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Materials and Electrolytes

Lithium metal sheet (15.6 x 0.45 mm), sodium metal sheet (14 x 0.45 mm), lithium
bis(fluorosulfonyl)imide (LiFSI, purity =99.9%), sodium bis(fluorosulfonyl)imide
(NaFSI, purity = 99.9%), and triethyl phosphate (TEP, purity = 99.9%) were
procured from Suzhou Duoduo Chemical Technology Co., Ltd. Potassium metal ingot,
ferrocene (Fc, purity =99%), and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
cther (TTE, purity = 99%) were obtained from Beijing InnoChem Science &
Technology Co., Ltd. The Li, Na, and K electrolytes were prepared by dissolving
corresponding 1M LiFSI, NaFSI, and KFSI, respectively, in a mixture of TEP and TTE
(1:1 vol.%), designated as 1M LTT, IM NTT, and 1M KTT. These preparations were
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conducted in an argon-filled glovebox (with O2 and H>O content maintained below 0.01
ppm) at room temperature. Copper (Cu) foil (thickness ~12 um) and aluminum (Al) foil
(thickness ~9 um) were sourced from Canrd Technology Co. Ltd. Before use, these foils
were subjected to ultrasonic cleaning in ethanol for half an hour to remove oil residues
from the production process, followed by drying at 80 °C for 12 h under vacuum
conditions. The KoMnFe(CN)s (KMF) material was synthesized following the

procedure outlined in a previous publication by our research group.!

Electrochemical Measurements

All CR2032-type coin cells used for electrochemical testing were assembled within
an argon-filled glove box with oxygen and water concentrations maintained below 0.01
ppm. Glass microfiber filters (diameter: 16 mm, Whatman, grade GF/D) were
employed as separators for Li|Cu, Na|Al, and K|Al cells. For the plating-stripping tests
in all alkali metal cells, a volume of 100 pL of the corresponding electrolyte was used.
During these tests, once a specific capacity was plated onto the Al or Cu foil, the cells
were charged to 1 V to complete the stripping process. The KMF cathode was prepared
by coating a slurry containing KMF, acetylene black and polyvinylidene fluoride
(PVDF) in a weight ratio of 70:20:10 onto Al foil, with a KMF loading of ~2 mg cm™.
The KMF cathode were then punched into discs with an 11 mm diameter and used after
vacuum drying at 80 °C for 10 h. For the cycling stability tests of the K[KMF cells (with
an anode-to-cathode capacity (N/P) ratio of 2 and 60 pL electrolyte), they were initially
subjected to charge-discharge cycling at 0.1 C (1 C = 150 mAh g!) for 20 cycles
between 2.7 and 4.4 V (vs. K'/K), and then the current density was adjusted to 0.5 C
for the subsequent charge-discharge cycles using the NEWARE battery test system (CT-
4008T-5V10mA-164, Shenzhen, China) and Land battery testing system (CT2001A,
Wuhan LAND electronics, China). The K metal used in the K|[KMF cells was obtained
by electrochemically depositing 0.6 mAh cm™ K metal onto the Al foil in the K|Al cells.
All electrochemical cycling tests were carried out in an incubator (ZY6046-80CT,
ZONSKY INSTRUMENTS Co., Ltd.) with controlled temperatures at 25 + 0.5 °C.

Electrochemical impedance spectroscopy (EIS) tests for alkali metal cells were
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conducted using the Solartron Analytical electrochemical workstation (Solartron
Mobrey, 1470E, England) with 5 mV sinusoidal amplitudes and a frequency range from
100,000 to 0.01 Hz. All EIS tests were performed after completely plating the alkali
metal on the current collector (Al foil or Cu foil). In the assessment of electrode
potentials for the alkali metals, three-electrode coin-type cells were employed. Within
these cells, the alkali metal served as the reference electrode, platinum electrodes were
designated as both working and counter electrodes, and 50 mM ferrocene was

incorporated into all three electrolytes.

