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Abstract

Potassium-ion batteries (KIB) are a promising complementary technology to lithium-

ion batteries because of the comparative abundance and affordability of potassium.

Currently, the most promising KIB chemistry consists of a potassium manganese hexa-

cyanoferrate (KMF) cathode, a Prussian blue analog, and a graphite anode (723Wh l−1

and 359Whkg−1 at 3.6V). No electrolyte has yet been formulated that is concurrently

stable at the high operating potential of KMF (4.02V vs K+/K) and compatible with

K+ intercalation into graphite, currently the most critical hurdle to adoption. Here

we combine a KMF cathode and a graphite anode with a KFSI in Pyr1,3FSI ionic

liquid electrolyte for the first time and show unprecedented performance. We use
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high-throughput techniques to optimize the KMF morphology for operation in this

electrolyte system, achieving 119mAhg−1 at 4V vs K+/K and a coulombic efficiency

>99.3%. In the same ionic liquid electrolyte graphite shows excellent electrochemical

performance and we demonstrate reversible cycling by operando XRD. These results

are a significant and essential step forward towards viable potassium-ion batteries.
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Introduction

While lithium-ion batteries currently dominate electrochemical energy storage globally, there

are substantial concerns about the long-term availability, price, price stability, and supply-

chain security and reliability of lithium and cobalt, two critical elements in lithium-ion batter-

ies.1,2 Potassium-ion batteries, shown schematically in Figure 1, are a technology analogous

to lithium-ion but with several competitive advantages.3 They replace rare and expensive

lithium with abundant and inexpensive potassium. Moreover, less dense and less expen-

sive aluminium can be used instead of copper at the negative current collector because,

unlike lithium, potassium does not alloy with aluminum.4 Replacing the copper current col-

lector prevents issues associated with cell overdischarge which allows shipping in the fully

discharged state.1 Unlike sodium-ion batteries, another promising alternative to lithium-ion,

they can use current graphite anodes since potassium intercalates into graphite.5–7 Graphite,

with a theoretical specific capacity of 279mAhg−1 and an operating voltage of 0.3V vs

K+/K, is the most promising KIB anode material, but good electrochemical performance

is dependent on electrolyte formulation8 and binder choice.7 The two main challenges to

KIB adoption are developing energy-dense active materials for the cathode and formulating

electrolytes that are electrochemically stable at high potentials whilst also being compatible
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with the graphite anode.

Figure 1: A schematic of the full-cell potassium-ion chemistry consisting of a
graphite anode, potassium bis(fluorosulfonyl)imide in N-butyl-N-methylpyrrolidinium
bis(fluorosulfonyl)imide electrolyte, and potassium manganese hexacyanoferrate cathode.

Candidate potassium-ion cathode materials include layered oxides, polyanion compounds,

and Prussian blue analog (PBAs).3 Layered metal oxides typically have reasonable spe-

cific capacities but operate at low voltages and have poor cyclability.9 The best perform-

ing polyanion compounds, KVPO4F and KVOPO4, have high operating voltages (>4V vs.

K+/K and reasonable specific capacities (≈100mAhg−1) but contain toxic and costly vana-

dium.10,11

The most promising class of cathodes for KIBs are PBAs as they have high voltages,

highest capacities and have potential to be low-cost materials as they are produced by an

aqueous synthesis route from earth-abundant precursors. They are a family of compounds

with a nanoporous, open-framework crystal structure.12 Their lattice contains two electro-

chemically active metal centers bridged by cyanide ligands with an interstitial sites capable

of accommodating an inserting alkali-metal ion. Their general formula is

AxM
J[M′K(CN)6]1–y ·wH2O (1)

in which A is the inserting alkali metal, M and M′ are the two transition metals in oxidation

states J and K respectively, y is the fraction of hexacyanometallate vacancies, and w is the

number of water molecules per formula unit. Research into cathode materials have focused
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on the hexacyanoferrates because of their high potential on ion insertion13 and a diverse

choices of nitrogen-coordinated elements have been studied.14–17 Potassium manganese hex-

