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Stable cycling of a 4 V-class potassium-ion battery is demonstrated
with a highly concentrated potassium bis(fluorosulfonyl)amide 1,2-
dimethoxyethane solution as an electrolyte. Not only graphite and
KoMn[Fe(CN)s] half cells but graphite//K:Mn[Fe(CN)¢] full cells
filled with the electrolyte exhibit higher coulombic efficiency and
better cyclability than those of KPFs/carbonate ester solutions.

Lithium-ion batteries (LIBs) have the highest energy density
among commercial secondary batteries and are widely utilized
for mobile electronic devices, electric vehicles, and energy
storage systems. With increasing demand for the large-scale
applications, the feasibility of LIBs in the future should be
reconsidered because costly and less-abundant lithium, cobalt,
and copper are required in 4 V class LIBs, of which average
voltage is 3.7 — 3.9 V. In the recent 10 years, sodium-ion
batteries (SIBs) and magnesium batteries have been extensively
studied as low-cost and material-abundant alternatives to LIBs
L2, More recently, potassium-ion battery (KIB) has attracted
much attention because of the possible high-voltage/power
operation thanks to a lower standard electrode potential of K/K*
in organic electrolyte 3 and faster diffusion of K* ion in the
electrolyte due to its weaker Lewis acidity compared to Li*, Na*,
and Mg?2* ions 4 5. To realize KIBs, many researchers have
actively developed positive and negative electrode materials for
KIBs, but studies on the electrolyte are limited so far.
Electrolytes applicable to KIBs are typically composed of
KPFs, KClOy,, KBF4 or KN(SO2F), (potassium
bis(fluorosulfonyl)amide, KFSA) salts dissolved in carbonate
ester solvents 58, According to our knowledge, KBF; and KCIO4
salts are hardly soluble in the carbonate ester solvents unlike
the case of LiBF4 and LiClO4 due to high lattice energy of the K
salts and low solvation energy of K* ion & 7. Since KPFg is
moderately soluble in carbonate esters and PFg anion is known
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to passivate Al current collector in LIBs 8, KPFg based electrolytes
are mainly utilized for KIBs. However, most of the previous
studies have suffered from large irreversible capacity especially
at the initial cycle and in high voltage operation above 4.0 V,
which might originate from the weak oxidation resistant
property of the electrolyte and insufficient passivation on the
surface of the negative electrode %11, Indeed, graphite negative
electrodes in K cell with KPFg carbonate ester solution showed
low coulombic efficiency in initial cycles, indicating insufficient
SEl formation 12, Development of good electrolytes for KIBs is,
therefore, desired to solve these issues such as electrolyte
decomposition and passivation, to demonstrate high-energy
KIBs.

