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ABSTRACT: Potassium (K) metal is considered one of the most promising RO
anodes for potassium metal batteries (PMBs) because of its abundant and low- =
cost advantages but suffers from serious dendritic growth and parasitic reactions,
resulting in poor cyclability, low Coulombic efficiency (CE), and safety concerns.
In this work, we report a localized high-concentration electrolyte (LHCE)
consisting of potassium bis(fluorosulfonyl)imide (KFSI) in a cosolvent of 1,2-
dimethoxyethane (DME) and 1,1,2,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ether (TTE) to solve the problems of PMBs. TTE as a diluent not only endows
LHCE with advantages of low viscosity, good wettability, and improved
conductivity but also solves the dendrite problem pertaining to K metal anodes.
Using the formulation of LHCE, a CE of 98% during 800 cycles in the KlICu cell
and extremely stable cycling of over 2000 h in the KIIK symmetric cell are 0 200 c |430 ) 600 800
achieved at a current density of 0.1 mA cm™>. In addition, the LHCE shows good yee et
compatibility with a Prussian Blue cathode, allowing almost 99% CE for the K|

KFe"Fe''(CN); full cell during 100 cycles. This promising electrolyte design realizes high-safety and energy-dense PMBs.

KEYWORDS: PMBEs, localized high-concentration electrolyte, SEI, dendrite-free, long cycle life
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popularity as a prominent rechargeable energy storage

solution for portable electronic devices owing to their
high energy density.'~ ® Nevertheless, apprehensions regarding
the limited availability, unequal distribution, and exorbitant
cost of lithium have prompted the scientific community to
contemplate sustainable supply options and explore alternative
rechargeable battery technologies.”"* More recently, potas-
sium metal batteries (PMBs) are considered a promising
alternative to LIBs due to the great abundance and low cost of
potassium anodes.'*™"” Yet, the deployment of K metal anodes
is hampered severely by dendrites and a limited Coulombic
efficiency (CE) during repeated plating/stripping. During
cycling, K" is typically deposited in dendritic form on K
metal surface due to inhomogeneous current distribution and
cation concentration gradients in the traditional electrolyte, as
well as the fracture of the solid electrolyte interface (SEI),”’~**
leading to an internal short circuit and thermal runaway
accidents.”>”* On the other hand, the use of a fresh K metal
anode with a commercial electrolyte induces continuous
formation of an SEI and depletion of electrolyte, which
ultimately results in poor CE and severe battery capacity
degradation. Therefore, the practical application of PMBs relies

Lithium-ion batteries (LIBs) have gained significant
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heavily on finding solutions to problems related to K metal
anodes.

Several solutions to address the problems of K anodes
involve optimizing electrolyte compositions,” fabricating
multifunctional separators,"®*® and designing various compo-
site. K metal anodes.®”’ >’ Recently, concentrated electro-
lytes, particularly high-concentration electrolytes (HCEs), have
emerged as a promising strategy to stabilize the K anode.
HCEs with high salt-to-solvent molar ratios reduce the number
of free solvent molecules while improving the stability of the
interfacial chemistry between the electrolyte and the anode.
Nonetheless, the HCEs suffer from several disadvantages with
respect to high viscosity, poor wettability, and high cost, which
limit their practical application. Numerous types of solvents are
added to HCEs as diluents to form localized high-
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Figure 1. (a) Dilution schematic from the HCE to the LHCE. (b) Ionic conductivity and (c) Raman spectra of different electrolytes. (d)
RDFs (solid lines) and coordination numbers (dashed lines) and (g) the coordination ratios of HCE and LHCE. Simulated snapshots of (e)
HCE and (f) LHCE2. Extraction of the main K* coordination structures in (h) HCE and (i) LHCE2 from the MD simulation snapshots.

