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Theoretical Calculations:
Modeling and simulation details

DFT calculations. We performed DFT calculations to determine the optimized structures of the organic
solvents (i.e., EMS and TEGDME) and lithium salts (i.e., LiTFSI) (Fig. S2a). Subsequently, because the
organic solvents are known to form complex structures in the presence of Li* ions,? the most stable
geometries of the complex structures for [Li(EMS)4]* and [Li(TEGDME)]* were theoretically identified
(Fig. S2b). [Li(EMS)4]* formed a tetrahedral conformation, in which each oxygen atom of the EMS was
coordinated with a Li* ion. In the case of [L(TEGDME)]*, a single Li* ion was coordinated with four
oxygen atoms of TEGDME. All DFT calculations were performed using the DMol® program.®>* The B3LYP
hybrid functional>® was adopted for all calculations. Spin-polarized calculations were performed at the
DNP 4.4 level. All electron relativistic effects were included in the core treatment. The convergence
criterion of the self-consistent field was set to 1.0x10° Ha, and the geometry optimization was
performed until the convergence criteria were satisfied (i.e., 1.0x10° Ha for energy, 0.002 Ha/A for
force, and 0.005 A for displacement).

MD simulations. We performed the MD simulations for each solvent (i.e., EMS and TEGDME) and
electrolyte (i.e., EMS-EL;[Li(EMS)4][TFSI] and TEGDME-EL;[Li(TEGDME)][TFSI]) (1) to predict the
miscibility by investigating the solubility parameters of bulk systems and (2) to observe the structural
changes of the preformed interfaces of the solvent and electrolyte mixtures with various composition
ratios. First, the optimized solvent and electrolyte molecules obtained via DFT calculations were packed
in a periodic box to construct the bulk systems; the configuration information is presented in Table S1.
The molar ratios between the organic solvents and lithium salts used in our simulations were taken
from the experimental conditions (i.e., 1:8 for LiTFSI:EMS and 1:1 for LiTFSI:TEGDME). In particular, the
half portions of EMS molecules exist as complex structures (i.e., [Li(EMS)4]*) by coordinating with Li*
ions, while the remaining EMS molecules randomly exist in the ‘EMS-EL’ system. NPT (i.e., isothermal-
isobaric) MD simulations were initially performed for 300 ps to equilibrate the systems. Subsequently,
NVT (i.e., isothermal) MD simulations were performed to calculate the solubility parameters for each
bulk system (Fig. S2c-f). Second, to investigate the immiscibility of preformed interfaces consisting of
each solvent and electrolyte, four model systems were constructed with various composition ratios
(i.e., ‘4/6’ for solvent mixture system, ‘3/7, ‘5/5’ and ‘7/3’ for electrolyte mixture systems; Table S2.
The solvent mixture system was constructed by eliminating the lithium salts from the ‘5/5’ electrolyte
mixture system to trace the effect of lithium salt on the immiscibility behaviors. All mixture systems
were equilibrated by NPT MD simulations for 1 ns at room temperature and atmospheric pressure,
followed by NVT MD simulations for 10 ns with a 1-fs time step (Fig. S3). All MD simulations were
performed using the COMPASSII force field.”® The temperature was controlled by a Nose-Hoover
Langevin (NHL) thermostat,® and the pressure was controlled by a Berendsen barostat.!® The Ewald
scheme!>'2 and atom-based cutoff method (i.e., a radius of 15.5 A) were applied to treat electrostatic
and van der Waals (vdW) interactions, respectively. All the partial atomic charges were defined using
the COMPASSII force field.

Investigation of the miscibility based on calculated solubility parameters

To predict the miscibility of bulk systems of solvents and electrolytes, the solubility parameter (O ),
which was defined by Hildebrand and Scott,®* was calculated via MD simulations. The solubility
parameter is defined by the square root of the cohesive energy density (CED), which is the average
energy required to separate all molecules to an infinite distance from each other. The equation is
specified as follows:



S= AH(/—_RT - +JCED (1)

m

where AH, is the molar enthalpy of vaporization, R is the ideal gas constant, and V,, is the molar volume.
Furthermore, the Hansen solubility parameter,** which is an extension of the Hildebrand solubility
parameter (0), was investigated to compare the relative strengths of dispersion (), polar (&), and
hydrogen bonding (o) forces:
2 2 2 2 2 2
0° =0, +5p +0," =04y  + Ok (2)
In this study, the dispersion forces (ds) were referred as vdW forces (dvaw). Additionally, because the

hydrogen bonding forces were negligible in our system, polar (&) and hydrogen bonding forces (o)
were combined into electrostatic forces (Jes).