In Li and Na batteries, highly concentrated electrolytes have
attracted interests because of the high oxidation resistant
property due to the negligible amount of solvent molecules
having no direct coulombic interaction with ions which has a
low oxidation stability 13 14 In addition, Al corrosion is
suppressed in the highly concentrated solution of LiN(SO,CFs)2
(LiITFSA) though a 1 mol dm3 LiTFSA/ethylene carbonate
(EC):diethyl carbonate (DEC) solution results in the Al corrosion
above 3.8 V 15, Besides, some highly concentrated electrolytes
promote the formation of suitable solid electrolyte interphase
(SEl) on negative electrode materials such as graphite in LIBs 15,
non-graphitizable carbon (so-called hard carbon) in SIBs 17, and
Li 18 and Na metals 1% 20, More recently, a highly concentrated
KFSA/1,2-dimethoxyethane  (DME) electrolyte  solution
demonstrated reversible plating of K metal 21. No systematic
researches on the highly concentrated electrolyte were,
however, found to demonstrate K* ion insertion electrodes for
the application of high-voltage KIBs. In this study, we evaluate
the ionic conductivities, viscosities, and potential windows of K-
based highly concentrated electrolytes and the impact of highly
concentrated electrolyte on the electrode performances of
KaMn[Fe(CN)g] positive and graphite negative electrode
materials in K half-cells and the KIB full cells.
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KN(SO,CF3), (KTFSA, Kanto Chemical), KFSA (Solvionic),
LiN(SO,F), (LiFSA, Kanto Chemical), and NaN(SO,F), (NaFSA,
Nippon Shokubai) were used as electrolyte salts without any
treatment. KPFg (Tokyo Chemical Industry) was used after
drying at 200 °C for 12 h under vacuum. Battery grade reagents
of DME, propylene carbonate (PC), EC, DEC, and y-
butyrolactone (GBL) solvents (Kishida Chemical) were used as
received. These salts and solvents were mixed at various
molality and stirred for 24 h in an Ar-filled glove box where dew
point is < =80 °C.
electrolyte solutions were performed with an ionic conductivity
meter (Eutech CON2700, Eutech Instruments) in the glove box
at room temperature (28 °C + 3 °C). The viscosity of the
electrolyte solutions was measured with an electromagnetically
spinning (EMS-1000, Kyoto Electronics
Manufacturing) at 25 °C. Galvanostatic charge/discharge test
and cyclic voltammetry were conducted in a 2032 coin-type cell
in which metallic potassium (Sigma-Aldrich) counter electrode
and glass fiber separator (GB-100R, Advantec) were used. An
Al-clad cathode cap (Hohsen) was used for the coin-type cell to
avoid the effect of stainless steel corrosion. An Al working
electrode after cyclic voltammetry was observed by 3D laser
scanning microscope (VK-X200, Keyence). The working
electrodes consisted of 70 wt% K;Mn[Fe(CN)g], 20 wt% Ketjen
black (KB, Carbon ECP, Lion), and 10 wt% poly(vinylidene
fluoride) (PVdF, Kishida Chemical) as positive electrodes and 90
wt% graphite (SNO3, SEC Carbon) and 10 wt% sodium
polyacrylate (PANa, Kishida Chemical) binder as negative
electrodes of KIB. Both positive and negative electrodes were
prepared by coating the slurry on Al foil and dried at 150 °C
under vacuum. For full cell tests, 10 wt% PANa was used as a
binder of the positive electrode. Mass loading of K;Mn[Fe(CN)g]
in the electrodes was ca. 0.7 and 1.3 mg cm™ for half-cell and
full-cell tests, respectively. K;Mn[Fe(CN)g] was synthesized by a
precipitation method, and the detailed synthesis condition,
composition, and structural parameters refined by Rietveld
method were described in the Supporting information, Figures
S1and S2 and Table S1.

Prior to preparation of highly concentrated electrolyte
solutions, the solubility of potassium salts in organic solvents
was examined at room temperature. Powders of 0.5 mol KFSA,
KTFSA, KPFg, KCIO4, and KBF; were mixed with PC to obtain 1
dm3 of their mixtures at room temperature, corresponding
molarity and molality of 0.50 mol dm-3 and approximately 0.43
mol kg1, respectively, if the powders are completely dissolved.
Figures 1 (a) and (b) show a photograph and ionic conductivity
of these mixtures, respectively. White powder visually
remained for the case of KCIO4 and KBF4, indicating KCIO4 and
KBF4 are hardly dissolved in PC solvent at room temperature.
On the other hand, the mixtures of KFSA, KTFSA, and KPFe are
transparent and colorless liquid without any precipitation,
indicating that molar solubility of KFSA, KTFSA, and KPFg salts in
PC is higher than 0.5 mol dm-3. As expected from the solubility,
the KFSA, KTFSA, and KPFg solutions show much higher ionic
conductivity, ranging between 8 and 5.5 mS cm, than those of
KClOzand KBF4in Fig. 1 (b). Highly concentrated solutions were,
therefore, prepared with KPFg, KFSA, and KTFSA salts. KPFs/PC,
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Fig. 1 (a) Photograph of mixtures of KFSA, KTFSA, KPFg, KBF4, and KCIO, in PC containing