Characterizations
Electrolyte conductivity measurements were conducted at room temperature (25 °C)
using a DDS-307A conductivity spectrometer. Each sample was subjected to three
independent tests. Viscosity assessments of the electrolytes were performed employing
the Anton Paar MCR-302 Viscometer, within a temperature ranging from -5 °C to 60 °C,
with a heating rate of 3 °C min’!. Raman spectra were obtained at room temperature
with a Horiba LabRAM HR800 equipped with a 633 nm excitation laser (laser power
of 5.1 mW) and a grating with 600 lines per mm. Following spectrum collection,
baseline correction was applied, and peak intensities were normalized with respect to
the highest intensity peak. Nuclear magnetic resonance (NMR) spectra for both pure
solvent and electrolytes were recorded using a 500 MHz Bruker Avance III HD
spectrometer. The deuterated reagent was prepared using anhydrous dimethyl sulfoxide
(DMSO). To avert potential interactions between the deuterated reagent and the solvent,
the solvent was loaded into a 3 mm NMR tube, which was subsequently placed within
a 5 mm outer NMR tube, with the intervening space filled with DMSO. *C-NMR
measurements were performed. All electrolytes used for conductivity, viscosity, Raman
spectroscopy, and NMR were meticulously prepared within a glove box and allowed to
equilibrate thermally for a period of 12 h.
Characterization of the plated alkali metal surface was conducted using a field
emission scanning electron microscope (JEOL, JSM-7500F) operated at 5 kV. X-ray

photoelectron spectroscopy (XPS) measurements were performed utilizing the Thermo
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Scientific ESCALAB 250 Xi XPS system with Al Ka X-ray radiation (1361 eV) and a
spot size of 400 um (diameter) during acquisition. Survey scans were conducted with a
1.0 eV step, and high-resolution scans for the C 1s, F Is, O 1s, and P 2p regions were
performed with a 0.05 eV step size. All peaks were subjected to fitting after applying a
correction based on the C-C bond at 284.8 eV. Deep etching was carried out using an
Ar" source with an acceleration voltage of 2 kV and an incidence angle of 45°. The
etching rate was determined to be 0.29 nm/s (vs. Ta2Os), with each etching lasting 25
seconds, and a total of two etchings were performed. The time-of-flight secondary-ion
mass spectrometry (ToF-SIMS) measurements were conducted using a ToF-SIMS 5-
100 instrument (IONTOF GmbH) to analyze the solid electrolyte interphase (SEI). The
depth profiling was performed using a Bi" analysis ion beam (30 keV, 0.75 pA), raster
size of 50 um x 50 um. The Cs* beam (1 keV, 60 nA) was used to sputter with a raster
area of 200 pum x 200 pm, and a sputter rate of ~0.84 nm/s (vs. GaN), which reduces
the work function of the material, thereby increasing the yield of negative secondary
ion. Due to the different thicknesses of SEI, the sputtering time of Li and K metal is
1000 s, while the sputtering time of Na metal is 1500 s. The Surface Lab 7 software
was used to plot the ToF-SIMS data into a 3D heat map. All test samples for SEM, XPS,
and ToF-SIMS were prepared after subjecting the cells to 20 cycles of pre-cycling. The
cells were disassembled in a glove box, washed with TEP solvent to eliminate residual
salt on the surface, and subsequently dried in the glove box for 24 hours. To prevent
exposure to air during sample transfer, all samples were hermetically sealed in test glass
bottles. Cryogenic transmission electron microscopy (cryo-TEM) characterization was
performed utilizing microscope (JEOL JEM F200) with cryogenic temperatures (-
95.15K) at 200 kV. For the test samples of cryo-TEM, first, the three alkali metals were
deposited onto a Cu-TEM grids at 0.1 mA cm™ under an areal capacity of 0.2 mAh cm
2, Subsequently, within a glovebox filled with argon, the TEM grids were transferred to
a cryogenic vacuum transfer holder (Fischione 2555), which includes specially
designed sealed shutters to ensure an entirely argon environment during the transfer
process, preventing contact with air or liquid nitrogen. Then, the holder was inserted

into the TEM chamber, and liquid nitrogen was added to the holder's Dewar flask for
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cooling, achieving an internal temperature of approximately 91.15 K. Finally, the cryo-
TEM images were analyzed using Digital Micrograph (Gatan) software.
Theoretical Calculations