Atom colors: K, green; O, red; N, blue;

S, yellow; F, pink; C, cyan;

H, white.

concentration electrolytes (LHCEs) to overcome the inherent
drawbacks of HCEs. Diluents are used as inert additives in
electrolytes to reduce the salt concentration and viscosity.
These additives do not alter the inherent solvation structure of
the electrolyte but significantly increase the ionic conductivity
and 1m3prove the electrolyte wettability of the electro-

e?***737 For example, fluorinated ethers are the most
commonly used diluents for HCEs in lithium metal batteries
(LMBs) and sodium metal batteries (SMBs) by virtue of a
high dielectric constant and low donor number.’ Zhang et al.
introduced bis(2,2,2-trifluoroethyl) ether as a multifunctional
diluent to high-concentration lithium difluorosulfonimide
(LiFSI)/dimethyl carbonate (DMC) for LMBs and sodium
difluorosulfonimide (NaFSI)/1,2-dimethoxyethane (DME) for
SMBs.* Wang et al. successfully created dendrite-free LMBs
by diluting concentrated LiFSI/DMC with 1,1,2,2,2-tetrafluor-
oethyl-2,2,3,3- tetraﬂuoropropyl ether (TTE), which exhibited
stable cycling performance.””*' Inspired by the concept of
LHCEs widely used in LMBs and SMBs, we were inspired by
whether these strategies could address the challenges faced by
PMBs. However, as far as we know, there are currently few
reports on LHCEs for PMBs.

Herein, we elaborate a type of LHCE for PMBs using KFSI
as the salt, DME as the solvent, and TTE as a diluent. The
LHCE was found to inhibit dendrite growth and improve CE
due to the enhanced binding strength between K" cations and
FSI” anions, which promoted the preferential reduction of
more FSI™ anions to generate a KF-rich SEI on the K anode
surface. The electrolyte also had high ionic conductivity and
good wettability. Consequently, the combined merits of LHCE

20326

enabled dendrite-free K deposition with an average CE of
>98% through 800 cycles in a KlICu cell and an ultralong
cycling life of more than 1000 cycles (i.e, over 2000 h) at a
current density of 0.1 mA cm™ in a KIIK symmetric cell. In
addition, the KIIKFe"Fe™(CN); full cell equipped with LHCE
delivered a reversible capacity of 67 mAh g~" with good cycling
stability.

RESULTS AND DISCUSSION

TTE was selected as a diluent in this study and added directly
to KFSI/DME to form the LHCE (Figure la). To optimize
the addition of TTE, three types of LHCEs (LHCE1, KFSI/
DME/TTE = 1:2:0.5; LHCE2, KFSI/DME/TTE = 1:2:1;
LHCE3. KFSI/DME/TTE = 1:2:1.5, by mol) were prepared
(Figure Sla). After a 24 h rest, some salt precipitated from
LHCE3 (Figure S1b), possibly due to the addition of excess
TTE. Figure 1b displays the ionic conductivity of three
LHCEs, revealing that LHCE2 has the highest ionic
conductivity (14.0 mS cm™), followed by LHCE1 (12.7 mS
cm™'), LHCE3 (10.7 mS cm™!), and HCE (KFSI/DME = 1:2)
(9.9 mS cm™). This illustrates that the ionic conductivity of
the electrolyte is significantly improved by the low viscosity of
TTE. The ionic conductivity of LHCEs is expected to increase
gradually with increasing TTE; however, in the case of
LHCES3, the ionic conductivity decreases. This is likely due to
the supersaturation of the solution resulting from the excessive
addition of TTE to LHCE3. The wetting behavior of various
electrolytes on a polypropylene (PP) separator was charac-
terized (Figures S2 and S3). The results showed that the HCE
did not wet the surface of the PP separator even after 30 s,
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whereas LHCEs exhibited good wettability as they immedi-
ately and completely penetrated and immersed the separator.
Additionally, the contact angles of LHCE1, LHCE2, and
LHCE3 on PP separators were 35.3, 24.6, and 50.8°
respectively, which were significantly smaller than that of
HCE (6c, = 52.5°). These findings suggest that LHCEs have
good wettability and contribute to a lower interfacial resistance
for K* transference. In addition, the superior electrochemical
stability of LHCE2 was investigated by linear scanning
voltammetry (LSV). As shown in Figure S4, the electro-
chemical window of LHCE2 (4.3 V vs K'/K) is slightly higher
than that of the HCE (4.2 V vs K*/K) and significantly wider
than that of the low concentration electrolyte (LCE) (3.5 V vs
K*/K), greatly broadening the choice of electrode materials.