0.5 mol of salts in 1 dm3 of mixtures after stirring for 12 h and (b) ionic conductivity of
the prepared solutions at 25 °C +1 °C. (c) Molality vs. ionic conductivity plots of KFSA in
DME, GBL, and DME and KTFSA/DME solutions measured at 28 °C +2 °C and (d) viscosity
of 7 mol kg KFSA/DME, 12 mol kgt KFSA/GBL and 10 mol kg* KFSA/PC at 25 °C

KPFe/DME, KTFSA/DME, KFSA/PC, KFSA/DME, and KFSA/GBL
solutions were prepared, and their ionic conductivities are
compared in Figure 1 (c). KPFs was moderately solublein PCand
DME up to 0.9 mol kgt and 1.8 mol kg1, respectively, by mixing
at room temperature. On the other hand, KFSA is highly soluble
in PC up to ca. 10 mol kg corresponding to 50/50 mol% in
KFSA/PC, and KFSA and KTFSA are also soluble in DME up to ca.
7.5 and 6 mol kg1, respectively. In addition, KFSA is quite
soluble in GBL up to 12 mol kg corresponding to 50/50 mol%
in KFSA/GBL at room temperature. Not only KFSA shows higher
solubility in DME than those of KTFSA and KPFg but the
KFSA/DME solutions show higher ionic conductivity than
KTFSA/DME and KPF¢/DME solutions in Fig. 1(c), which is
possibly due to a weak interaction between the FSA- and K*
originating from low Lewis basicity of FSA- 22, In the KFSA
solutions, comparison of the ionic conductivity among PC, DME,
and GBL solutions reveals that the ionic conductivity is
maximized at 1.5 — 2.0 mol kg* and the value of the KFSA/DME
solution is the highest at a concentration of approximately 2
mol kg 1.

Detailed physical and electrochemical properties of highly
concentrated electrolytes, 10 mol kg KFSA/PC, 7 mol kg* KFSA/
DME, corresponding to 40/60 mol% in KFSA/DME, and 12 mol
kg KFSA/GBL solutions were further examined. The viscosity
of these solutions is summarized in Fig. 1 (d). The solution of 7
mol kg! KFSA/DME shows much lower viscosity of 47 mPa s
than 374 and 327 mPa s of 10 mol kg KFSA/PC and 12 mol kg
KFSA/GBL, respectively. The lower viscosity will be
advantageous for electrolyte penetration into separators and
electrodes. Here, ionic conductivity and viscosity of AFSA/DME
where A = Li, Na, and K are compared in Fig. S3. Due to the
lower Lewis acidity of K*, KFSA shows the highest ionic
conductivity and the lowest viscosity above 2.0 mol kg1 in DME.
Indeed, KFSA shows the higher ionic conductivity and the lowest
viscosity in PCin 0.5 — 2.0 mol dm-3 as we reported 7. However,
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Fig. 2 Potential windows of the electrolytes: (a) cyclic voltammograms of Al
working electrodes in 2 mol kg'! and 7 mol kg! of KFSA/DME solutions at a
scanning speed of 0.5 mV st in voltage ranges of 2 —-0.5V and 2 — 6 V in K//Al
cell. Microscopic images of Al working electrodes tested in (b) 2 mol kg?
KFSA/DME and (c) 7 mol kg' KFSA/DME after 3 cycles of CV measurement in
voltage ranges of 2 -6 V.

KFSA solutions showed slightly lower ionic conductivity in the
non-concentrated range below 1.5 mol kg?! than LiFSA and
NaFSA solutions, which is different from the order of Lewis
acidity and would originate from their coordination structures
of AFSA/DME probably different from those in PC. The solution
structures are under investigation by spectroscopic and
computational methods and will be reported elsewhere.

