cycles42,51. A recent study further evidences that the SEI is partially
soluble52 and its composition can change dynamically during
cycling14,53. Therefore, theremaybe a restructuring of the SEI that takes
place when the direction of the current pulse is changed, consuming
capacity until a sufficiently passivating structure is formed. This is
supported by evidence that the SEI composition on graphite in K-ion
cells changes considerably between charge and discharge54. The
necessarily short current pulses applied here mean that this may
influence the eDg results over several pulses. We therefore believe the
potassiationdata to give amore reliable eDg for x ~ 1, anddepotassiation
for x ~ 0, as highlighted in Fig. 2e.

The impact of finite-size effects on the Kang-Chueh GITT eDg can
be assessed through evaluating the dimensionless pulse time (τ̂ =
eDτ=L2)25. Supplementary Fig. 6 shows the dimensionless pulse time for
the majority of the graphite Kang-Chueh GITT data is within the ideal
valid semi-infinite region for 3D geometries, minimising finite-size

effects25,34. Diffusion in graphite particles can also be considered 2D
along the graphene planes, providing further mitigation against finite-
size effects. Supplementary Fig. 7 shows the eDg evaluated using PITT
agrees reasonably well with the Kang-Chueh GITT results (Supple-
mentary Note 1), though with less sensitivity to composition as
expected from the limitations of potential step size in plateau regions,
as mentioned previously. However, PITT results are inherently limited
compared to relaxation-only Kang-Chueh GITT as described in the
introduction and Supplementary Note 1. The PITT eDg minima are
shallower than for Kang-Chueh GITT, matching the findings from
Markevich et al. who found that PITT is more susceptible to parasitic
current contributions than GITT, resulting in overestimated and less
accurate D28.

Figure 2f shows j0,g of the graphite over stoichiometry in 2 m
KFSI:TEP electrolyte fitted to the Butler-Volmer equation (Eq. (3)). The
mean j0,g over the composition is 3.42 × 10−5 A cm−2. j0,g is similar to that
found for Li graphite18,20 indicating similar charge-transfer reaction
kinetics between Li+ and K+ and graphite. A critical challenge with
accurately determining Rct fromEIS is the fact that constantly evolving
SEI and passivation layer formation occur at similar frequency ranges
to charge transfer55. The equivalent circuit used to determine Rct and
an example impedance spectrum for K graphite are shown in Sup-
plementary Figs. 8 and 9, respectively. Rct was represented by R2 in the
equivalent circuit, with R1 representing the SEI due to evidence that SEI
impedance has a higher characteristic frequency than Rct

56,57. From the
Butler-Volmer fit (Eq. (3)) the reference current for the reaction k0,g is
8.07 × 10−5 A cm−2. The poor Butler-Volmer fit for the graphite j0,g
matches the findings of Ecker et al. and Schmalstieg et al. for Li
graphite18,58, thoughO’Regan et al. achieved a good fit for Li graphite20.
These results indicate that the SEI interferes with the impedance
measurements for the graphite electrode. Overlapping time constants
for SEI formation and charge-transfer at the graphite electrode may
make it difficult to correctly isolate Rct and thus very accurately
determine j0,g, however, this provides a reasonable order ofmagnitude
for j0,g, as required for the model.

Potassium manganese hexacyanoferrate positive electrode
Figure 3a and b show the large, highly crystalline, non-agglomerated
and cuboid KMF material—synthesised via a citrate-assisted co-pre-
cipitation (‘Methods’). Supplementary Fig. 1c and d show the material
is homogeneous and monodisperse. Synchrotron XRD measurement
of the KMF sample confirmed that the high degree of crystallinity
achieved through more traditional synthesis had been retained
(Fig. 3a). Further, Rietveld refinement revealed that a near identical
structure and higher potassium concentration (1.871(3) per formula
unit) compared to previous studies was produced (Supplementary
Note 2)5,59,60. Elemental analysis by inductively coupled plasma mass
spectrometry (ICP-MS) also indicated a low-vacancy/high potassium
content from the Fe:Mn ratio of 0.98(5), giving a chemical formula of
K1:871ð3ÞMn½FeðCNÞ6�0:98ð5Þ from the combined XRD/ICP-MS analysis.
The material was synthesised to have as large particles as possible
while maintaining performance to minimise finite-size effects and
ensureD limitation in the Kang-Chueh GITTmeasurements. From SEM
analysis the average KMF particle size was identified as 1.02 μm
(Fig. 3c), significantly larger than other KMF materials synthesised42,59.

