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S1 Supplementary Experimental Section
S1.1 Preparation of C-Fe203-G/PP, P-Fe203-G/PP and G/PP Separators

Four milligrams of C-Fe.O3-G, P-Fe203-G or reduced graphene oxide were mixed with one
milligram of Super P separately. These mixtures were dispersed into 15 mL of N-
methylpyrrolidone (NMP) respectively and sonicated for two hours to form a uniform mixture.
Then these materials dispersing in solutions were coated onto the Celgard polypropylene (PP)
separators separately by a vacuum filtration and then dried at 60 <C overnight in an oven. The
areal masses of C-Fe203-G, P-Fe203-G and graphene on the separators are all 0.318 mg cm™.

S1.2 Li-S Batteries Assembly and Electrochemical Measurements

The sulfur-carbon composite compound with 75 wt% sulfur content (Fig. S15) was fabricated
by a simple melting-diffusion method. 50 mg of Ketjen black carbon and 150 mg of sublimed
sulfur were mixed together and grinded for forty minutes, followed with heating at 155 <C for
twenty-four hours in a sealed Teflon-lined stainless steel autoclave. After cooling down to room
temperature naturally, 90 wt% sulfur-carbon composite mixed with 10 wt% LA133 binder with
the help of just enough water to obtain the sulfur slurry, which was spread on a carbon-coated
aluminum foil current collector and dried at room temperature overnight. Then, the above-
prepared products were punched into a disk with a diameter of 12 mm, obtaining the sulfur
cathodes with a sulfur areal loading of 1.0~1.4 mg cm. The standard 2025 coin cells were
assembled with Li metal disc as the anode, as-prepared sulfur cathode and the functional PP
separator with the functionalized material to investigate the electrochemical performance of
different interlayers in a glovebox filled with argon. The amount of electrolyte added to the
batteries varied from 22 to 30 puL depending on the loading of sulfur, maintaining an E/S
(electrolyte/sulfur) ratio of 19 pL mg™. The electrolyte was composed of 1 mol L lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) in a mixed solvent of 1, 3-dioxolane (DOL) and
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dimethoxymethane (DME) (v/v=1:1) with 2% LiNO3 addition. With the increase of the areal
loading of sulfur in cathodes (1.0~1.4 mg/cm), the mass ratio of Fe,O3 to carbon (G + Super
P + Ketjen black) in the cells decreased from 1.18 to 0.97, while the mass ratio of sulfur to
carbon (G + Super P + Ketjen black) increased from 1.59 to 1.83. When we assembled the C-
Fe,03-G cell with a high sulfur loading of 9.41 mg cm?, 75 uL of electrolyte was added in it.
The cyclic voltammetry (CV) measurements were recorded on a ChenHua CHI660D
electrochemical workstation between 1.7 and 2.8 V. The charge transfer kinetics was explored
via electrochemical impedance spectroscopy (EIS) measurements using a PARSTAT 2273
advanced electrochemical system, and the frequency range from 1 MHz to 0.1 Hz. The
charge/discharge tests were carried out using the Neware battery test system in the voltage
window of 1.7~ 2.8 V.

S1.3 Synthesis of LiPSs Solution

The LiPSs (Li2Sx, x=4-8) solution was prepared by chemically reacting sublimed sulfur and
lithium sulfide (Li.S) with stoichiometry (Mole ratio of S: Li>S was 3:1, 5:1 and 7:1) in a mixed
solution of DOL/DME (1:1 by volume) with 1mol/L LiTFSI and 2% LiNOs. The mixed
solutions were then quickly stirred at 40 <C in a glovebox filled with argon until all the solid
particles were completely dissolved, obtaining LiPSs solution.

S1.4 Assembly of Li2Se Symmetric Cells and Kinetic Characterization of Polysulfide
Transformation

The Li>Se symmetric batteries were fabricated by sandwiching commercialized PP separator
between two sulfur-free electrodes with different catalyst materials and filled with Li>Se
electrolyte in a glovebox filled with argon. The CV curves of the symmetric cells were recorded
at different scan rates ranging from 1 to 200 mV s with a voltage window between -0.8 and
0.8 V on the electrochemical workstation.