All the classic molecular dynamic (cMD) simulations conducted in this work were
performed using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS, http://lammps.sandia.gov). All-atom optimized potentials for liquid
simulations (OPLS-AA) force-field with the K* and FSI" anions description from
previous publications,> 3 while the force-field of TEP and TTE were obtained from the
LigParGen* The electrolyte systems were setup initially with the salt and solvent
molecules distributed in the simulation boxes using Packmol® and Moltemplate

(http://www.moltemplate.org/)®. For each system, an initial energy minimization at 0 K

(energy and force tolerances of 10°) was performed to obtain the ground-state structure.
After this, the system was heated from 0 K to room temperature (300 K) at constant
volume over 0.2 ns using a Langevin thermostat, with a damping parameter of 100 ps.
The system was equilibrated in the constant temperature (300 K), constant pressure (1
bar) (NpT ensemble) for 5 ns. Finally, a MD run in the NVT ensemble was performed
for 5 ns for equilibrium, and a following 5 ns NVT simulation was used for analysis.
Quantum chemistry calculations were performed using Gaussian 16 software
package’. Geometry optimizations and energy calculations were performed using
B3LYP/6-311G(d,p). The PCM continuum solvation model was used to implicitly
represent solvent (ether). The binding energies (Gp) between the Li*, Na*, K* cations
and TEP solvent are calculated as Gv=Gecation-TEP-Gcation-GTEP, Where Geation-TEP, Geation,
and Grep are the free energies of the cation-TEP complex, cation, and TEP solvent,
respectively. Here, a more negative binding energy indicates a more stable solvation

structure. The visualization of the energy levels were made by using Multiwfn software®.



Note S1. Calculation of dissociation coefficient of the salts in the three electrolytes.
The ion-pair dissociation coefficient & can be estimated using the following
equation” '%:
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where 77 and 7~ are the viscosity of the electrolytes and mixed solvents,

respectively. A and A”™ are the molar conductivity and limiting molar conductivity
which can be obtained from the Debye-Hiickel-Onsager equation'!> !2:

A*=A-B\JC )
where B is the slope of the plot of A wvs. Jc (with the electrolytes concentration

C in the range of 103 = C =102 mol L1). The plots of A vs. JC for three
electrolytes are presented in Fig. 1d, and they all display well-defined linear
relationships. This indicates the applicability of Eq. (2) to the current electrolyte

systems.



Note S2. Method for calculating cation transference number of electrolytes.

The method proposed by Gasteiger et al.,'>!* was employed, which is designed for
general electrolytes and involves two distinct steps:

1) A concentration coin cell was employed to measure the open circuit voltage
between the alkali metal electrodes, exploiting the variance in salt concentrations. This
approach leaded to the determination of the transport factor a .
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where U . is the concentration cell potentials, F is the Faraday constant, R is

universal gas constant, 7 is absolute temperature at the time of testing, ¢, is the

concentration of the electrolytes being measured, and Ac is concentration difference.
i1) A symmetrical coin cell, featuring two alkali metal electrodes, was employed to
monitor potential transients following a constant galvanostatic pulse, thereby allowing

for the determination of the transport factor b .
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where 4 is the thickness of separator, m,, is the slope of the logarithm of the

potential against time after a galvanostatic pulse, A isthe area of the electrode, & 1is

the void volume fraction of the separator, ¢, is the concentration of the electrolyte
being measured, U (tl) is the potential at the end of a galvanostatic pulse, 7, is the

duration of the applied galvanostatic pulse, [, is the value of the pulse current.

Then, the cation transference number can be obtained by equation (5).
t,=1- b (5)
a

The detailed experimental results pertaining to steps 1) and ii) are presented in Fig.

S1 and S2. The cell parameters utilized in Egs. (3) and (4) can be found in Table S2.
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Fig. S1 (a-c) The potentials of concentration cells of corresponding electrolytes, (insets:
the enlarged view of potentials) and the highest point of the voltage were taken as the

concentration potentials for subsequent calculation.
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Fig. S2 (a-c) The logarithm of the potential against time after a galvanostatic pulse (0.3
mA for 15 min), and Uoset 1 the average of the records for the last five minutes of the

relaxation period of 3.75 h. In order to ensure the consistency of comparison, the fitting

interval of three electrolytes is 300 s-900 s.
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Fig. S3 (a-d) Plating-stripping curves of the Li|Cu, Na|Al and K|Al cells at 0.2 mA cm”

2 under an areal capacity of 0.2 mAh cm™. Note: M = Li, Na and K.