There has been a historical mischaracterisation of eD for Prussian
blue analogue (PBA) materials, withmany studies characterising in the
order of 10−8 to 10−11 cm2 s−1 35. This is due to several sources of error.
First, as PBAs are frequently synthesised as agglomerated nano-
particles, S or the diffusion length, L, (L / nVm

S for a cube, where n is the
number of moles) is oftenmischaracterised based on the agglomerate
rather than the primary particle size (or for electrodeposited PBA films
the film thickness rather than the individual nanoparticle size) result-
ing in significant overestimates of eD since eD is inversely proportional
to S2 or proportional to L2 35. Inhomogeneous material, poor
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morphological characterisation and poor diffusivity analysis have also
led to mischaracterisation35. However, recently Komayko et al. con-
ducted a detailed analysis of several PBAmaterials35 using PITT analysis
and improved characterisation of the materials, finding eD of various
PBA materials assessed was in fact around four orders of magnitude
lower than conventionally measured and of the order 10−12 to 10−15 cm2

s−1 35. However, they did not characterise eD for the KMF material.
The highly uniformmorphology and lack of agglomeration of the

KMF synthesised here enables significantly increased accuracy in the
determination of S, which has been a significant source of error in the
determination of eD in the past35. Due to this morphological homo-
geneity, and the 3D framework structure of PBAs enabling K+ insertion
through all exposed facets61, the geometric surface area of the KMF
particle is a good measure of S. Given the reversible capacity is very
close to the theoretical capacity (141 vs. 155 mA h g−1, Supplementary
Fig. 10), this indicates there is very little inactive regionof the cast KMF
electrode, supporting our method of estimation of S.

The OCV profile in Fig. 3d shows the two well-defined plateaus,
which are characteristic of the low-vacancy KMF. Multiphase beha-
viour in PBA-positive electrodes is a consequence of maximising the
theoretical capacity by reducing the vacancy content, which induces
highly correlated distortions in the structure61. From previous in situ
XRD studies we understand there to be three dominant phases; the
Jahn-Teller distorted (x = 0) and slide distorted (x = 1) phases with an
apparently undistorted phase at the intermediate x = 0.5
composition62. We rationalise results from the Kang-Chueh GITT
experiment in this context. The results from the Kang-Chueh GITT
(Fig. 3e) give amedian eDKMF frombothpotassiation anddepotassiation
of 5.50 × 10−14 cm2 s−1, showing eDKMF is ~ four times lower than the eDg,
indicating slower K+ transport in the KMF. The drops in eDKMF appear to
align with the two plateaus between x ~ 0.95 to 0.75 and x ~ 0.4 to 0.1,
the former of which corresponds to an apparent drop of three to four
orders of magnitude in the effective eDKMF. However, we once again
exercise caution in analysing regions where ∂V eq

∂x approaches zero
(Supplementary Fig. 11), and without reliable quantification of the
phase behaviour from in situ structural techniques one cannot com-
ment further on this result.

The eDKMF results obtained here are within the lower range iden-
tified by Komayko et al. for other PBA materials evaluated with
improvedmaterials and analysis35, thus supporting the accuracy of the
eDKMF results ascertained here. Using the Kang-Chueh GITT relaxation
analysis also avoids the current-related overpotential errors from PITT
analysis in their study25,35. Authors He and Nazar found that the KMF
analogueK2Fe[Fe(CN)6] (KFF)displayednotably inferior rate capability
to its sodium equivalent when their crystallites aremicron-sized63. This
suggests that K+ diffusion is slower for K-PBAmaterials compared with
Na equivalents.

Similar to the graphite case, eDKMF appears to also be enhanced for
the first few pulses after the direction of the current pulse is changed,
which could also indicate regions where cathode electrolyte inter-
phase (CEI) formation is influencing the results. We therefore again
believe the potassiation data to give a more reliable eDPBA for x ~ 1, and
depotassiation for x ~ 0, as highlighted in Fig. 3e. Supplementary Fig. 12
assesses the dimensionless pulse time for the KMF, also showing the
majority of data is within or close to the ideal valid semi-infinite region
for 3D geometries, again minimising finite-size effects25,34. Supple-
mentary Fig. 13 shows the PITT eDKMF results, again showing theymatch
the Kang-Chueh GITT results in the general trend and average mag-
nitude, however, again with limited composition resolution in the two-
phase regions as identified in other works28,29.