To assess potential window of the highly concentrated
KFSA/DME solutions, we conducted cyclic voltammetry (CV) by
using two-electrode type K//Al cells. Figure 2 (a) shows initial
CV curves of the cells filled with 2 and 7 mol kg KFSA/DME
electrolytes. Between 2.0 and —0.5V, both cells show reversible
redox around 0 V corresponding to potassium plating. Higher
redox current and efficiency of 80.0 % of K plating are achieved
in the concentrated solution, indicating better passivation of K
surface in the concentrated one. Significant irreversible anodic
current above 3.5 V flows only in 2 mol kg KFSA/DME. Figure
2 (b) confirms that many pits of 10 — 30 um in diameter are
observed on the Al electrode after 3 cycles in the 2 mol kg?
KFSA/DME cell, which is indicative of Al corrosion 8. On the
other hand, the morphology of Al electrode cycled in 7 mol kg
KFSA/DME does not change at all in Fig. 2 (c). Therefore, Al
corrosion and electrolyte decomposition do not occur in 7 mol
kgl KFSA/DME electrolyte as no apparent anodic/cathodic
currents are observed in the voltammogram except for
reversible K plating. Thus, wide potential window was
demonstrated with inexpensive Al foil in 7 mol kg KFSA/DME,
which is similar to the previous reports on Li- 15> and Na-based 2°
highly concentrated electrolytes.
currents are hardly observed in 10 mol kgt KFSA/PC and 12 mol
kg KFSA/GBL but some corrosion pits of 1 — 5 um in diameter
are observed on the Al surface after the cycle tests in 2.0 - 6.0
V (see Fig. S4). We believe that the suppression of Al corrosion
in the 7 mol kg* KFSA/DME electrolyte originates from the low
dielectric constant of DME as reported in Li-based concentrated
electrolytes 23.24, |In addition, negligible anodic current less than
25 pA cm2 is confirmed below 4.3 V in the CV tests for KB and
10 wt% PVdF composite electrodes formed on an Al foil in 7 mol
kg KFSA/DME (Fig. S5).

We confirmed that anodic

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Electrode performance of the K;Mn[Fe(CN)¢] and the graphite in K cells: (a)
charge/discharge curves of the K;Mn[Fe(CN)s] and graphite electrode, and cycle
performance and coulombic efficiency of (b) the K,;Mn[Fe(CN)¢] electrode and (c)
the graphite electrode.

We assembled and tested the K half-cells of K;Mn[Fe(CN)g]
and graphite electrodes filled with the highly concentrated
KFSA/DME electrolyte. Figure 3 (a) shows that the
K//KaMn[Fe(CN)g] cell exhibits initial reversible capacity of 132
mAh g in a voltage range of 2.5 — 4.3 V. The initial coulombic
efficiency is 80 % which is remarkably higher than 53 % in 1 mol
dm=3 KPFe/EC:PC electrolyte as compared in Fig. S6, and
excellent capacity retention is achieved over 350 cycles in Fig. 3
(b). The K//graphite cell shows the initial reversible capacity of
ca. 260 mAh g1 with stepwise voltage plateaus attributed to the
staging structure, which are similar to those in 0.8 mol dm-
KPFe/EC:DEC (Fig. S7). Despite, irreversible capacity of 30 mAh
glis observed in the beginning of an initial potassiation process
from 1.2 to 0.7 V. The irreversible capacity might be caused by
the competitive reactions between co-intercalation of solvated
potassium ions into graphite and electrolyte decomposition
forming SEI film on the surface as was reported in the
concentrated LiTFSA/dimethyl sulfoxide (DMSO) electrolyte 25,
After the initial cycle, the K/7 mol kg KFSA DME/graphite cell
demonstrates higher coulombic efficiency and better capacity
retention in Fig. 3(c) than those in 0.8 mol dm3 KPF¢/EC:DEC
(see detailed data in Fig. S7). Although the highly concentrated
electrolyte is viscous, no significant difference in discharge-rate
performance of K;Mn[Fe(CN)e] is observed between 7 mol kg1
KFSA/DME and 1 mol dm=3 KPFe/EC:PC (Fig. S8 (a)). On the other
hand, the graphite electrode in 7 mol kg KFSA/DME exhibits
better rate performance than that in 0.8 mol dm=3 KPF¢/EC:DEC
(Fig. S8 (b)). This excellent rate performance of the graphite
electrode is consistent with that obtained in the Li cell filled with
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Fig. 4 Electrochemical performance of graphite//K,Mn[Fe(CN)s] full-cell: (a)