During the initial plating process, the Li|Cu cell exhibits the lowest nucleation barrier
(~ 114 mV) while the K|Al and Na|Al cells display comparable values (~ 862 mV for
K and ~ 957 mV for Na) (Fig. S3a). This discrepancy may be attributed to the limited
wettability of K and Na with respect to Al, as previously reported by Mitlin et al.'®
Subsequently, between the 20® and 100™ cycles, the average CE is 97.97% for the Li|Cu
cell, 96.38% for the Na|Al cell, and the highest for the K|Al cell (~99.15%) (as shown
in Table S3). During extended cycling stability tests, the average CE for the Li|Cu cell
over 240 cycles stood at 88.05% (Fig. S4). Fig. S4 illustrates a gradual decrease in CE
for the Li|Cu cell after 160 cycles, accompanied by a progressive increase in plating-
stripping overpotential (as depicted in Fig. S3b). For the NalAl cell, the average CE

reached 93.34% over 139 cycles, but it experienced a short-circuit failure at the 140™

cycle (as seen in Fig. S3c).
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Fig. S4 The voltage-time curves of the Li|Cu, NaJAl and K|Al cells at 0.2 mA cm™
under an areal capacity of 0.2 mAh cm™. Note: M = Li, Na and K.
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Fig. S6 (a) Coulombic efficiency of the Li|Cu, Na|Al and K|Al cells at 0.2 mA cm™
under an areal capacity of 0.2 mAh cm™ using trimethyl phosphate (TMP) and TTE as
solvents. (b) Coulombic efficiency of the Li|Cu, Na|Al and K|Al cells at 0.2 mA cm™
under an areal capacity of 0.2 mAh cm using tripropyl phosphate (TPP) and TTE as

solvents. In this case, Na metal could not be reliably plated.
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Fig. S7 The average CE for the K|Al and Li|Cu cells tested by the Zhang et al.’s
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approach. This test of the average CE was conducted as follows: first, the alkali metal
was plated and stripped at a high plating capacity of 2.5 mAh cm™ and a low current
density of 0.5 mA cm for 1 cycle; second, the alkali metal was electroplated onto the
current collector at a plating capacity of 2.5 mAh cm™, then repeatedly stripped-plated
under a low capacity of 0.5 mAh cm™ and a current density of 0.5 mA cm™ for 10 cycles,
and finally stripped to the designated cutoff potential (1 V). Note: M = Li, and K. The

average Coulombic efficiency was calculated according to the following equation:

CE — nQC +QS

"0+, “

Where n is the cycle number of repeatedly stripped-plated Li or K, (. is the
capacity of repeatedly stripped-plated Li or K, O, is the capacity of the pre-plated

Lior K, and Qis the capacity of finally stripped Li or K.
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Fig. S8 (a) Plating-stripping curves of the Li|Cu, Na|Cu and K|Cu cells at 0.5 mA cm™
under an areal capacity of 1 mAh cm™; (b) Coulombic efficiency of the Li|Cu and K|Cu
cells at 0.5 mA cm™ under an areal capacity of 1 mAh cm™ using Cu foil as current

collector. Note: M = Li, Na and K in (a).

As shown in Fig. S8, when Cu is used as the current collector for Li, Na, and K cells, it
can be observed that Na also cannot be reliably plated onto Cu foil, leading to a short
circuit in the third cycle (Fig. S8a). The Coulombic efficiency of K|Cu remains superior
to that of Li|Cu (Fig. S8b). Under the same conditions of using Cu foil as the current
collector, the trend in the electrochemical performance of the three alkali metals
remains K > Li > Na. This observation is consistent with the phenomenon observed

earlier when using Al as the current collector.
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Fig. S9 Calendar aging behaviors of three alkali metals with controlled temperatures at
25 + 0.5 °C. Stripping and plating curves after various aging durations of the (a) Li|Cu,

(b) Na|Al, and (c) K|Al cells.