Figure 3f shows the KMF exchange current density, j0,KMF, over
stoichiometry in 2 m KFSI TEP electrolyte, measured in a three-
electrode cell, and again fitted to a form of the Butler-Volmer (Eq. (3)
and ‘Methods’). The data fits the Butler-Volmer trend well, matching
good Butler-Volmer j0 fits found for Li-ion lithium nickel manganese
cobalt oxide (NMC) materials18,58. For the fits the charge-transfer
coefficients (αa and αc) are maintained as 0.5, as is conventionally
assumed17,18,58. O’Regan et al. allow αa and αc to be a free fitting para-
meter to improve the Butler-Volmer fit20. However, since αa and αc are
highly difficult to measure accurately and validate17, and as 0.5 gave a
good fit for the KMF, this conventional assumption was maintained.
From the Butler-Volmer fit (Eq. (3)) k0,KMF was determined as
0.93 × 10−5 A cm−2. The equivalent circuit used to determine the KMF
Rct and an example KMF impedance spectrum are shown in
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Fig. 3 | KMF characterisation. Characterisation of the potassium manganese
hexacyanoferrate K2Mn½FeðCNÞ6� (KMF). aRietveld refinement of synchrotron XRD
pattern (data in black, fit in peach, data-fit difference in grey, and reflection posi-
tions below in green).b SEM image of a particle. c Particle size distribution.dOpen-
circuit voltage (OCV) profile fromKang-ChuehGITTduringdepotassiation at 20 °C.

e Effective diffusivityover composition fromKang-ChuehGITTat20 °C. Greyedout
points indicate data which may be affected by CEI formation. f Exchange current
density over composition at 20 °C. Error bars depict the standard error in themean
from at least two repeat measurements.
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Supplementary Fig. 14 and 15, respectively. Again, Rct is represented by
R2 in the equivalent circuit as R2 results in j0,KMF clearly fitting the
Butler-Volmer trend, and also due to evidence that passivation layer
formation occurs at higher frequencies than Rct

57. The results show a
mean j0,KMF of 0.34 × 10−5 A cm−2 over the composition which is
approximately an order of magnitude lower than j0,g, indicating
notably faster kinetics for the graphite negative electrode.

The sluggish j0,KMF charge-transfer kinetics identified could finally
explain the poor rate capability found by other studies assessing the
KMF electrochemical performance59,63, where the underlying cause
had not been identified5. For context j0,KMF is almost two orders of
magnitude lower than that found for NMCpositive electrodematerials
indicating significantly less efficient reaction kinetics to the high
energy density Li-ion metal oxides18,20,58. However, the j0,KMF appears
around half an order of magnitude higher than LFP (from
4.7–16.7 × 10−7 A cm−2) determined from fitting to commercial LFP
electrode experimental data23 and to other models calibrated against
experimental LFP testing64. Therefore, the kinetics appear to be similar
or slightly better than that for LFP. Given LFP Li-ion would be the
competitor for K-ion, rather than the high energy density high nickel
positive electrodes5, the comparable j0 for KMF to LFP is promising for
the competitiveness of K-ion.

Full-cell potassium-ion modelling
To understand the potential of KIBs for fast-charging, we developed a
KIB full-cell DFNmodel in a hypothetical cell based on the commercial
LG M50 cylindrical cell format20,36, ensuring realistic electrode thick-
nesses, parameters and loadings were used. As mentioned, since there
is no current K-ion electrolyte which provides practical coulombic
efficiencies, two K-ion cells were modelled with alternative electro-
lytes. First, using KFSI:TEP, which is considered the current leading
K-ion electrolyte in the K-ion research community, and is also the
electrolyte we used in our experimental investigation42,65. Second,
using a hypothetical electrolyte with equivalent properties to
KFSI:DME (DMEe), the only other non-aqueous K-ion electrolyte fully
characterised until now15. KFSI:DME properties were used as a model
electrolyte to indicate full-cell K-ion performance once a potential
suitable electrolyte has been developed and optimised. It is important
tonoteKFSI:DMEwill notbe the electrolyte utilised in commercial KIBs
unless additives are developed which mitigate its tendency for coin-
tercalation into graphite5. The K-ion models were developed using the
electrode properties characterised here (eDg, j0,g, eDKMF and j0,KMF) in
combination with the KFSI:TEP electrolyte properties characterised by
Zhaoet al. (SupplementaryNote 3 and SupplementaryTable 3)66 or the
KFSI:DME transport properties fully characterised in our previous
work (Supplementary Note 3)15. The cells were modelled using the
battery modelling package PyBaMM67. The total energy of each K-ion
cell was simulated to be 7.3Wh by adjusting the electrode thicknesses.
The half-cell OCV profiles for the graphite negative electrode and KMF
positive electrode determined here were implemented in the model
(Figs. 2d and 3d, respectively). All electrode properties, including
positive and negative electrode material particle size and electrode
porosities were kept constant for both cases, and the negative/positive
electrode capacity ratios (NP ratios) were set to be 1.1 as typical in
commercial Li-ion cells68. Full details of the model and parameters are
described in the ‘Methods’ and Supplementary Table 3.