Capacity / mAh (g-positive)™”
charge/discharge curves of the full cell using 7 mol kgt KFSA/DME electrolyte with

K-metal pretreatment, and (b) cyclability and coulombic efficiency of the full cell
using 7 mol kg™* KFSA/DME and 1 mol dm-3 KPF¢/EC:PC (1:1 v/v) electrolyte.
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a 3.6 mol dm3 LiFSA/DME electrolyte and is possibly attributed
to fast de-solvation kinetics or low SEI resistance 16.

Furthermore, a K-ion full cell of graphite/7 mol kg KFSA
DME/KaMn[Fe(CN)e] was fabricated, and the electrochemical
properties were examined. Despite the excellent half-cell
performances, the full cell shows an initial reversible capacity of
33 mAh g1 and a large irreversible capacity of ca. 190 mAh g
(Fig. S9 (a)). The potential curves measured with a three-
electrode cell in Fig. S9 (b) reveal that potential plateau at 1.1 V
vs. K*/K for the graphite negative electrode is quite higher than
0.1 -0.3 V for K intercalation into the graphite, suggesting that
the large irreversible capacity originates primarily from the
graphite electrode. Though this phenomenon is not understood
fully, a possible reason is the decrease in water content in the
electrolyte. Actually, the water content in the electrolyte
measured by Karl Fisher titration decreased from 43 ppm to 10
ppm by soaking K metal piece into the electrolyte (see Table S2).
It is reasonably thought that the lower water content is realized
in the K half cells, resulting in the better electrochemical
performances. To use the electrolyte containing 10 ppm water
in K-ion full cell, K metal was simply soaked in the 7 mol kg
KFSA/DME solution for two days, then the resultant solution
was used as an electrolyte in the graphite/7 mol kg KFSA
DME/K;Mn[Fe(CN)e] full cell. The full cell free from K metal
demonstrates reversible charge/discharge behavior in Fig. 4(a)
compared with the non-pretreated 7 mol kg! KFSA/DME
electrolyte in Fig. S9 (a). Although some irreversible behavior
which possibly leads to lower capacity in the full cell than in half
cells is observed in the initial cycle, the full cell delivers a
reversible capacity of 104 mAh (g of KuMn[Fe(CN)g])? with a
mean operation voltage of 3.5 V. The full cell achieves excellent
capacity retention of more than 85 % after 101 cycles with
average coulombic efficiency of 99.3 %, which are much higher
than those in 1 mol dm=3 KPF¢/EC:PC electrolyte as shown in
Figs. 4(b) and S10. Highly concentrated KFSA/DME electrolyte
is promising electrolyte for 4 V class KIBs, and further
improvements of cycle life and coulombic efficiency are
expected by optimizing electrolyte additives.

In summary, KFSA salt shows the highest solubility in
carbonate-ester and ether solvents among KFSA, KTFSA, KPFsg,
KBF4, and KCIOg4, and the KFSA/DME solution shows higher ionic
conductivity and lower viscosity in the highly concentrated
region compared with those of KFSA/PC and KFSA/GBL. The 7
mol kgt KFSA/DME electrolyte exhibits a wide potential window
of 0—4.3 V vs. K*/K without Al corrosion. Not only the half cells
but also the graphite//KaMn[Fe(CN)g] full cell demonstrates
higher coulombic efficiency and much better cyclability in the 7
mol kgt KFSA/DME after pretreatment with K metal than those
in a conventional and diluted KPFg/carbonate ester electrolyte.
This promising electrolyte is expected to draw the best
performance from electrode materials for high-energy KiBs.

The authors acknowledge Mr. T. Matsuyama for helpful
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A highly concentrated potassium bis(fluorosulfonyl)amide / 1,2-dimethoxyethane electrolyte

solution enables stable cycling of a high voltage potassium-ion battery.