acyanoferrate (KMF) is the most attractive composition for high energy density KIBs due

to the high potential of the Mn(III/II) redox couple at around 4.1V vs K+/K and its high

theoretical specific capacity of 155mAhg−1.17–20

For a viable KMF | graphite battery it is essential that the electrolyte is compatible

with the graphite anode, which broadly prevents the use of KPF6 salt8,21 or fluoroethylene

carbonate (FEC) additive.19 Current KMF literature, that fulfil this requirement, suffer

from impractically low coulombic efficiencies (≈95%) caused by electrolyte instability at high

potential and corrosion of the aluminium current collector.19,20,22 Increasing the coulombic

efficiency is crucial for practical battery chemistries.23

In this study, we make two key advancements to improve the performance of KMF, with

a focus on addressing low coulombic efficiency. First, we employ a high-throughput multi-

pipetting robot to explore the effect of synthesis conditions on KMF particle size and defect

content. We achieve fine control of particle size whilst reducing vacancy and water content

to lowest reported levels. Second, we use an ionic liquid electrolyte. Rather than attempting

to increase the stability of an inherently reactive solvent, we use an intrinsically stable

electrolytic solution: 1mol kg−1 potassium bis(fluorosulfonyl)imide (KFSI) in the ionic liquid

N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr1,3FSI). During electrochemical

testing we observe clear relationships between particle size, specific capacity, and coulombic

efficiency for KMF materials. The optimised KMF material achieved a stable coulombic

efficiency of 99.3%, a significant improvement over the previous best of ≈95%.3 In the same

electrolyte graphite displays excellent cyclability and rate performance, equivalent to or

better than the current state of the art.
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High-throughput optimization and detailed characteriza-

tion

The KMF cathode material was optimized by high-throughput synthesis and characteriza-

tion. Three synthesis parameters that have been shown to influence PBA morphology in pre-

vious studies were explored systematically for the first time in this work. Those parameters

are the concentration of the presusors manganese(II) chloride and potassium hexacyanofer-

rate ([MnCl2] = [Mn] = [K4[Fe(CN)6] ∈ {25, 75, 125} mM), the ratio of potassium citrate

to manganese chloride24,25 ([citrate]:[Mn] ∈ {1, 2.5, 5, 10}), and the presence of potassium

chloride26 ([KCl] ∈ {0, 1.5} M). The upper limits of the ranges were chosen as a com-

promise between the solubility limits of potassium citrate, potassium hexacyanoferrate, and

potassium chloride. The search space of synthesis conditions is mapped in Figure 2a.

The effect of these parameters on three physical properties, crystal structure, particle

size, and vacancy content, was measured. The crystal structures of all 24 materials were

measured by XRD. Diffractograms of the materials on the 8 corners of the search space are

plotted in Figure 2b. The crystal structures of all 24 materials have monoclinic geometries

and are members of the P21/c space group, as shown in Figure 2c. Results of Rietveld

refinement are presented in Supplementary Table 1. The unit-cell volumes range from 514.3

to 519.5 Å3. These results are consistent with previous XRD studies of KMF materials.19

Peak broadening was more significant for samples at higher reactant concentrations, lower

citrate concentrations, and in the presence of potassium chloride. We attribute this peak

broadening to decreasing particle size.

This conclusion is supported by particle size analysis of SEM images, Figure 2d (SEM

images in Supplementary Figures 1-3). Most samples had particle sizes below 100 nm, and

only four samples had particle sizes above 1000 nm. Finally, the vacancy content of the

samples were determined by ICP-OES. The full ICP-OES results are presented in Supple-

mentary Table 1, and the vacancy contents are plotted in Figure 2e. The samples with
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Figure 2: High-throughput synthesis and characterization of KMF. (a) Search space for the
synthesis parameters. (b) Diffractograms of the materials at the 8 corners of the search
space. (c) Schematic of the crystal structure. (d) Effect of the ratio of citrate to manganese
on the materialsâĂŹ particle size, as determined by analysis of the electron micrographs
(see Supplementary Figures 1-3 and Supplementary Table 1 for the full data set). (e) Effect
of the ratio of citrate to manganese on vacancy content, as determined by ICP-OES (see
Supplementary Table 1 for the full data set).