This aging test of the alkali metals was conducted as follows: first, the alkali metal was
electroplated onto the current collector, then left at an open circuit condition for various
durations, and finally stripped to the designated cutoft potential (1 V). By utilizing the
plated capacity before aging and the stripped capacity after aging to calculate the CE,
where CE = (stripped capacity after aging / plated capacity before aging) * 100%, the

aging stability can be quantitatively assessed.
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Fig. S10 (a-c) The Nyquist plots of the Li|Li, Na|Na and K|K symmetric cells after
various aging durations. (d) A comparison of the Nyquist plots of the Li|Li, Na|Na and
K|K symmetric cells after aging 4 days and no aging (insets: the equivalent circuit used
to fit the Nyquist plots, where R, Rin, Wo, and CPE stand for electrolyte resistance,
interfacial impedance, Warburg impedance, and constant phase element, respectively).

The parameters obtained from EIS fitting are listed in Table S4.

In the Li|Cu and K|Al cells, the interfacial impedance R;u, represented by the diameter
of the semicircle in the Nyquist plots, initially increased during aging and then exhibited
minor variations with an extended aging duration, indicating the formation of a stable
SEI in these two cells. Among the three cells, the Li|Cu cell displays the smallest
impedance (Fig. S10a-c and Table S4), in agreement with its lowest polarization
observed during the plating-stripping test. It is worth noting that the interfacial
impedance of the NaJAl cell was the highest and showed little difference before and
after calendar aging. Given the poor CE and aging stability of the Na|Al cell, this
observation suggests that continuous side reactions occur between the Na metal and the

electrolyte.
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Fig. S11 The estimated electrode potential of M"/M (M = Li, Na and K) for three alkali

metal in their corresponding electrolytes.

The redox species ferrocene (Fc'/Fc) served as an electrolyte-independent reference
electrode.!”!” As presented in Fig. S11, the estimated electrode potential of K*/K, at -
3.31 V vs. Fc'/Fc, is the lowest among the three alkali metals, followed by Li*/Li at -
3.21 V vs. Fc'/Fe, and the highest is associated with Na'/Na at -3.02 V vs. Fc'/Fc. In
general, a lower electrode potential implies a greater thermodynamic driving force to
reduce electrolytes, which, in turn, results in a lower deposition-stripping CE. However,
it is important to note that, despite K exhibiting the lowest electrode potential, it
displays the highest CE, underscoring the presence of a robust and stable SEI on the
surface of K metal. Conversely, although Na has a relatively high electrode potential, it
exhibits the lowest CE, indicating the formation of an unstable SEI on the Na metal

surface.
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Fig. S12 Morphological characterization of the plated alkali metals. (a-c) SEM images
of the plated Li metal on the Cu foil with the capacity of 0.5 mAh cm™ after 20 cycles
of pre-cycling. (d-f) SEM images of the plated Na metal on the Al foil with the capacity
of 0.2 mAh cm™ after 20 cycles of pre-cycling. (g-i) SEM images of the plated K metal
on the Al foil with the capacity of 0.5 mAh cm™ after 20 cycles of pre-cycling.
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Fig. S13 The X-ray photoelectron spectroscopy (XPS) full spectrum of the surface of
plated (a) Li, (b) Na, and (c) K.