Structural analysis based on the demixing index and interaction energy

To estimate the degree of immiscibility of solvent and electrolyte mixtures at a specific time, the
“demixing index” (ysemix), Which was previously defined by Muzet et al.,*> was calculated via MD
simulations. Initially, the simulation box was partitioned into ‘n’ equal boxes with a width of
approximately 1.6 A (i.e., n ranges from 40 to 70). For each box i, the number density (d;) corresponding
to each solvent and electrolyte was estimated. Subsequently, the inverse density 1/d; of each box i was
calculated by summing the reciprocal number density of each component as follows.

1/d; =1/dgys; +1/ diggpye; (i€, solvent mixture, i ranges from 1 to n) (3)

1/d, =1/ digys_eryi +1/ Arecome-gy; (i€ electrolyte mixture, i ranges from 1 to n) (4)

Finally, y4emix Was obtained by averaging d; over all boxes and dividing by the normalization factor (N)
as follows,

X demix :W<d|> (5)

where ygemix is ranged from 0.0 (for totally separated phases) to 1.0 (for perfectly mixed phase). The
time evolutions of ysemix for solvent and electrolyte mixtures are shown in Fig. 1d. In addition, the
interaction energy (AEint) between two phases at the interface was calculated as follows,

AE, =E, —EA—Eg (A=EMSor EMS-EL, B = TEGDME or TEGDME-EL) ()

where Eiora is the total potential energy of each solvent and electrolyte system, Ex is the total potential
energy of EMS or EMS-EL, and E; is the total potential energy of TEGDME or TEGDME-EL. The relative

changes of the interaction energy (AEi) relative to its initial value were monitored as a function of time
(Fig. 1d).

Interfacial tension calculation

The interfacial tension (j) was calculated using pressure tensors as follows.®
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where P, is the pressure tensor in the z-direction (i.e., normal to the interface); P« and P,, are the
pressure tensor in the x- and y-directions (i.e., horizontal to the interface), respectively; and L, denotes
the box length in the z-direction (Fig. 1c). The average values of the interfacial tensions obtained from
MD simulations are shown in Table S3.

Methods:
Design and fabrication of the MH-QEs.

In the first step of the fabrication of the MH-QEs, the QE precursor, which consisted of an ionic medium
(1 M LIiTFSI in EMS or 2.3 M LiTFSI in TEGDME), a UV-curable ETPTA monomer (incorporating 1.0 wt%
HMPP as a photoinitiator) and Al,Os nanoparticles (average particle size ~ 300 nm), was prepared. The
composition ratio of the QE precursor was ionic medium/ETPTA/Al,O; = 34/6/60 (w/w/w). The EMS-
based QE precursor was directly printed on a sulfur cathode. During the printing process, the EMS-
based QE precursor infiltrated into the interstial voids of the sulfur cathode along with formation of
the cast layer. Subsequently, the ETPTA monomers in the EMS-based QE precursor were crosslinked
after exposure to the UV curing, yielding the solidified EMS-QEs.

Details regarding the UV curing-assisted printing process and rheological understanding were
described in our previous publications.'”'® The UV irradiation was performed using a Hg UV-lamp
(Lichtzen) with an irradiation peak intensity of approximately 2000 mW cm2 on the sample surface.
Subsequently, on the top of the EMS-QE, the TEGDME-QE was introduced via the same printing and
UV curing process, resulting in the formation of the MH-QE on the sulfur cathode.