the highest fraction of [Fe(CN)6] octahedra (and therefore the lowest vacancy content) were

those synthesized in the highest citrate concentration. At a citrate-to-manganese ratio of

10, all samples had a vacancy content below 5%. Based on these high-throughput results,

four materials with monoclinic geometry, minimal vacancy and water content, and a range

of particle sizes were selected for further characterisation and to study the effect of particle

size on electrochemical performance. A summary of results from high-throughput analysis

can be found in Supplementary Table 1.

These four materials were synthesized in larger batches under the conditions listed in

Table 1. SEM micrographs of these 4 materials are shown in Figure 3a-d, with particle sizes,

measured from the micrographs, of approximately 39, 55, 177, and 297 nm, respectively. The

6



materials are designated KMF39, KMF55, KMF177, and KMF297. They are approximately

cubic in shape and the smallest particles experience significant agglomeration.

KMF297

KMF177

KMF55

KMF39

500 nm 500 nm 500 nm 500 nm

a) b) c) d)

e) f) g)

KMF39 KMF55 KMF177 KMF297

Figure 3: Characterisation of the four selected KMF materials. (a-d) SEM micrographs of
KMF39, KMF55, KMF177, and KMF297 respectively. (e) Synchrotron XRD, (f) FTIR, and
(g) TGA of the four selected materials. Results from the Rietveld refinement of patterns in
(e) can be found in Supplementary Table 1.

High-resolution synchrotron XRD patterns were taken and the data refined according

to the Rietveld method. The diffractograms, shown in Figure 3e, confirm the monoclinic

geometry and P21/c space group observed in the high-throughput step and also reported

elsewhere.17 (Full diffraction patterns, Rietveld refinement residuals, and refined parameters

are available in Supplementary Figures 4-7 and Supplementary Tables 2-5.) Distortion and

densification of this phase are driven by displacement of the potassium atoms from the center

of the subcube, causing rotation of the FeC6 and MnN6 octahedra and deviation of the Mn-

N-C bond angles away from 180°, Figure 2c. The lattice parameters are presented in Table

1 with the compositions, as determined by ICP-OES.

All the materials were highly potassiated as synthesized, with at least 1.85 potassium

atoms per formula unit. This indicates both low vacancy, confirmed by the ratio [Fe]:[Mn]

= 1 - y which is at least 94% for all samples, as well as a low oxidation state, which is
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Table 1: Synthesis parameters of the four selected materials and results of their characteri-
sation including particle size ‘d’, composition values ‘x’ ‘1-y’ ‘w’, and lattice parameters ‘a’
‘b’ ‘c’ and ‘β’.

Sample [Mn]
/ mM

[citrate]
:[Mn]

[KCl]
/ M

d /
nm

x 1 - y w a / Å b / Å c / Å β / °

KMF39 125 1 1.5 39 1.92 0.95 0.78 6.98842(20) 7.29052(18) 12.27740(4) 124.6312(17)
KMF55 125 5 1.5 55 1.86 0.94 0.52 6.98188(17) 7.28117(16) 12.25202(32) 124.5931(15)
KMF177 125 10 1.5 177 1.91 0.97 0.43 6.97207(8) 7.32166(7) 12.26838(13) 124.4862(6)
KMF297 75 10 1.5 297 1.89 0.98 0.28 6.96126(8) 7.33250(7) 12.26209(15) 124.4726(6)

predominantly +2 for both iron and manganese. TGA of the 4 samples show mass losses of

between about 2% and 5% from room temperature up to a decomposition temperature of

between about 350 and 400 ◦C (Figure 3f). This corresponds to a loss of surface-absorbed

water, zeolitic water (present in the interstices), and water coordinated to manganese at

vacancies of the hexacyanoferrate octahedra. The water contents per formula unit are pre-

sented alongside the ICP-OES data in Table 1. Water content increases from 0.28 to 0.78

with decreasing particle size. The relationship is due in part to the fact that smaller particles

have larger surface-area-to-volume ratios, and because smaller particles have higher vacancy

contents. This convolution of causes is well known in the literature27 and more careful study

to understand the separate effects is warranted.