The effect of TTE on the solvation structure in electrolytes
was investigated by Raman spectroscopy (Figure 1c). In pure
DME, the signals at Raman shifts of 820 and 847 cm™ (red)
were identified as the —CH,—O—CHj stretching vibrations of
free DME molecules. In LCE, the characteristic peaks of free
DME molecules decreased, while new peaks appeared at 832
and 857 cm™' (pink), corresponding to the coordinated DME
molecules. The peak at 724 cm™ (black line) was attributed to
free FSI™ anions in the electrolyte. In HCE, the characteristic
peaks of free DME molecules and FSI™ anions vanished and a
new peak at 735 cm™' (blue) was observed, representing the
solvated FSI™ anions. The characteristic peaks of TTE in
LHCE2 corresponding to the vibrational band were observed
at 650 and 669 cm™' (green line), indicating that TTE does
not play a role in the solvation structure. Notably, the
coordinated FSI™ peak shifted from 735 to 737 cm™', implying
enhanced coordination between K' cations and FSI™ anions
after the addition of TTE.*

MD simulations were conducted to validate the impact of
TTE on LHCE2 and HCE. Figure 1d illustrates the radial
distribution functions (RDFs) of LHCE2 and HCE. The peak
of LHCE2 at 2.76 A corresponds to the K—Ogg~ coordination
structure, which is larger than that of HCE, indicating the
enhanced coordination of K'—FSI™. Notably, LHCE2 did not
show any significant peak of K—Orppy, indicating a weak or
negligible solvated TTE with K'. Furthermore, an MD
simulation unveils the changes in the content of contact ion
pairs (CIPs, FSI™ coordinated to one K*) and aggregated ion
pairs (AGGs, FSI™ coordinated to two or more K*). As shown
in Figure le—i, the AGG ratio of LHCE2 was higher than that
of HCE, further verifying the enhanced coordination of K'—
FSI” caused by TTE addition, which is consistent with the
findings of the Raman spectra. By virtue of the well-maintained
solvation structure of K*—FESI"—DME, LHCE2 was antici-
pated to exhibit distinctive characteristics resembling HCE
with regard to stabilizing K metal anodes while simultaneously
maintaining a low-viscosity behavior.

To assess the ability of LHCEs to suppress the growth of
dendrites, KllICu cells were constructed using different
electrolytes. As shown in Figure 2a, the KllCu cell employing
LHCE2 demonstrated a significantly higher CE (98.1%)
compared to those with HCE (95.5%), LCE (89.2%), and
commercial electrolyte (57.1%). This superior performance of
LHCE2 is attributed to its ability to effectively suppress K
dendrite growth and promote uniform K deposition. It is worth
noting that although HCE had fewer free solvent molecules
and exhibited an improved CE compared to the commercial
electrolyte and LCE, its high viscosity resulted in lower ionic
conductivity and poorer wettability, ultimately leading to an
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Figure 2. (a) Comparison of K plating/stripping on the Cu
electrode in different electrolytes at a current of 0.05 mA cm™
with an areal capacity of 0.05 mAh cm™ and (b) cycling
performance with LHCE at a current of 0.1 mA cm > with an
areal capacity of 0.1 mAh cm™ Long cycling performance of KIIK
cells using (c) different electrolytes at a current of 0.05 mA cm™>
with an areal capacity of 0.05 mAh cm™ and (d) LHCE at a
current of 0.1 mA cm™? with an areal capacity of 0.1 mAh cm™2.
Magnified voltage profiles at different stages of cycling at the
current of 0.1 mA cm™? with an areal capacity of 0.1 mAh cm™? are
shown as insets in (d).