Characterizations. The dissolution behavior of the polysulfide intermediate (0.1 M Li,Sg)*° in the EMS-
EL and TEGDME-EL was quantitatively investigated as a function of time using UV-vis
spectrophotometry (Cary 5000, Agilent) spectroscopy. The 'H NMR spectra were recorded on an 400
MHz AVANCE Il HD instrument (Bruker) in CDsOD. The chemical shifts were referenced to the protio-
solvent impurities (0 3.31 ppm (CD;HOD)) and were reported in ppm. The UV curing reaction of the
ETPTA polymer skeleton in the MH-QE was examined using FT-IR spectroscopy (Varian 660-IR, Varian
Medical Systems). The morphologies of the samples were characterized using FE-SEM (S-4800, HITACHI)
and energy dispersive X-ray spectroscopy (EDS). After the cycling test, the lithium anodes were
extracted from the cycled cells without being washed in an argon-filled glove box and transferred to
the XPS spectrometer right away to avoid hydrolysis or oxidation of Li,S and lithium polysulfides. The
XPS (Thermo Fisher) was performed with focused monochromatized Al Ka radiation. The Raman
spectra were obtained using an Alpha 300S (WITec) with a 532-nm laser.

Electrochemical measurements. The sulfur cathode (areal sulfur loading = 1.2 mg cm™) was prepared
with a composition ratio of sulfur/carbon black/SBR-CMC binder = 75/20/5 (w/w/w) and then vacuum-
dried for one day at 50 °C. A coin-type (CR2032) cell was fabricated by assembling the sulfur cathode,
MH-QE and lithium foil anode in an argon-filled glove box. The electrochemical properties of the cells
were investigated using a cycle tester (PNE Solution Co., Ltd, Korea) under various discharge/charge
conditions at constant temperature (25 °C). The EIS data for the cells were recorded using a
potentiostat/galvanostat (VSP classic, Bio-Logic) in the frequency range from 102 to 10° Hz with an
applied voltage of 10 mV. The shuttle factor equation was given as f = Ks-Qu[Stotal]/I, Where K; is the
heterogeneous reaction constant related to polysulfide diffusion and reaction, Qu is the theoretical
charge/discharge capacity of the high plateau, and / is the charge/discharge current. [Sita] is assumed
to be the polysulfide amount required for the full conversion of sulfur.
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Fig. S1 'H NMR spectra of the top and bottom layers in electrolyte mixtures (EMS-EL/TEGDME-EL =5/5
(v/v), shown in Fig. 1a). (* indicates the residual solvent peak.)
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Fig. S2 Model systems used for the solubility parameter () calculation. (a) Molecular structures of EMS,
TEGDME, and LiTFSI. (b) Complex structure of [Li(EMS)4]* and [Li(TEGDME)]*. (c-f) Bulk models of (c)
EMS (d) TEGDME (e) [Li(EMS)4][TFSI] (i.e., EMS-EL) (f) [Li(TEGDME)][TFSI] (i.e., TEGDME-EL). Carbon,
hydrogen, oxygen, sulfur, fluorine, nitrogen, and lithium atoms are shown in gray, white, red, yellow,
cyan, blue, and purple, respectively.
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Fig. S3 MD simulation snapshots of the solvent and electrolyte mixtures as a function of time and the
corresponding photographs. (a) Solvent mixture (EMS/TEGDME). (b-d) Electrolyte mixtures (b)EMS-
EL/TEGDME-EL = 3/7, (c) 5/5, (d) 7/3. EMS, TEGDME, [TFSI], [Li(EMS)s]*, and [Li(TEGDME)]* are shown
in pink, purple, gray, red, and blue, respectively.



0.1 ns h 1.0 ns ) 2.0ns 5.0 ns - 10.0 ns

o | —Ems o | —EMs o |—Ems @ |—Ems o |—Ems
2 ,| —TEGDME 2 | — TEGDME 2, | — TEGDME 2, | —TEGDME 2 ,| —TEGDME
3 3 3
i £ F ] i
o 64 S . O & 0 64 5
: : i : :
¥ 1 ] 4 N S e VAV AN
H | 2 2 a4
0 2 50 75 0 2 5 75 [ 2 50 75 0 2 50 75 0 2 s 75
Length in z-direction (A) Length in z-direction (A) Length in z-direction (A) Length in z-direction (A) Length in z-direction (A)
Cemix - 0.48 Coemix - 0.62 Coemix - 0.77 Cemix - 0.91 Cemix - 0.97
Solvent
Mixture
EMS
TEGDME?