FTIR data agree with the size-to-water-content trend. The spectra, shown in Figure

3g, contain two peaks arising from water: a broad peak between 3100 and 3600 cm−1 and a

sharper peak at about 1650 cm−1. Both of these decrease in intensity as the samples increase

in particle size. Sharp peaks at 2057, 592, and 449 cm−1 correspond to the framework vibra-

tions v(CN), δ(FeCN), and v(FeC) respectively. The structural distortion of the materials

away from cubic, observed in the synchrotron XRD data, effects slightly different environ-

ments for the Fe-CN-Mn bonds. This gives rise to the shoulder observed on the peak at

2057 cm−1.
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Electrochemistry of the optimized manganese hexacyano-

ferrates

The ionic liquid electrolyte, 1mol kg−1 KFSI in Pyr1,3FSI, was used for all electrochemi-

cal measurements. This formulation was used as the FSI− anion has high anodic stability,

compatible with graphite, and reportedly suppresses aluminium corrosion at high concen-

trations.28 Aliphatic quaternary ammonium (AQA) type ionic liquids typically have high

cathodic stability, and Pyr+1,3 was specifically chosen as longer side chain cations increase

viscosity whilst shorter side chain cations are solid at room temperature. At 30 ◦C the elec-

trolyte had an ionic conductivity of 3.312mS cm−1 with an activation energy of 9.30 kJmol−1,

and viscosity of 71.7mPa s. Temperature dependent conductivity and viscosity plots can be

found in Supplementary Figure 8. Cyclic voltammetry (CV), Supplementary Figure 9, with

an aluminium foil working electrode was performed to study the corrosion resistance and

electrolyte stability at high potentials. Scanning up to 5V produced a current density of less

than 10 µAcm−2, which decreases substantially on subsequent cycles. The electrolyte was

shown to be thermally stable up to approximately 250 ◦C, Supplementary Figure 10.

Particle size has been shown to affect the electrochemical performance of battery electrode

materials generally and of PBA cathodes in particular.15,27 After high-throughput selection

of 4 promising KMF candidates and thorough materials characterization, the 4 samples were

subjected to electrochemical tests in a half-cell configuration to select the best performing

to test in a full-cell configuration. The samples were cycled at a rate of C/10 in a coin

cell with a potassium counter electrode and the ionic liquid electrolyte, 1mol kg−1 KFSI in

Pyr1,3FSI. The specific capacity versus cycle number for the samples is plotted in Figure 4a.

Ordered by first-cycle specific capacities, the materials are KMF55 (133mAhg−1) KMF39

(129mAhg−1) > KMF177 (111mAhg−1) > KMF297 (90mAhg−1, though it quickly in-

creases to 100mAhg−1, possibly due to a surface activation process19,29). These data suggest

that the decrease in specific capacity is a kinetic effect, and that at some particle size above
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55 nm either the electronic or ionic conductivity of the material limit the potassium-insertion

reaction. The nature of the low first-cycle coulombic efficiency is an interesting and open

question. One possibility is that a passivating cathode-electrolyte interphase (CEI) is formed

during the first charge from oxidation of the electrolyte. This is consistent with results from

CV experiments on bare aluminium foil, Supplementary Figure 9.

a) b)

d) e)

cycle 2 cycle 1
KMF297
KMF177
KMF55
KMF39

f)

c)

Figure 4: Galvanostatic cycling results for the KMF cathode. (a) Discharge capacity and
coulombic efficiency at C/10 for the selected KMF materials, from the smallest particle size
to the biggest: KMF39, KMF55, KMF177, and KMF297. (b) and (c) the first and second
cycle galvanostatic profile and differential capacity of KMF177. (d) Capacity retention of
KMF177 over the first 100 cycles at C/10. (e) rate capability of KMF177 at C rates from
C/20 to 2C. (f) Galvanostatic intermittent titration technique (GITT) of KMF177 on a
discharge.