inferior cycling performance. The lower CE observed in KlICu
cells using commercial electrolyte and LCE can be ascribed to
irreversible side reactions between the deposited K metal and
the electrolytes, inevitably resulting in a significant reduction in
capacity and reversibility.'”*® In addition, even at a higher
current density of 0.1 mA cm™* and an areal capacity of 0.1
mAh cm™?, the KlICu cell equipped with LHCE2 demon-
strated excellent reversible K plating/stripping behavior,
achieving an average CE of 98% over 800 cycles (Figure 2b).

The superiority of LHCEs was further verified by the
plating/stripping curves of the KlICu cells. The overpotential
of a KlICu cell using LHCE2 was significantly lower (202 mV)
than those using the other two LHCEs (224 and 288 mV),
HCE (222 mV), and commercial electrolyte (256 mV) (Figure
SS). It is worth noting that, although KlICu cells using LCE
displayed a lower overpotential compared to those using
LHCE2, they suffered from poor cycle stability caused by
severe irreversible side reactions. On the other hand, KlICu
cells assembled with LHCE2 exhibited ultralong cycling
stability of over 350 cycles with a limited increase of
polarization, demonstrating the excellent reversible chemical
behavior of K plating/stripping (Figure S6). This is the best
cycling performance report to date for KllCu cells (Table S1).
These findings suggest that the addition of TTE to LHCE
effectively addresses the issues associated with the K metal
anode of PMBs.

The stability and long-term compatibility of various
electrolytes with K metal anodes were investigated by using
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KIIK cells. The test conditions were a current density of 0.05
mA cm™? and a deposition capacity of 0.05 mAh cm™ The
commercial electrolyte used in KIIK cells exhibited a large
polarization voltage (>200 mV) and voltage fluctuation during
cycling due to poor interfacial stability with the K metal anode
(Figure 2c). The LCE cells also displayed an unstable
polarization voltage with significant fluctuations, resulting in
short circuits after 80 h of cycling. In contrast, the HCE cells
exhibited stable cycling of K-metal plating/ strippinﬁ due to the
inhibitory effect of the KFSI salt on K dendrites, " but with a
higher interfacial resistance that led to larger polarization
voltage. The KIIK cells using LHCE2 had extremely stable
cycling for 2000 h (~1000 successive plating/stripping cycles)
with a low polarization voltage of <50 mV, significantly
outperforming other electrolytes.

Especially, an overwhelming cycling stability of over 2000 h
with an extremely stable voltage distribution (<60 mV) can be
obtained even at a higher current density of 0.1 mA cm™> with
a higher areal capacity of 0.1 mAh cm™ (Figure 2d).
Moreover, the voltage fluctuations of KIIK cells with LHCE2
were significantly smaller than those with LHCE1 and LHCE3
at various current densities (Figure S7). The cycling
performance of KIIK cells using LHCE2 was also much better
than those using LHCE1 and LHCE3. These results were
mainly attributed to the superior interface compatibility and
wettability of LHCE2, proving its feasibility in achieving long-
life PMBs.

Scanning electron microscopy (SEM) was used to examine
the morphology of K deposited on Cu electrodes after cycling
in various electrolytes. The commercial electrolyte resulted in
nonuniform K deposition, leading to dendrite growth and
potential puncture of the separator, ultimately causing short-
circuiting of the cell (Figure 3a). In contrast, nodular K

Commercial LCE HCE

Figure 3. SEM images of Cu electrodes with K deposited at a
current of 0.1 mA cm™2 with an areal capacity of 0.1 mAh cm™2 in
different types of electrolytes: (a) Commercial; (b) LCE; (c) HCE;
(d) LHCE2; (e) LHCEIL; (f) LHCE3.