The C 1s spectra (Fig. 3e) of three alkali metals can be deconvoluted into three peaks,
representing C=0 (288.8 eV), C-0 (286.6 eV), and C-C (284.8 eV),2° which are mainly
originated from the degradation of electrolyte solvents. Notably, the relative intensity
of the C-O peak to the C-C signal is considerably more pronounced in the Na SEI
compared to that of the Li and K counterparts, indicating a higher abundance of organic
components in the Na SEI. After argon ion etching, the content of each component
experiences a substantial reduction. Even after a 50-second etching process, a faint C-
O signal can still be detected for Li (as shown in Figure S14) and Na (as illustrated in
Fig. S15), whereas it is conspicuously absent in the case of K (as seen in Fig. S16),
suggesting a minimal presence of organic constituents in the K SEI. In the F 1s spectra
presented in Fig. 3f, the peak signals can primarily be ascribed to S-F (at 687.4 eV) and
M-F (M=Li (at 684.7 ¢V), Na (at 684.1 ¢V), K (at 682.9 eV)), both stemming from the
decomposition of MFSI.?"»22 As we progress from Li to Na to K, the contribution of S-
F to the F 1s spectra exhibits an increasing trend, implying the involvement of more
anions in the formation of the SEI. Following argon ion etching, the relative ratio of S-
F to M-F (M=Li, Na, K) exhibits minor fluctuations for all three alkali metals,
signifying that the SEI on these metals features a typical mosaic structure. In the O 1s
spectra (Fig. 3g), the signals can be deconvoluted into four components characterized
by binding energies of 532.8 eV, 531.7 eV, (531.8 eV, 530.7 eV, and 530.3 eV for Li,
Na, and K, respectively), and 530.4 eV, corresponding to C-O, S-O, (LixPyO,, NaxPyO,,
K«PyO), and C=0 functionalities. Additionally, a minor contribution of Li-O species is

observed on the Li metal surface (as shown in Fig 3g).2!: % The mentioned phosphate
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compounds primarily originate from the decomposition of TEP. Notably, the relative
intensity ratio between the phosphates and the C-O peak is highest for K metal and
lowest for Na metal, indicating a greater presence of organic compounds on the Na
metal, in accordance with the C 1s spectra. After etching, the content of phosphates
remains nearly unchanged, suggesting their uniform distribution within the SEI. The P
2p spectra further confirm the presence of phosphates (as depicted in Fig. 3h). In
summary, the XPS spectra illustrate that the surface of Na metals contains more organic

components, while that of Li and K metals consists primarily of inorganic components.
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Fig. S14 The XPS analysis of deeply etched SEI formed on the Li metal with an areal

plating capacity of 0.5 mAh cm™. The spectra of (a) C 1s, (b) F 1s, (c) O 1s, and (d) P

2p. Note: the number in the upper right corner of the subgraph represents the argon ion

etching time.
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Fig. S15 The XPS analysis of deeply etched SEI formed on the Na metal with an areal
plating capacity of 0.2 mAh cm™. The spectra of (a) C 1s, (b) F 1s, (c) O 1s, and (d) P
2p. Note: the number in the upper right corner of the subgraph represents the argon ion

etching time.
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Fig. S16 The XPS analysis of deeply etched SEI formed the K metal with an areal

plating capacity of 0.5 mAh cm™. The spectra of (a) C 1s, (b) F 1s, (c) O 1s, and (d) P

2p. Note: the number in the upper right corner of the subgraph represents the argon ion

etching time.
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Fig. S17 Normalized (to maximum) depth profiles of various critical ion fragments

observed on distinct alkali metal surfaces after 20 cycles. (a) Li, (b) Na, and (c) K.
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Fig. S19 Cryo-STEM image and the corresponding EDS elemental mapping of the
deposited Li.
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Fig. S20 Cryo-STEM image and the corresponding EDS elemental mapping of the

deposited Na.
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Fig. S21 Cryo-STEM image and the corresponding EDS elemental mapping of the
deposited K.
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Fig. S22 The enlarged view of Fig. 4g.
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Fig. S23 The enlarged view of Fig. 4h.

31



Fig. S24 The enlarged view of Fig. 4i.
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Fig. S25 The '*C-NMR full spectrum of three electrolytes and pure TEP solvent.

Fig. 5b displays the 3C-NMR results from the carbon atoms of the methyl CHj (right)
and methylene CH; (left) groups in TEP. When TEP molecules coordinate with alkali
metal ions, the electrons on the CH» group are rearranged, thus weakening the shielding
effect of the '3C extranuclear electrons on the '*C nucleus.?” 26 This de-shielding effect
is subsequently manifested as the downfield shift of chemical shift in the NMR spectra.
As shown in Fig. 5b (left), the chemical shift of '*C nuclei around 62.7 ppm,
representing the carbon of the CH> group in neat TEP, is shifted downfield to 63.7 ppm,
63.4 ppm, and 63.1 ppm for LTT, NTT, and KTT, respectively. This observation is
consistent with the Raman spectroscopy results, indicating that the interaction between
alkali metal ions and TEP follows the order of Li" > Na" > K'. Besides, the peak
corresponding to the carbon of the CH3 group in neat TEP (15.5 ppm) shifted upfield
significantly to 14.5 ppm (Fig. 5b right). This shift suggests the creation of an electron-
rich environment around the CH3 group, enhancing the electron shielding effect. This
effect can be attributed to the incorporation of FSI" anion into the solvation sheath,