The cyclability of the samples, though, is much greater for the larger particles. In fact,

the trend in capacity retention after 30 cycles (30th cycle discharge capacity compared to the

maximum) is exactly the opposite to that of first-cycle specific capacity: KMF297 (98.8%)

> KMF177 (94.1%) > KMF39 (73.7%) ≈ KMF55 (73.5%).

While capacity fade in PBA electrodes has been attributed to numerous factors including

phase transformations, manganese(III) disproportionation accelerated cathode dissolution,
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and parasitic reactions with water, the correlation with particle size suggests in this case the

decreasing capacity stems from surface-specific phenomena. Although we cannot confidently

assign the capacity fade to a single mechanism it is most likely material dissolution is the

primary factor, as seen previously for manganese hexacyanoferrate.18,30 The improved cycla-

bility of KMF297 and KMF177 are reflected in their coulombic efficiencies, plotted in Figure

4a along with those of the other two samples. KMF177 in particular rises to a coulombic

efficiency of 99.3% by the 25th cycle. As far as the authors can determine, this is the highest

coulombic efficiency for a KMF cathode material, except for those that include FEC in the

electrolyte which is incompatible with a graphite anode.29

KMF177 was selected as a compromise between specific capacity and coulombic efficiency

for more thorough investigation in a three-electrode cell with potassium metal as the counter

and reference electrodes. The electrolyte was kept the same. The galvanostatic profiles

and differential capacities of the first two cycles are plotted in Figure 4b-c. They show

two plateaus. The lower plateau, corresponding to the Fe(III/II) redox couple, is found

at 3.99V and 4.04V on potassiation and depotassiation, respectively. The upper plateau,

corresponding to the Mn(III/II) redox couple, is found at 4.10V and 4.11V on potassiation

and depotassiation, respectively. The average potentials are therefore Vcat = 4.02V and

Vand = 4.08V.31 Over the first 100 cycles KMF177 retains 87.4% of the first-cycle specific

capacity and the coulombic efficiency stabilizes above 99.3%, Figure 4d. Figure 4e, plotting

the rate performance, shows the material has a specific capacity of 119mAhg−1 at a C rate

of C/20. It retains 89% of this specific capacity at C/10, 80% at C/5, 67% at C/2, 56% at

1C, and 43% at 2C. See Supplementary Figure 11 for the corresponding differential capacity

plots. All potentials are given versus the K+/K redox couple. The half-cell performance of

KMF177 is compared to other candidate K-ion cathodes in Supplementary Table 6.

The sluggish kinetics shown by KMF is consistent with other reports15,27 but contrary

to sodium manganese hexacyanoferrate32 and KMF operated in aqueous electryoltes.18 One

possible explanation is that the large potassium ion has slow bulk diffusion through the
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distorted channels when not mediated by water in the structure. The diffusion coefficient

calculated from galvanostatic intermittent titration technique (GITT) on KMF177, Figure

4f, is in the order of 10−9 cm2 s−1 over the whole state of charge.

Electrochemistry of a graphite anode and a potassium-ion

full cell

To understand the feasibility of pairing this optimized KMF cathode with a graphite an-

ode for a useful full-cell battery, we studied the electrochemical intercalation of K+ into

graphite in the same ionic-liquid electrolyte. Figure 5a shows the galvanostatic charge and

discharge profiles of the first two cycles. The galvanostatic profiles have several small steps,

with the longest plateau located between 0.20 and 0.25V versus the K+/K redox couple

on depotassiation and potassiation, respectively. Figure 5b shows the high cyclability of

the graphite anode. After 5 cycles of formation of a solid-electrolyte interphase (SEI), the

graphite achieves a specific capacity of 235mAhg−1 at a rate of C/5. It maintains over 99%

of this specific capacity after 400 cycles with an average coulombic efficiency of over 99.94%.