deposits with a particle size of 0.5—1 ym were observed in
LCE (Figure 3b). However, smaller particles had larger contact
areas with the electrolyte, leading to severe side reactions and a
lower CE. The K metal surface deposited in HCE exhibited a
homogeneous nodular structure, which is less likely to
puncture separators (Figure 3c). Additionally, the K metal
surfaces deposited on Cu electrodes in LHCE2 were uniformly
covered with many nodular K deposits, exhibiting a flat and
uniform morphology, with each region consisting of many tiny
crystals (Figure 3d). This ordered interface behavior facilitates

the formation of a dense SEI layer and prevents excessive
parasitic reactions, thereby keeping dendrite-free K metal
during cycling. Compared to HCE, LHCE1, and LHCE3, the
K metal surface deposited in LHCE2 was more uniformly flat
(Figure 3c,e,f), leading to more stable cycling and higher CE.
The SEI formed in LHCE2 (Figure S8) was composed of C,
O, F, §, and K elements, as demonstrated by EDS analysis, and
was uniformly distributed on the electrode surface, contribu-
ting to homogeneous K deposition.

To reveal the mechanism of SEI formation and stable K
plating/stripping behavior, K anodes after being cycled in
different electrolytes were investigated by X-ray photoelectron
spectroscopy (XPS) with an argon ion etching technique
(Figure 4 and Figure S9). Clearly, the K metal surfaces show a
great number of decomposition products, including RO—,
K,CO;, KF, and C—K/C—-C/C—H/C—O0. These products can
create an SEI layer on the surface of K metal, where inorganic
species like KF and S=O bonds play a key role in inducing
homogeneous K deposition. The SEI layer formed in HCE and
LHCE contains higher contents of KF and S=O bonds
compared to commercial electrolyte. In LHCE, KF is the main
reduction product of KFSI, which can be attributed to the fact
that KFSI with a lower LUMO (the lowest unoccupied
molecular orbital) (—0.86 €V) decomposes first before TTE
(1.04 eV) (Figure Sa,b).*

Figure Sc—f provides a detailed illustration of the K*
solvation structures and SEI formation mechanisms in different
electrolytes. In the commercial electrolyte, K* is solvated by a
large amount of carbonate solvent and a small amount of PF4~
anions. The solvated K* then moves toward the K anode,
where the carbonate solvent molecules and a small proportion
of PF¢  anions are reduced to form an organic-rich SEI
layer.*”**~*" The SEI layer in LCE mainly originates from the
breakdown of the solvent DME and a small amount of free
FSI™ anions.” In contrast, the HCE and the LHCE contain
more solvated FSI™, which are reduced on the K metal surface
to form an inorganically enriched SEI This SEI inhibits K
dendrite %rowth and promotes highly homogeneous K
deposition.”***>** In addition, the K* desolvation energy
(E,) in the LHCE is 16.18 kJ mol™', which is considerably
lower compared to the vales observed in the commercial
electrolyte (26.86 kJ mol™), LCE (25.56 k] mol™"), and HCE
(19.04 kJ mol™") systems. This reduction in E, can promote
the formation of an inorganic-rich SEI, thereby facilitating
uniform K deposition chemistry (Figure S10).

The diffusion kinetics of K" in the electrolyte plays a crucial
role in K deposition behavior, in addition to the robust SEI
layer. In commercial electrolyte and LCE, the distribution of
K" can cause some ions to migrate faster or slower than others,
resulting in concentration gradients that can lead to nonuni-
form K deposition and the formation of K dendrites, as
illustrated in Figure 5¢,d."® Conversely in HCE and LHCE,
high or locally high concentrations of K" can weaken the
concentration gradient, producing a more homogeneous K*
flux and deposition (Figure Sef). As a result, K deposition in
HCE and LHCE is more uniform than that in commercial
electrolyte and LCE. In addition, the addition of TTE resulted
in a decrease in electrolyte viscosity, which allows for a faster
transport of K*. This resulted in the replenishment of K*
consumed during plating, ultimately producing a denser K
deposition in the LHCEs than in the HCE counterpart, as seen
in the SEM results. The superior diffusion kinetics of K" is also
evidenced by the higher transference number of K* (+) in the
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LHCE (0.47) compared to the HCE (0.25) (Figure S11),
which contributes to its excellent rate performance.