The median eDg and eDKMF (Supplementary Figs. 16 and 17) are
being used in the model to represent the Kang-Chueh GITT data
characterised in the regions where potassiation and depotassiation
match, while minimising exposure to the extreme values—the high
values where SEI/CEI formation and finite-size effects are likely to have
some impact due to being above the ideal semi-infinite regime (Sup-
plementary Figs. 6 and 12), and also avoiding impact from thepotential
plateau regions when ∂V eq

∂x approaches zero (Supplementary
Figs. 5 and 11) as mentioned previously.

In commercial LFP LIBs, LFP particles need to be nanosized to
increase the surface area available for reaction and decrease the dif-
fusion length due to the substantially lower j0 and D of LFP than Li
graphite. In the K-ion cell, eDKMF is approximately four times lower than
eDg, and j0,KMF is around one order of magnitude lower than j0,g. Con-
sequently, the KMF particles must also be nanosized to match the
faster kinetics of the graphite negative electrode. In the model, the
KMF particle sizes are set to 500 nm, consistent with the commercial
LFP particle size69.

Figure 4a depicts the K-ion cell being modelled with the two
electrolytes. The KMF positive electrode is 66% thicker than the gra-
phite negative electrode due to the lower capacity and bulk density of
the KMF material5. Figure 4b shows the specific energy and energy
density of the K-ion chemistry based on the positive and negative
electrode theoretical capacities and the simulatedgalvanostatic profile
(Fig. 4c) using the stack-levelmodel developedpreviously5,70. Figure 4c
displays the DFN simulated galvanostatic profiles of the two chemis-
tries during a 1 C charge, demonstrating the higher overpotentials
experienced by the TEP cell. Finally, Fig. 4d shows the fast-charging
performance comparison for the two K-ion chemistries, demonstrat-
ing the DMEe shows significantly higher rate capability than the TEP
cell, achieving significantly higher accessible capacities at all rates
simulated. Even at the fast-charging rate of 5 C the DMEe cell can
access 34% capacity compared to 8% for the TEP cell. To understand
the reasons for the significant difference in rate capability, Fig. 4e and f
plot the overpotential components for each K-ion chemistry during a
5 C charge until the upper cut-off voltage is reached, beyondwhich cell
degradation processes may take place13. Figure 4e shows the electro-
lyte concentration overpotentials are exceptionally high and growing
quickly for the TEP K-ion cell early in the charge cycle at SOC < 0.1,
causing the upper-cutoff voltage to be quickly reached. This is the
result of significant electrolyte concentration gradient formation in
the TEP cell due to its lower salt diffusivity (~ one order of magnitude
lower than DMEe (Supplementary Table 3)15), thus limiting the trans-
port of K+ to the graphite negative electrode during charge. The ionic
conductivity of the TEP electrolyte is also ~ five times lower than that
of the DMEe electrolyte (Supplementary Table 3)15, resulting in larger
electrolyte ohmic overpotentials. The significantly slower electrolyte
transport properties are a result of highly viscous nature of the TEP
electrolyte (for context ~ five times higher viscosity than a commercial
Li-ion carbonate electrolyte LP3051,71). Therefore, though KFSI:TEP is
the current leading electrolyte for the K-ion research community using
low loading in coin cells, this electrolyte is unsuitable for even mod-
erately high charge rates using commercial cell electrode thicknesses
and loading, and an electrolyte with faster transport properties must
be developed.