Fig. S4 Concentration profiles and MD simulation snapshots of the solvent mixture as a function of time.
For clarity, EMS and TEGDME are separately visualized the mixture system. EMS and TEGDME are
shown in pink and purple, respectively. Note that the z-axis is perpendicular to the interface.
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Fig. S5 Charge/discharge profiles of the Li-S cells containing the EMS-EL and TEGDME-EL. The cells were
examined at a charge/discharge current density of 0.1 C/0.1 C under a voltage range of 1.5-2.8 V. (a)
1t cycle. (b) 45 cycle.



Before UV curing

After UV curing

P

Absorbance (a.u.)

I
1630 1625

I I I I
1620 1615 1610 1605 1600

Wave Number (cm™)

Fig. S6 Changes in the FT-IR spectra of the acrylic C=C double bonds of the ETPTA polymer before/after
UV curing.
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Fig. S7 Time evolution of the cell voltage of a symmetric cell (lithium metal/TEGDME-QE/lithium metal)
with a cycling capacity of 0.5 mAh cm™ at a current density of 0.1 mA cm=.
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Fig. S8 (a) Schematic representation depicting the fabrication of the control QE (that was prepared by
simply stacking the EMS-QE film with the TEGDME-QE film). (b) Cross-sectional SEM image of the
control QE. Interfacial cracks between the two QE films were clearly observed. (c) AC impedance
spectra of the MH-QE and control QE at 30°C. This measurement was conducted using a coin-type cell
(CR2032), in which the stack pressure was applied to the electrolytes.
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Fig. S9 Charge/discharge profiles (1°t and 250" cycles) of the Li-S cells containing the MH-QE. The cells
were examined at a charge/discharge current density of 0.1 C/0.1 C under a voltage range of 1.5-2.8 V.
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Fig. S10 Cycling performance of the Li-S cells containing the MH-QE (areal mass loading of the sulfur
cathode = 4.1 mg cm™). The cells were examined at a charge/discharge current density of 0.1 C/0.1 C
under a voltage range of 1.5-2.8 V.
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Fig. S11 SEM images (left column, in Fig. 3b) and EDS sulfur mapping images (right column) of the
lithium anodes at DOD 100% after 250 cycles: (a) MH-QE, (b) DOL/DME.
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Fig. $12 SEM image of the lithium metal anode surface after 1 cycle for MH-QE.
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Fig. S13 Self-discharge behavior of the Li-S cells assembled with the MH-QE and DOL/DME. (a) OCV
profiles as a function of the elapsed time. (b,c) Charge/discharge profiles before/after an elapsed time
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Fig. S14 Structural characterization of the lithium metal anodes after 1% cycle (for MH-QE). (a) S 2p XPS

spectra, in which the Li-S cells were fully discharged. (b) Raman spectra, in which the MH-QE was taken
at a cell voltage of 2.1 V.
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Table S1. Summary of the bulk systems used in the MD simulations. The total number of molecules
(i.e., EMS, TEGDME, and LiTFSI), number of atoms, and box size are included.

EMS TEGDME EMS-EL TEGDME-EL
EMS 1000 ; 400 -
TEGDME - 300 ; 100
LITFSI - ; 50 100
Total number 14000 11100 6400 5300

of atoms

Box size (A3)

55.5x55.5%x55.5

47.4x47.4x47.4

42.2%x42.2%x42.2

38.5%38.5%38.5
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Table S2. Summary of the solvent mixture and electrolyte mixture systems used in MD simulations.
‘3/7, ‘5/5, and ‘7/3’ represent the composition ratios of the electrolyte mixtures (v/v). The
experimental and calculated values of the composition ratio, total number of molecules (i.e., EMS,
TEGDME, and LiTFSI), number of atoms, and box size are included.