Al corrosion is a common phenomenon in traditional
electrolytes, especially at high voltages (>4 V). KIIAl cells were
assembled and kept at S V (vs K'/K) for 20 h to clarify the
passivation effect of electrolytes on Al collectors. In LCE, clear
evidence of black holes and cracks is clearly observed on the
overall surface of the Al foil (Figure S12a), indicating a severe
Al corrosion phenomenon, which causes unlimited over-
charging. The HCE environment showed slight corrosion due
to the high salt content (Figure S12b). However, the Al foil in
LHCE2 remained intact and smooth (Figure S12c), indicating
good protection provided by TTE. The corrosion of Al foil was

20329

also further analyzed using chronoamperometry (CA) profiles,
which showed that the corrosion current in LHCE2 was
significantly lower than in LCE and HCE. These findings
suggest that LHCE2 is compatible with Al collectors and
provides good protection against corrosion (Figure S12d). The
impressive results obtained in high-voltage PMBs can be
attributed to the incorporation of TTE that generates
additional AIF, passivation layers on the Al collectors.”’ This
process effectively inhibits the corrosion of Al, enabling
LHCE2 to be applied to high voltage.

To evaluate the practical application of LHCE2 as a safe
electrolyte for PMBs, KIIKFe"Fe"(CN)¢ full cells were
assembled using K metal as the anode and KFe"Fe'(CN),
as the cathode (Figures S13 and S14). The discharge capacity
of the KIIKFe"Fe(CN), full cells is 67 mAh g~' even after
100 cycles in 100 mAh g' (based on the mass of
KFe'"Fe™(CN);). More importantly, the CE can reach almost
99% in 100 cycles (Figure 6a). Furthermore, the almost
overlapping charge—discharge curves with low polarization
further demonstrate good reversible chemical behavior (Figure
6b). The rate performance of the KIIKFe"Fe(CN); full cells
was also investigated (Figure 6¢). As the current densities
gradually change from 50 to 100, 200, and 500 mA g™/, the full
cells can still provide considerable reversible capacities of 81,
73,70, and 59 mAh g~’, respectively. When the current density
is reduced to 50 mA g~', a reversible capacity of 83 mAh g™' is
still obtained. The charge/discharge curves of the full cell at
different current densities always display a clear voltage plateau
(Figure 6d), corresponding to Fe'/Fe' redox couples, which
is further confirmed by cyclic voltammetry (CV) testing
(Figure 6e). The above results demonstrate that the LHCE
allows the KIIKFe"Fe"™(CN)¢ full cells to obtain good
electrochemical performance, which is attributed to the high
ionic conductivity and the improved wettability, as well as the
uniform CEI formed in LHCE (Figure S15). All of these
results clearly confirm that LHCE with TTE as a diluent can be
an effective electrolyte strategy for building safe PMBs with
high performance.
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full cells: (a) cycling performance at 100 mA g '; (b) charge—
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CONCLUSION

In summary, a type of LHCE utilizing TTE as an inert diluent
was developed, demonstrating great potential for ultrastable
PMBs. The LHCE (KFSI/DME/TTE = 1:2:1) allows KIIK
cells to show excellent reversible plating/stripping performance
for up to 2000 h, with an exceptional CE (98%) and no
dendrite growth. KlICu cells with LHCE have exhibited an
ultralong cycle life of more than 800 cycles at a current density
of 0.1 mA cm™2 The excellent electrochemical performance of
the LHCE is attributed to the preservation of the local K'—
FSI"—-DME solvation structure, as evidenced by the
experimental results and DFT simulations, which facilitates
the formation of KF-rich SEI layers on the K metal anode,
effectively inhibiting the growth of K dendrites and inducing
uniform K deposition. Additionally, LHCE has high ionic
conductivity, low cost, and good wettability, making it a
promising electrolyte for PMBs. The meaningful findings of
this work highlight the importance of electrolyte engineering
and provide options for building safety and high-performance
PMBs.