Exploring the model DMEe K-ion chemistry further, where the
electrolyte concentration overpotentials are not the limiting factor in
determining rate, Fig. 4f shows the largest overpotential components
are the negative and positive electrode concentration overpotentials
with similar magnitudes. This reflects the transport limitations within
the particles as the most significant factor limiting rate, though it is
important tonote the eDg and eDKMF, utilised are likelyunderestimates as
noted previously. Initially, the graphite concentration overpotential is
most significant, yet, after SOC ~ 0.25 the KMF concentration over-
potential becomesmore dominant reflecting the KMF leaving the two-
phase OCV plateau between 0.75 < x < 0.95 (Fig. 3d), approaching the
apparently undistorted phase at 0.4 < x < 0.75 and thus the surface
OCV increasing more rapidly. Outside of the KMF OCV plateau region
the difference between the OCV at the KMF particle surface K+ con-
centration, Uðcs

KMF,K+Þ, compared to the OCV at the bulk KMF K+ con-
centration, UðcKMF,K+Þ, is larger, driving greater concentration
overpotentials, ηc. Thus at this point during charging, with decreasing
KMF K+ concentration, ηc,KMF =UðcKMF,K+Þ � Uðcs

KMF,K+Þ becomes larger
than ηc,g =Uðcg,K+Þ � Uðcs

g,K+Þ causing the KMF concentration
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overpotentials to start dominating over the graphite. The positive
electrode reaction overpotential is significantly larger than the nega-
tive reactionoverpotential throughout the charge reflecting the slower
j0,KMF than j0,g, despite the smaller KMF particles and greater surface
area for reaction. The electrolyte and solid ohmic overpotentials are
very small contributions. An additional comparison using the elec-
trolyte properties of the commercial Li-ion electrolyte LP5772 (Sup-
plementary Fig. 18 and Supplementary Note 4) showed negligible
difference in rate performancewith the DMEe electrolyte, showing the
electrode material properties are rate limiting with a considerably
slower transport electrolyte than DMEe.

Finally, since the LFP LIB is the Li-ion chemistry that K-ion would
be competing with5, an LFP model in the same LG M50 cylindrical cell
was also simulated for comparison (Supplementary Note 5 and Sup-
plementary Fig. 19). Again the total cell energies were matched by
adjusting the electrode thicknesses, and the particle sizes for each
chemistry’s positve and negative electrode materials were kept con-
stant between both models. KFSI and LiFSI in DME electrolytes were
used for the K-ion and LFP Li-ion cell, respectively, for additional fair
comparison and because both electrolytes were fully characterised
over concentration in the same conditions previously15. Supplemen-
tary Fig. 19b shows the K-ion chemistry displays a comparable specific
energy to an LFP chemistry (1% higher) though a significantly lower
energy density (24% lower), due to the significantly lower bulk density
of the KMF material compared to LFP (2.22 g cm−3 vs. 3.45 g cm−3 68,
respectively (Supplementary Table 3)), again showing K-ion is com-
petitive particularly where mass is a more critical constraint than
space. Supplementary Fig. 19d shows the K-ion cell displays very
similar rate performance to the LFP Li-ion cell (35% vs. 37% at 5 C,
respectively), indicating K-ion is indeed competitive with LFP, should a

suitable electrolyte be developed. In fact, given the conservative K-ion
median eD assumptions, it is likely K-ion would exhibit superior rate
performance to LFP from these results. The eDLFP has been tuned and
estimated to experimental data22, being ~ two to three orders of
magnitude higher than an apparent median eDLFP from GITT or EIS
results in other studies33,73. It is clear that the K-ion cell can experience
larger overpotentials before reaching the upper cut-off voltage due to
the KIB OCV profile with a more gradual increase compared to that of
the LFP Li-ion cell (Supplementary Fig. 19e). Oneof themost significant
reasons for this is the higher intercalation potential of K+ compared
with Li+ into graphite (~0.3 V and 0.1 V, vs. K+/Li+, respectively)5. Sup-
plementary Note 4 further explores the overpotential components of
the chemistries.

Overall, the modelling draws two critical conclusions. First, an
electrolyte with faster transport properties than the leading research
KFSI:TEP electrolyte is required to realise the potential fast-charging
capabilities of K-ion. Second, if an electrolyte is developed with
transport comparable with KFSI:DME, the electrodematerial transport
and kinetics become limiting in rate capability, not the electrolyte. To
address the low eDKMF and eDg requires smaller particle sizes, making
electrolyte stability even more important to maintain high coulombic
efficiencies. The slower j0,KMF than j0,g reiterates the importance for
researchers to focus on understanding the charge-transfer kinetics of
the KMF positive electrode and improving them to match the faster
kinetics at the graphite negative electrode.