The increase in overpotential as the rate is increased is shown in differential capacity

plots in Figure 5c. Increasing the rate from C/20 to 2C led to an increase of less than

100mV in overpotential. The graphite has a specific capacity of 246mAhg−1 at C/20, and

retains 99% of this specific capacity at C/10, 98% at C/5, 97% at 2C, 94% at 1C, and

88% at 2C. These data are plotted in Figure 5d. We also probed how the graphite crystal

structure changes during the intercalation reaction by operando XRD. We found that the

multiple steps observed in the galvanostatic charge-discharge profile can be explained by

phase changes in the graphite during intercalation, in agreement with previous studies.21,33

The diffractograms taken during the course of the electrochemical reaction are overlaid and

plotted next to the accompanying specific capacity versus potential plot in Figures 5e-f. We

match various potassium-graphite stoichiometries with stage-n graphite intercalation com-
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 KC8
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Figure 5: Galvanostatic cycling results for the graphite anode. (a) First and second cycle
galvanostatic profiles of graphite. (b) Capacity retention and coulombic efficiency for 400
cycles (cycles 1-5 at C/20, 6-400 at C/5). (c) and (d) differential capacity and capacity
retention of graphite at C rates from C/20 to 2C. (e) and (f) Operando X-ray diffraction
patterns, and relative potential versus capacity profiles for the potassium intercalation and
de-intercalation into graphite at C/30. The major peaks for the intermediates KC48,KC36,
KC24 and KC8 are highlighted.

pounds, where the index n is the number of graphene layers between intercalation planes.33

In the first potassiation region, between 2.00V and 0.33V, changes in the crystal structure

are negligible, indicating that electrolyte decomposition (or a similar reaction), rather than

graphite intercalation, is occurring. Between 0.33V and 0.20V two new phases are found:

first KC48 (stage-4) and second K36 (stage-3). Between 0.20V and 0.15V we observe KC24

(stage-2). Finally, below 0.15V, we find the fully potassiated phase KC8 (stage-1) indicated

by its strong peak at an angle of 33.5°. We then electrochemically removed the potassium and

observed the anode revert through the same series of phases back to graphite. We recovered

the (0 0 2) peak of pure graphite without the shoulder observed in previous reports.21,34

The performance of a KMF | KFSI in Pyr1,3FSI | graphite full cell was tested in three-

electrode configuration with a potassium reference. Figure 6a shows the full cell voltage
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profile during the first five cycles. For stable cycling it was important that the full cell was

limited by the graphite anode as it ensured an effective SEI was formed. Full cells with excess

anode suffered significant capacity loss. Supplementary Figure 12 shows the cathode and

anode potentials with respect to the potassium reference electrode. The average discharge

voltage was around 3.6V and dependent on the start and finish charge state of the KMF

cathode. Differential capacity plot, Figure 6b, shows how the state of charge region over

which the KMF cathode operates shifts as the cell cycles, most likely due to differences in

coulombic efficiency between the anode and cathode. This is detrimental to the cyclability

of the full cell and further optimisation, possibly by addition of electrolyte additives, is

required to enable stable long term cycling at slow rates. The full cell had a first cycle

coulombic efficiency of 67.7% and a discharge specific capacity of 198mAhg−1 (normalised

to the anode), Figure 6c.

a) b) c)

cycle 2
cycle 1

cycle 5

Figure 6: KMF | KFSI in Pyr1,3FSI | graphite full cell cycling results. (a) and (b) the first,
second and fifth galvanostatic profiles and differential capacity plots for the full cell cycled
at C/10. (c) Specific capacity and coulombic efficiency of the full cell. The mass ratio of
KMF:graphite was 3.6:1.

Conclusions

In summary, through optimisation of the KMF morphology and by using an ionic liquid

electrolyte the coulombic efficiency of both KMF cathode and conventional graphite anode

was significantly improved, providing a route to highly efficient high-voltage potassium-ion
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batteries.