which increases the electron cloud density of the CH3 group of TEP.2®
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Fig. S26 The mean square displacement of cations derived from the cMD simulations

(a) Li", (b) Na", (¢c) K".

Based on the mean square displacement of cations derived from the cMD simulations
(as shown in Fig. S26), the cation diffusion coefficients are estimated to be 1.73x107!!,
1.47x107", and 2.18x107'" m? s for Li", Na*, and K", respectively. The highest
diffusion coefficient observed for K can be attributed to its weaker interaction with
TEP, which leads to the highest transference number among the three alkali metal ions
(as seen in Fig. 1f). On the other hand, Na" exhibits the lowest diffusivity, explaining
its smallest transference number in Fig. 1f. Even though Li" has a stronger interaction
with TEP compared to Na”, it displays a higher diffusion coefficient than Na'. This
could be attributed to the smaller ionic size of Li". Consequently, when FSI" is
incorporated into the primary solvation sheath of Li*, the charge of Li" becomes more
effectively screened, and the interaction of Li" with molecules beyond the primary
solvation sheath is significantly weakened. This results in a smaller moving entity in

the Li electrolyte compared to that in the Na electrolyte.
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Fig. S27 The global electrophilicity indices of Li, Na, and K.

In the same electrolyte solvent (i.e., Lewis base), the acidity of alkali ions (i.e., Lewis
acids) is actually the ability of Lewis acids to accept electrons from Lewis bases, which
directly influences the interaction between alkali ions and electrolyte solvent, thereby
affecting the solvation structure and ultimately the electrochemical performance of
batteries.?’3! In the literature, the Lewis acidity has been quantitatively analyzed using
the global electrophilicity index (GEI) o (Fig. S27),>*3* which is a measure of a Lewis

acid's electron accepting ability and defined as:
o = W20 = x*/2n (7

where 1 is the chemical potential, 1 is the chemical hardness,** and y is electronegativity
(the negative of chemical potential ) of Lewis acids.?® Therefore, the Lewis acidity is
related to electronegativity and chemical hardness.* Electronegativity is related to both
the ionic radius and electron cloud density, while chemical hardness is mainly

determined by the ionization energy and electron affinity of molecules or ions.>®
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Table S1. Comparisons of electrochemical performance of different alkali metals tested

in the electrolytes with similar compositions.

Electrochemical
Cells Electrolyte Reference
Performance

Plating-stripping

Li|Cu KFSI-1.4DME [Refl]*’
CE ~99.1%
Plating- stripping
Na|Cu 5M NaFSI/DME [Ref2]8
CE ~99.1%
Plating- stripping
Na|Cu IM NaPF¢/DME [Ref3]8
CE ~99.9
Plating- stripping
K|Cu IM KFSI/DME [Ref4]*
CE ~99%

Plating- stripping

Li|Cu 7M LiFSI/FEC [Ref5]*
CE ~99%
Plating- stripping
Na|Cu IM NaFSI/FEC [Ref6]*!
CE ~94%
Plating- stripping
K|Cu  0.8M KPF«/EC+DEC+5 wt% FEC [Ref7]%
CE ~70%

extremely poor with a

KIHC  0.8M KFSI/EC+PC+5 wt% FEC specific capacity [Ref8]*
3mAh g!
Plating- stripping
Li|Cu IM LiFSI/TEP+TTE This work
CE ~87.36%
Plating- stripping
Na|Al 1M NaFSI/TEP+TTE This work
CE ~31.36%

Plating- stripping
K|Al 1M KFSI/TEP+TTE This work
CE ~99.33%
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Table S2. The cell parameters used in Egs. (3) and (4).