Discussion
In summary, we have accurately characterised the effective solid state
diffusivities, eD, and exchange current densities, j0, of the leading K-ion
electrode materials, the graphite negative electrode and KMF positive
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Fig. 4 | K-ion full cell simulations. Full-cell Doyle-Fuller-Newman (DFN) simula-
tions of two K-ion cells with different electrolytes in a cell based on the commercial
LG M50 cylindrical cell format. The state-of-the-art modelled K-ion cell is graphite
(G) ∣∣ K2Mn½FeðCNÞ6� (KMF) with 2 m KFSI TEP electrolyte (denoted as TEP). The
other cell is a hypothetical electrolyte case using the characterised electrolyte
properties of the 2 m KFSI:DME15 to simulate K-ion performance with an equivalent
electrolyte (DMEe). The cell energy is 7.3 Wh. NP ratios were kept constant at 1.1

with constant electrode porosities, and properties for both chemistries. Modelled
using PyBaMM67 at 20 °C. (1 C = 1.91 mA cm−2 for both). a Schematic of simulated
K-ion cell. b Energy density and specific energy of the K-ion chemistry at the stack
level using the stack-level model developed previously5,70. c Simulated galvano-
static profiles for the K-ion cells. d Accessible capacities at increasing C-rate.
e Overpotential components during a 5 C charge for the TEP electrolyte.
f Overpotential components during a 5 C charge for the DMEe electrolyte.
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electrode. By synthesising highly homogeneous and non-
agglomerated KMF particles we were able to more accurately deter-
mine the electrochemically active surface area S, one of the greatest
sources of uncertainty in determining eD. We also applied the state-of-
the-art Kang-Chueh GITT method and analysis to determine eD more
accurately. Themedian eDKMF is ~ four times lower than eDg and j0,KMF is
~ an order of magnitude lower then j0,g, showing the KMF is the rate-
limiting electrode material.

KFSI:TEP is currently one of the leading electrolytes for the K-ion
research community using low loading in coin cells42. However, the
full-cell K-ion modelling with realistic electrode thicknesses and load-
ings demonstrates this electrolyte is unsuitable for even moderately
high charge rates using realistic electrode thicknesses and loading due
to its slow transport. Therefore, an electrolyte with faster transport
properties must be developed for K-ion batteries. Utilising the trans-
port properties of KFSI:DME (DMEe) shows promising results for K-ion
fast-charging. However, it is important to recognise that there is no
current low-cost electrolyte which provides this performance and
practical stability for KIBs. All current K-ion electrolytes suffer from
impractically low initial coulombic efficiencies to be used in a com-
mercial cell. The DMEemodel has been developed to see what the rate
capability of K-ion could be in realistic cell formats if a suitable elec-
trolyte is developed which provides both a stable SEI for the graphite
negative electrode and stability at the high operating voltages of the
KMF positive electrode5 with the fast transport properties of
KFSI:DME15. This model should now support researchers in under-
standing the rate performance potential of K-ion, as well as under-
standing what the rate limitations are. The sluggish reaction kinetics
and lower diffusivity in the KMF positive electrode requires nanosized
particles tomatch the faster kinetics of the graphite negative electrode
and achieve high rate performance, as is the case with LFP for LIBs.
However, this also introduces challenges with significant passivation
layer growth and electrolyte consumption unless the electrolyte is
exceptionally stable. This is particularly challenging at the high oper-
ating voltages of the KMF. The inherently slow charge-transfer kinetics
of the KMF must also be investigated, and optimisations explored.
Nevertheless, this work suggests that the electrolyte is still a critical
barrier to realising commercially viable KIBs. Achieving high stability
and faster transport electrolytes must now be the priority in K-ion
research. We hope this model will help guide the K-ion research
community to develop optimised K-ion materials and electrolytes to
realise fast-charging KIBs.

Methods
KMF synthesis
We synthesised a highly crystalline, monodisperse sample of
K2Mn[Fe(CN)6] to ensure accurate approximations could be made
about surface area and diffusion length. We utilised a citrate-assisted
co-precipication in aqueous media. MnSO4 (≥99%, Sigma-Aldrich, 0.5
mmol) was dissolved in an aqueous solution of potassium citrate
(≥99%, Sigma-Aldrich, 1 M, 50 mL). K4Fe(CN)6 (≥99%, Sigma-Aldrich,
0.5 mmol) was dissolved in a separate aqueous solution of potassium
citrate (≥99%, Sigma-Aldrich, 1 M, 50 mL). These solutions were added
simultaneously, dropwise (2mLmin−1), to a stirring round bottom flask
containing a 100 mL solution of 1 M potassium citrate at 20 °C. The
mixture was stirred for 24 h before the precipitate was isolated by
centrifugationandwashedwith a 50:50water/ethanolmixture in order
to prevent the solid dispersing. The solid was dried in air at 70 °C
overnight and then under vacuum at 70 °C.