Electrolyte Mixture

Solvent
3/7 5/5 7/3 Mixture
Composition 0.27:0.73 0.47:0.53 0.67:0.33 0.38:0.62
ratio (v:v)

EMS 400 400 160 400
TEGDME 50 117 109 117
LiTFSI 100 167 129 ;

Total number of 9050 12601 8337 9929

atoms

Box size (A3)

35.9x35.9x79.9

36.0x36.0x109.9

36.4%x36.4x68.8

38.0x38.0x75.5
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Table S3. Theoretical calculation of interfacial tensions (y) of the solvent mixture and electrolyte
mixture. The solvent mixture (EMS/TEGDME) and electrolyte mixtures with different composition
ratios (EMS-EL/TEGDME-EL = 3/7, 5/5, and 7/3 (v/v)) were investigated; Px, P,y, and P, represent the
pressure tensors along the x-, y-, and z-directions. Note that the z-axis is perpendicular to the interface.

P_(MPa) P, (MPa) P_(MPa) ¥ (dyne/cm)
Electrolyte Mixture
(EMS-EL/TEGDME-EL)
3/7 1.34 -1.15 5.47 21.48
5/5 10.31 15.18 23.32 58.12
7/3 6.46 10.23 15.53 24.71
‘;';’I'\‘,I’:;';E'\é_'i'l’)‘;:; -17.03 17.77 -16.09 4.92
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Table S4. Comparison of various electrolyte approaches for Li-S cells in terms of cycling performance.
(LiOTf: Lithium trifluromethanesulfonate (triflate), LiBETI: Lithium bis(pentafluoroethanesulfonyl)imide,
DEGDME: diethylene glycol dimethyl ether, DEC: Diethyl carbonate, PYR14: 1-Buthyl-1-methyl-
pyrrolidinium, EMIM: 1-Ethyl-3-methyl-imidazolium, PP13: 1-Propyl-1-methyl-piperidinium)

Current
Electrolyte . Capacity/Cycle life Ref
Y density pacity/Cy
1 M LiOTf in TEGDME ~330/50
1 M LiOTf in TEGDME/DOL 1/16C ~500/50 20
1 M LiOTf in DME/DEGDME ~400/50
1 M LiTFSI in DOL ~210/10
1 M LiTFSI in DOL/TEGDME 0.1C ~260/10 21
Solvent . .
1 M LiTFSI in TEGDME ~430/10
1 M LiOTf in TEGDME 100mA/g ~380/10
1 M LiOTf in DOL/DME discharge ~750/10 22
1 M LiOTf in EMS/DEC (8:1) 500mA/g ~20/10
1 M LiOTf in EMS/DOL/DME (4:1:1) charge ~410/10
1 M LiOTf in DME/DOL (4/1,v/v) ~0/55
1 M LiTFSI in DME/DOL (4/1,v/v) ~750/55
. . 0.5C 23
1 M LiBETI in DME/DOL (4/1,v/v) ~720/55
Salt 1 M LiPFs in DME/DOL (4/1,v/v) ~600/55
. . ~400/100, (CNT/S)
2 M LiTFSI in DOL/DME ~220/100, (KB/S)
7 M LiTFSI in DOL/DME 02¢ ~780/100, (CNT/S) “
~600/100, (KB/S)
0.5 M LiOTf in DOL/TEGDME ~200/50
0.5 M LiOTf in DOL/TEGDME 0.1 mA/cm? N 25
+ 0.4 M LiNO3 500/50
1 M LiTFSI in TEGDME/DOL(33/67, v/v) ~500/20
. 1 M LiTFSI in TEGDME/DOL(33/67, v/v) -
Additive +0.01 M LiNO3 01c 450/20 26
1 M LiTFSI in TEGDME/DOL(33/67, v/v) -
+ 0.2 M LiNO3 600/20
1 M LiTFSI in TEGDME ~300/40 97
1 M LiTFSIl in TEGDME + 5 wt% Li2S/P2Ss 01c ~900/40
PYR14TFSI +0.2 M LiTFSI in TEGDME 0,054 mA/cm? ~440/20 28
1 M LiTFSI in EMITFSI 50 mA/g ~500/40 29
lonic Liquid
1 M LiTFSI in PP13TFSI 0.1C ~320/10 30
Li(TEGDME)TFSI 139 mA/g ~720/50 31
864/10
831/20
MH-QE 0.1C 754/50 This study
703/100
700/250
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