METHODS

Materials. KFSI (Energy Chemical) was used after drying at 80 °C
for 12 h in a vacuum. TTE (TCI, 95%) and DME (Energy Chemical,
99%) were both dried with molecular sieves prior to use. The
electrolytes were prepared by mixing KFSI in DME with or without
TTE in a glovebox filled with argon. The LCE and HCE consisted of
1 and 4.8 M KFSI/DME, respectively. The commercial electrolyte,
consisting of 0.8 M KPF, in EC:DEC (1:1 by volume) was purchased
from DodoChem Co. Ltd. Salt/solvent mole ratios were mainly used
for the concentration notations of the KFSI/DME electrolytes.
Molarity was used for the rest of the electrolyte formulations.
Potassium ferricyanide(III) (K;Fe(CN)4 99.5%) and iron(II)
chloride tetrahydrate (FeCl,-4H,0O, 98%) were purchased from

Beilian (Tianjin) Chemical Co. Commercial Celgard 2400 poly-
propylene (PP) and glass fiber (GF-F) separators were purchased
from Celgard Corporation and Whatman, respectively. Copper (Cu)
foil, aluminum (Al) foil, and poly(vinylidene fluoride) (PVDF) were
obtained from Kejing Corporation. N-Methyl-2-pyrrolidone (NMP,
99.5%) was obtained from Fuchen (Tianjin) Chemical Reagent Co.
All cells were assembled in a glovebox (H,0 <0.1 ppm and O, <0.1
ppm) with an argon atmosphere.

Preparation of KFe''Fe''(CN), Cathode Material.
KFe"Fe™(CN)s, a type of Prussian blue, was synthesized by a
modified hydrothermal method.*® First, 1.646 g of K;Fe(CN)4 was
dissolved in 60 mL of deionized water, loaded into an 80 mL reaction
vessel, and magnetically stirred at room temperature for 30 min.
Then, 0.99 g of FeCl,-4H,0 was added to the solution and stirred for
a further 30 min at room temperature. The reaction kettle containing
the homogeneously mixed solution was then heated to 80 °C for 24 h.
The product was collected by centrifugation at 4000 rpm and washed
several times with deionized water and ethanol. After drying under a
vacuum at 60 °C for 12 h, the final KFe"Fe™(CN)¢ nanoparticles
were obtained.

Electrochemical Measurements. Cu foil was cut into circular
sheets of 16 mm diameter and pretreated with a 1 M HCI solution to
remove oxidized surfaces. Celgard 2400 and GF-F were used as
separators. 80 uL of electrolyte was added to each cell. The KlICu
cells consisted of K metal as the counter electrode and Cu foil as the
working electrode. The cells were charged to 1 V vs K'/K and
discharged to 0.05 and 0.1 mA cm™ KIK symmetric cells were
assembled with K metal as the working electrode and counter
electrode, and the cells were tested at 0.05 or 0.1 mA cm™ with a
plating—stripping time of 1 h. The desolvation energy (E,) of K* in
electrolytes was analyzed by EIS data at temperatures ranging from
298 to 323 K according to the Arrhenius formula (eq S1).

o = A exp(—E,/RT) (S1)

KIIKFe"Fe"(CN)¢ Full Cells. 70 wt % KFe'Fe(CN),, 20 wt %
Super-P, and 10 wt % PVDF were homogeneously mixed in NMP.
The resulting paste was pasted onto Al foil and then dried under
vacuum at 120 °C for 12 h. The effective mass loading of the
KFe"Fe™(CN)4 cathode was approximately 0.8—1.0 mg cm™2 KII
KFe'"Fe(CN); full cells were assembled with K metal as the anode,
KFe'"Fe™(CN); as the cathode, LHCE2 as the electrolyte, and GF-F
as the separator. Charge and discharge tests were performed at
different current densities in the voltage range of 1.5—4.0 V.
Electrochemical tests were carried out on an electrochemical
workstation.