Synchrotron XRD
Synchrotron X-ray diffraction (XRD) measurements were performed
on the I11 beamlineof theDiamondLight Source, UK, operatingwith an
X-ray wavelength of 0.824385Å. The position-sensitive detector was
used to collect diffraction patterns in capillary transmission geometry.

All refinements were carried out using the TOPAS-Academic
software74.

SEM
Particlesweredispersed in acetoneor ethanol and thenmountedon an
aluminium stub. These particles were imaged using a Zeiss Merlin
scanning electron microscope (SEM) equipped with a field emission
gun, operated at an accelerating voltage of 3 kV or 10 kV and a probe
current of 100 pA. The particle size distribution was determined by
measuring at least 100 particles from SEM images using Feret’s mean
diameter and Fiji ImageJ software.

Electrode preparation
The electrode loadings were low (~0.7 mg cm−2 and 1.1 mg cm−2 for
graphite and KMF, respectively) with high porosity to minimise any
electrolyte transport limitations, and ensure solid D limitations. The
graphite (SGP5, SEC Carbon) electrodes were composed of 92wt%
active material and 8wt% sodium carboxymethyl cellulose (CMC)
binder (Sigma-Aldrich) using highly purified deionised water as the
solvent. The KMF electrodes were prepared using the mass ratio 7:2:1
activematerial:carbon:binder using Super P carbon additive (TIMCAL),
polyvinylidene fluoride (PVDF) binder (Sigma-Aldrich) and 1-methyl-2-
pyrrolidinone (NMP) solvent (99.5% anhydrous, Sigma-Aldrich). The
electrodes were cast onto carbon-coated aluminium current collector
(18 μm thick, MTI). All electrodes were dried first in air at room tem-
perature for 24 h followed by vacuum drying at 100 °C for 24 h. The
graphite electrodeswerenot calendered to ensureashigh aporosity as
possible. The KMF electrode was calendered until the top layer of the
casting was just densified to ensure good electrical contact. Prior to
use Kmetal (chunks, 98%, Sigma-Aldrich) wasmelted in an argon-filled
glovebox, the impurity layer was removed, and the K was quenched
into clean mineral oil, before being stored in hexane (95% anhydrous,
Sigma-Aldrich)15. K counter electrodes were produced by rolling the K
metal between two sheets ofweighing paper (grade 2212,Whatman) to
approximately 500 μm in thickness and punching it into 10 mm dia-
meter electrodes with a wad punch. The surface of the K electrodes
was polished with a plastic blade immediately before electrolyte
addition.

Electrochemistry
Prior to preparing electrolytes, potassium bis(fluorosulfonyl)imide
(KFSI, 99.9%, Solvionic) was dried under vacuum at 100°C for at least
48 h and triethyl phosphate (TEP, 99.8%+, Sigma-Aldrich) was dried
over potassium metal strips for at least 1 week. The water content of
the electrolyte was measured by Karl Fischer titration and recorded to
be below 5 ppm.

Three-electrode EL ECC-Ref cells (EL-CELL) were utilised for
all Kang-Chueh GITT, PITT and EIS experiments using graphite
or KMF working electrodes (10 mm diameter), K metal counter elec-
trodes (10 mm diameter) and K metal reference electrodes.
Glass microfiber separators were used (16 mm diameter, grade GF/F,
Whatman). 600 μL of 2 m KFSI in TEP electrolyte was utilised for the
Kang-Chueh GITT, PITT and EIS experiments. All Kang-Chueh GITT,
PITT and EIS experiments were conducted in a Binder Oven at
20 °C (±0.3 K).

CR2032 coin cells were assembled to assess electrochemical
performance using the same electrodes and separator as above, with
200 μL of 2 m KFSI in TEP. Aluminium-coated bases were used for the
KMF cells due to the high operational voltages and steel cell parts for
the graphite cells (MTI).

All electrochemical tests were carried out using a battery cycler
(VMP3, Biologic). Electrochemical impedance spectroscopy (EIS)
measurements were performed using a frequency response analyser
(VMP3, Biologic), over the frequency range of 200 kHz–100 mHz (6
measurement points per decade) with an applied potentiostatic signal
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of amplitude 10mV. All EIS data was fitted using the Python package
‘impedance.py’75.

Exchange current density
All EIS experiments were conducted in three-electrode ECC-Ref EL-
cells to isolate the impedance and Rct of the working electrode. The
cells were cycled once before conducting the EIS measurements over
composition on the second cycle.