Using an automated pipetting robot and high-throughput characterization techniques a

wide KMF synthesis parameter space was studied. We found that the addition of citrate

can increase particle sizes from <100 nm to >1000 nm and decreases vacancy content. Si-

multaneous addition of KCl also decreases vacancy content but also decreases particle size.

Decreasing the reactant concentration increases the crystallinity of the material. We also ob-

served a clear negative correlation between particle size and water content. Electrochemical

testing in a KFSI in Pyr1,3FSI ionic liquid electrolyte showed that an intermediate particle

size of about 180 nm is an optimal compromise between high specific capacity (119mAhg−1)

and long cycle life (87.4% retention after 100 cycles) at about 4V versus K+/K. We also

report a coulombic efficiency (an important but severely underappreciated figure of merit)

of above 99.3% - the highest for a PBA potassium-ion cathode of which we are aware. This

improvement is attributed to the stability of the ionic liquid electrolyte at high voltages and

suppression of aluminium current collector corrosion.

In the same electrolyte graphite displayed excellent cyclability (retaining 99% of its initial

capacity after 400 cycles) and rate performance (maintaining 88% of its C/20 capacity at

2C). We observed structural changes in graphite by operando XRD, and we recovered, for

the first time, phase-pure depotassiated graphite. Finally, we achieved the highest first-cycle

coulombic efficiency of a KMF | KFSI in Pyr1,3FSI | graphite full cell of 67.7%. This work

shows that the use of an ionic-liquid electrolyte in a KMF | graphite potassium-ion full cell

is a viable method of minimizing irreversible capacity loss, which is critical to fabricating

useful, energy-dense potassium-ion batteries. Future work focussing on overcoming causes of

poor kinetics in KMF and strategies to minimise surface reactions is merited and will further

improve full cell performance.
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Methods

High throughput synthesis: Automated synthesis was performed using a Hamilton Microlab

NIMBUS multi-pipetting robot with four pipetting channels. Materials were synthesised

in glass vials in 24-well plate made from aluminium on a heater-stirrer plate. For each

sample, the robot prepared a mixture of manganese(II) chloride (Acros) and potassium cit-

rate (Sigma-Aldrich); prepared, in a separate vial, a mixture of potassium hexacyanoferrate

(Sigma-Aldrich) and potassium chloride (Scientific Laboratory Supplies), as appropriate;

heated the mixtures to 70 ◦C and began mixing by shaking; added the mixture of man-

ganese(II) chloride and potassium citrate dropwise to the hexacyanoferrate. Samples were

capped and allowed to mature for 1 h at 70 ◦C. All samples were washed with deionized

water; phase-separated in a centrifuge; and dried in atmosphere overnight at 80 ◦C.

Materials characterization: Elemental composition and thermal analysis coupled with

mass spectrometry were performed by inductively coupled plasma optical emission spec-

trometry (Perkin Elmer Optima 8000) and thermogravimetric analysis mass spectrometry

(NETZSCH STA 449 F3 Jupiter coupled to a QMS 403 Aeolos). Scanning electron mi-

croscopy was carried out on a FE-SEM (Zeiss Merlin). Particle size analysis of SEM images

was performed using ImageJ. Synchrotron X-ray diffraction was performed at beamline I11

at Diamond Light Source on the position sensitive detector (PSD). Laboratory X-ray diffrac-

tion was performed on a benchtop XRD (RIGAKU miniflex). Synchrotron XRD was refined

using GSAS and high-throughput laboratory data was refined in a simultaneous manner us-

ing GSAS 2. Fourier transform infrared spectroscopy (Thermo Scientific Nicolet 6700) was

performed in attenuated reflectance (ATR) mode in a nitrogen filled glove box.