Characterizations. The ionic conductivity of the electrolytes was
determined by the electrochemical impedance (EIS) method on a
German Zanher workstation. The EIS was carried out in the
frequency range of 100 mHz to 100 kHz with an alternating-current
(AC) signal amplitude of 10 mV. Al corrosion was determined using a
VMP-300 instrument. Specifically, LSV testing was performed at a
rate of 0.5 mV s™' from open circuit voltage to 5 V (vs K*/K). Then,
the voltage was kept at S V for about 20 h. After the disassembly of
the cell, the Al foil was rinsed with DME. The wettability of the
electrolyte on Celgard 2400 was studied by using a contact angle test
(JJ2000B2, Powereach, China). The solvation structures of electro-
lytes were studied by using Raman spectroscopy (VERTEX 70). The
circulating electrodes were disassembled in a glovebox filled with
argon, cleaned with DME to remove salt residues, and dried in the
glovebox. The morphology of the samples was measured by using
SEM (Hitachi S-4800) and EDS, respectively. XPS data were
collected using Al Ko radiation on a Kratos axis super XPS
spectrometer. Samples were cleaned in DME and then transferred
to the XPS analysis chamber via a sealed device to prevent exposure to
air and water. XRD was recorded with a Rigaku Smart Lab SE
diffractometer with a Cu Ka source at the step rate of 2° per minute.

Theoretical Calculations. The partial charges of KFSI and TTE
molecules were calculated using Gaussian 16 code, and 6-31+g(d,p)
basis functions were applied.”’ The OPLSS-AA force field and
MKTOP were used to parametrize all atoms, such as the bond
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parameters, angle parameters, dihedral angles, and so on.>? The
solvation structure of K' in two different electrolytes (HCE and
LHCE) was simulated. The monomer ratio of KFSI/DME/TTE was
1:2:1. 100 KFSI and 200 DME molecules were randomly inserted into
a cube box with a side length of 6.0 nm; 100 KFSI, 200 DME, and 100
TTE molecules were randomly inserted into a cube box with a side
length of 6.0 nm as well. The molecular dynamics (MD) simulation
was performed with the GROMACS 2019 software package.”*>® The
steepest descent method was applied to minimize the initial energy for
each system with a force tolerance of 1 kJ mol™ nm™ and a
maximum step size of 0.002 ps before MD calculations. In all three
directions, periodic boundary conditions were imposed. A leapfrog
algorithm was used to integrate the Newtonian equation of motion.
Then, a 20 ns production simulation under an NPT ensemble with a
time step of 2 fs was carried out for data collection. In NPT
simulations, the pressure was maintained at 1 bar by a Berendsen
barostat in an isotropic manner.”” The temperature was maintained
by a V-rescale thermostat at 298.15 K. The LINCS algorithm was
used to constrain bond lengths of hydrogen atoms. The cutoff
distance of nonbonded interactions was 1 nm, and the long-range
electrostatic interactions were calculated by the Particle-Mesh-Ewald
(PME) method. PME with a fourth-order interpolation was used to
evaluate the electrostatic interactions, and the grid spacing was 1.0 A,
whereas a cutoff of 1.0 A was employed to calculate the short-range
van der Waals interactions. After 20 ns of MD simulations, we
analyzed the radial distribution function (RDF) and coordination
number between K* and O atoms in FSI”, DME, and TTE molecules.
The HOMO and LUMO values of KFSI and TTE were calculated
with the Gaussian 09 package, and their reduction stability was
compared. Density functional theory (DFT) calculations (B3LYP
method) were done with the 6-311(d,p) basis set. The conductor-
variant polarized continuum model was employed to include the
solvent effect. The dielectric constant of DME was 7.3.
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