a rooa YU I, U
Electrolyte m, F R , & (mol t b Ac a t,
(mm) XK)  (em’) V) (mA) V)
LT
0.00222 0.0335 2.51 0.694
LTT 0.00246 2.01 0.03995 3.16  0.0849 821 0.616
0.00164 0.0405 2.61 0.682
0.000883 0.0753 2.73 0.286
NTT  0.675 0.000749 964853 8314 299 1539 40% 1 0.0674 900 03 225 00395 0.1 3.82 0412
0.00136 0.0375 1.69 0.559
0.000941 0.0546 1.33 0.696
KTT 0.00107 1 0.05678 1.47  0.045 437 0.663
0.000947 0.05577 1.36 0.689
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Table S3. Coulombic efficiency of three alkali metals tested in the corresponding

electrolytes.
Cell type Areal Average CE 1 CE 20%h-100™" Average
capacity (%) (%) average CE cycling
(mAh cm™) (%) CE (%)
Li|Cu 0.2 88.5 84.41 97.97 gth_130t
97.8
NalAl 0.2 93.34 5.19 96.38 33th_130%
96.73
KJAl 0.2 98.96 66.19 99.15 20t -510
99.07
Li|Cu 1 87.76 93.23 -- 2nd_19th
97.44
NalAl 1 31.36 44.23 -- --
KJAl 1 99.33 86.14 99.49 10h-250™

99.47

41



Table S4. The impedance data obtained from alkali metal cells after aging.

Li|Cu NalAl K|Al
Aging Re Rint Aging R. Rin Aging Re Rint
Duration Duration Duration
0 4981 31.23 0 10.86 436.8 0 8.314 85.34
1 4.888  68.1 1 10.83 541.6 1 8.263 1854
2 4968 76.12 2 10.78 5323 2 8.260 198.7
4 5.011 82.4 4 10.83 543.9 4 8.131 204.6
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Table S5. Specific energy of some recently reported K metal cells.

Stack-level

Average Discharge
anode-to-cathode specific
K metal cells Electrolyte discharge voltage capacity**
capacity ratio*® | energy***
V) (mAh g") 1
(Whkg™)
rGO-K|Ko2:2Fe[Fe(CN)sJosos**  0.8M KPF¢ EC/DEC 3.4 2:1 553 94
K@Biso/NrGO|PB* 3M KFSI DME 3.1 2:1 68.4 106
K@EMS|PB* 3M KFSI DME 3 2:1 83.2 125
K|KPB* IM KFSI DEGDME 3.3 2:1 51.8 85.5
K Cu@SKS|PBA* 4M KFSI DME 3.4 2:1 53.9 91.5
K[PBA¥ 1M KFSI G4/TTE 2.8 2:1 60.9 85
CoZn@HCT@K|PTCDA IM KFSI DME 2.6 2:1 96.3 98
KCl-buffered
KIKMCEC@rGO®! 3.8 2:1 76.8 125
AlCI3/[3MIm]Cl
2.3M KFSI+50mM
K|PB*? 3.4 2:1 83.2 147.5
KNO3 DME
K|KPB™ 0.8M KPF¢ EC/DEC 3.4 2:1 88.6 141.5
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+0.01% ATPPB

K[PTCDA> 0.1M KBPhs EC/DEC 24 2:1 81.8 98
K@NGM|PB/G* KFSI:DME=0.5 3.6 2:1 79.6 143
K/Pd/Cu|PB¢ 3M KFSI DME 3 2:1 51.34 77
IM KFSI
K/KMF°’ 3.8 4:1 70.55 134
DIDBE+6%DTD
This work IM KFSI TEP/TTE 3.94 2:1 104.3 206

* As most literature does not specify the actual N/P ratio, we assume an N/P ratio of 2:1. However, in practical experiments, an excess of potassium
metal is typically present, resulting in the actual N/P ratio being significantly higher than 2:1.

** The discharge capacity is calculated based on the total mass of cathode and anode materials in the cells.

*** The stack-level specific energy of the batteries is estimated by halving the specific energy values which are calculated based on the total mass

of cathode and anode materials in the corresponding batteries.>®
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