Electrochemical Tests: The graphite (SFG6, TIMCAL) was firstly ball milled for 3 h

at 200 rpm (Restch PM100) to improve its rate capability and capacity retention.35 The

carbon based working electrode was then prepared mixing the graphite with poly(acrylic

acid) (Mw ≈450,000 Da, Sigma-Aldrich) in the weight ratio of 9:1 respectively. This mixture

was dispersed in 1-methyl-2-pyrrolidone (NMP) to prepare the slurry and cast on aluminum
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foil using a doctor blade. The casting was dried under vacuum at 80 ◦C overnight and then

roll-pressed. The KMF working electrodes were prepared in a similar way, but the active ma-

terial was mixed with SuperP carbon (TIMCAL Carbon Black Super P) and poly(vinylidene

fluoride) (MTI corp, Mw 600,000 Da) in the weight ratio of 7:2:1. The slurry was cast on

carbon-coated aluminum. Disks of 10mm diameter were punched out, and the active mate-

rial loading was 1.5 to 2.0mg cm−2 for both KMF and graphite electrodes used for half-cell

tests. For the full-cell tests the active material loading for KMF and graphite electrodes

were approximately 2.6mg cm−2 and 0.75mg cm−2, respectively.

The electrolyte used was a 1mol kg−1 solution of potassium bis(fluorosulfonyl)imide

(KFSI, 99.9% Solvionic) in N-Propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr1,3FSI,

99.9%, Solvionic). The ionic liquid was dried under vacuum overnight; the water content as

measured by Karl Fischer Titration (C30S KF, Mettler Toledo) was below 15 ppm. Elec-

trolyte conductivity was measured using a conductivity meter (Jenway 4510 conductivity

meter with a 4mm diameter Jenway microvolume conductivity probe) inside a temperature

controlled chamber in an argon glove box. The temperature was allowed to stabilise at each

temperature point before measurement. Viscosity was measured using a viscosity meter (Lo-

vis 2000 M microviscometer using a 1.8mm diameter capillary and a 1.8mm diameter steel

ball).

Operando XRD of graphite was performed on a Rigaku Smartlab X-ray diffractometer

using a HyPix-3000 2d detector in stationary capture mode. The cell was cycled at a current

density of 10mAg−1 and X-ray diffractograms were taken every 10 minutes.

Electrochemical tests were performed in two-electrode configuration for cyclability tests

and in three-electrode configuration for rate capability tests. The galvanostatic profiles

and differential capacity plots for the initial two cycles were from three-electrode cell data.

Potassium metal was used as counter and reference electrodes. The surface of the potassium

metal was mechanically cleaned before assembly to remove oxides and other contaminants.

It was then immersed for 15 h in the electrolyte. This was necessary because of the high
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reactivity of the potassium metal. After 15 h the impedance spectrum of a symmetrical

alkali-metal cell stabilizes. On the other hand, the impedance spectra did not stabilize with

either the 1M KFSI or a 0.7M KPF6 in EC:DEC (1:1 vol) electrolytes (Supplementary

Figure 13). Two-electrode measurements were performed in 2032 coin cell, with potassium

metal acting both as counter and reference electrodes. In this configuration the polarization

of the reference electrode was calculated to be below 60mV and 15mV for the cycle-life

tests of the graphite and the KMF electrodes respectively. The full cell was tested in three-

electrode configuration with a potassium metal reference electrode. All electrochemical tests

were performed at 30 ◦C.

Supporting Information Available

Scanning electron micrographs of materials synthesised in the high-throughput manner; table

of results from high-throughput characterisation; X-ray diffraction patterns of the four se-

lected materials; tables of results from Rietveld refinements; characterisation of conductivity

and viscosity of the ionic liquid electrolyte as a function of temperature; cyclic voltammetry

of the ionic liquid electrolyte using an aluminium foil working electrode between -0.6 and 5V

vs. K+/K; thermogravimetric analysis of the ionic liquid electrolyte from room temperature

to 400 ◦C; differential capacity plot of KMF177 at C rates from C/20 to 2C; table comparing

the half cell performance of KMF177 to other K-ion cathodes; galvanostatic profiles of the

anode and cathode in the full cell with reference to the potassium metal reference electrode;

Nyquist plots and open circuit voltage over time of potassium metal symmetric cells with

the ionic liquid and alternative electrolytes.

This material is available free of charge via the Internet at http://pubs.acs.org/.
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