The exchange current density, j0 [A cm−2], varies with composition
according to Eq. (3):

j0 = k0 1� cs
cs,max

� �αc cs
cs,max

� �αa ce
ce0

� �αc

ð3Þ

where k0 [A cm−2] is the reaction rate constant, cs [mol m−3] is the
potassium concentration at the particle surface, cs,max [mol m−3] is the
maximum potassium concentration in the active material, ce [mol m−3]
is the electrolyte concentration at the particle surface, ce0 [mol m−3] is
the reference electrolyte concentration and αa [–] and αc [–] are the
anodic and cathodic charge-transfer coefficients, respectively.

Full description of how j0 is determined from Rct is as follows. The
Butler-Volmer equation is first defined as:

j = j0 exp
αaFη
RT

� exp
αcFη
RT

� �

ð4Þ

Where η [V] is the surface overpotential which is the difference
between the electrolyte-electrode potential drop and the Nernst
equilibrium potential Veq, αa and αc are the anodic and cathodic
direction charge-transfer coefficients, respectively. At small over-
potentials around η = 0 the Butler-Volmer equation may be linearised:

j = j0
Fη
RT

ð5Þ

As charge-transfer resistance, Rct, is defined as:

η = jSRct ð6Þ

CombiningEqs. (5) and (6)producesanequation for j0with respect toRct:

j0 =
RT

SFRct
ð7Þ

Kang-Chueh GITT
All Kang-Chueh GITT experiments were conducted in three-electrode
ECC-Ref EL-cells using a K metal reference electrode prepared using
our Kmetal preparation protocol15. GITT experiments were conducted
after one formation cycle at C/20. The Kang-Chueh GITT experiments
were performed using C/20 15 min pulses and 2 h relaxations with
application of current between to obtain a high-resolutionOCVprofile.
The Kang-Chueh GITT pulse duration was selected to minimise finite-
size effects25,34. At least two cells were utilised to determine the error.
The OCV profile was determined from the Nernst potential points at
the end of each relaxation step25,26,34. The Kang-Chueh GITT analysis
uses relaxation-only analysis to avoid any overpotential errors
according to Eq. (1)25,34.

Modelling
For the DFN full-cell modelling, the open-source battery simulation
package Python Battery Mathematical Modelling (PyBaMM)67 version
23.5 full-cell DFN model and CasADi numerical solver76 was used. Full
details of the parameters used are detailed in Supplementary Table 3.
For determining the accessible capacity % at different C-rates, the

baseline performance was determined from a C/50 discharge (1 C =
1.91 mA cm−2 for the K-ion cells and 2.24 mA cm−2 for the LFP Li-ion
cells). For the KFSI and LiFSI:DME electrolytes the empirical
concentration-dependent functions characterised in our previous
workwere used15. The PyBaMM ‘Chen2020’ parameter set was used for
the LG M50 cylindrical cell geometries and Li graphite material
parameters36. For the K graphite electrode, the Li graphite electronic
conductivity was used36. For the KMF positive electrode the Li-ion LFP
electronic conductivity was used22. In order to achieve model con-
vergence the graphite particle size of 1μmwas used; a commercial size
(Supplementary Table 3) yet smaller than typical Li-ion and likely
required in reality. The DFN model can fail to run when the char-
acteristic relaxation time for solid-state diffusion, τ is too high (τ is
related to both the solid-state diffusivity, D, and the particle radius, r,
according to τ / r2

D). Therefore, although DFN models with larger
graphite particle size have been reported for LIBs20,36, these also utilise
much larger diffusivities than measured here. It was therefore neces-
sary to reduce the graphite particle size used in the model to aid
convergence, which we believe is more appropriate than arbitrarily
increasing the diffusivity. The maximum concentrations in each elec-
trode [mol m−3] were determined using36:

cmax
s =

ρz
M

ð8Þ

where ρ [kg m−3] is the material crystal density and M [kg mol−1] is the
molarmass of the active electrodematerial. The crystal density for the
KMF positive electrode used in the modelling was derived from the
unit cell volume determined from the refinement in combination with
the KMF stoichiometric M.

Data availability
All the experimental data used in this study are available in the Zenodo
database under a Creative Commons Attribution 4.0 International
License (https://doi.org/10.5281/zenodo.13122158)77.

Code availability
The Python codes used in this study are available in the Zenodo
database under a Creative Commons Attribution 4.0 International
License (https://doi.org/10.5281/zenodo.13122158)77.
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