S1.5 Li2S nucleation and Decomposition Tests

The batteries were assembled by sandwiching Celgard 2400 membrane between the sulfur-free
electrodes with different catalyst materials and Li metal discs in a glovebox filled with argon,
meanwhile, 30 pL Li>Sg electrolyte were added between the sulfur-free cathodes and Li metal
anode. For the Li2S nucleation and growth tests, the cells were firstly discharged
galvanostatically to 2.11 V at a current density of 0.112 mA and then discharged
potentiostatically at 2.05 V until the discharging current decreased to 0.01 mA. The whole
charges were collected to evaluate the Li>S nucleation/growth rate based on the Faraday’s law
[S1, S2]. For the Li>S decomposition process, the cells were firstly discharge galvanostatically
at a current density of 0.1 mA to 1.9 V, and then discharge galvanostatically at a current density
of 0.01 mA to 1.7 V ensuring that LiPSs fully transformed to insoluble Li;S. After completely
discharged, the cells were charged potentiostatically at 2.40 V until the charging current was
below 0.01 mA to realize the complete decomposition of insoluble Li2S into soluble LiPSs.

S1.6 Theoretical Calculations

The spin-polarized density functional theory (DFT) calculations were carried out based on the
Quantum ESPRESSO package [S3] with the projector augmented wave (PAW) [S4, S5] method.
The Perdew-Burke-Ernzerhof (revPBE) functional [S6] of generalized gradient approximation
(GGA) was used to describe the exchange correlation term. All geometrical structures were
fully optimized to its ground state with a cutoff energy of 400 eV [S4, S5, S7]. The energy and
forces are converged to 1x<10“eV and 0.05 eV A, respectively. The Li* diffusion was
simulated using the climbing image nudged elastic band (CI-NEB) method [S8].
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S2 Supplementary Figures and Table

Fig. S1 SEM images of C-Fe20s-G and P-Fe203-G

Fig. S3 High-resolution SEM images of P-Fe.Oz at different tilting angles
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Fig. S4 Analytical geometrical models and their calculated dihedral angles of (a) P-Fe2Os and
(b) C-Fe203

As shown in Fig. S4a, P-Fe,O3 was enclosed by six {0112} facets, coinciding with some
previous reports [S9-S12]. The dihedral angles between two crystal facets were calculated by
their Miller indices using the following formula:

S4 /516


http://springer.com/40820

Nano-Micro Letters

1 3a2
hahy+keko+(haky+hoky)+2 20 lyl,
cos O = z 2C (S1)

3a? 3a?
\/(hlz+k12+h1k1+m112)(h22+k22+h2k2+m122)

Where 6 is the included angle between two crystal planes, which is not equivalent to the dihedral
angle. (hikil1) and (h2kl2) are the Miller indices of two crystal planes.

According to the analysis of the two-dimensional top view observed along the direction [2201]
(Figs.1b and S4b), it could infer that C-Fe-O3 were evolved from P-Fe2O3 with smaller size
[S11]. Within the range of approximate error permitting, the Miller indices of crystallographic
planes could be deduced based on the projection angles. In comparison of the measured values

and calculated values of angles projected along the direction [2201], the eight side facets

projected edge-on (Figs.1b and S4b) could be indexed as four {1344} and four{1238}
crystallographic planes. The values of the projected angles were also calculated with the help
of Eq. (S1). In addition, the measured values of angles a, b, and ¢ coincided with the calculated
values within the permissible range of error, which further proved the above analyses. Ulteriorly,
according to the equivalent sides of the trigonal pyramid, three adjacent facets sharing one

vertex out of twenty-four facets of C-Fe,O3 were identified as equivalent {1344} or {1238}
crystallographic planes. In conclusion, C-FeO3 were enclosed by twelve equivalent {1344}
and twelve equivalent {1238} facets as shown by an ideal geometrical model in Fig. S4b.
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Fig. S5 XRD patterns of C-Fe203-G, P-Fe203-G and GO
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Fig. S6 Raman spectra of C-Fe20s-G and P-Fe203-G
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Fig. S7 TGA curve of C-Fe203-G and P-Fe203-G. The oxidation decomposition temperature of
G in C-Fe203-G was lower than that of P-Fe203-G, which may be attributed to the higher
catalytic oxidation activity of C-Fe»O3[S10]
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Fig. S8 N2 adsorption-desorption isotherms of C-Fe;O3-G and P-Fe20s3-G
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Fe,0, (0112)

Fig. S9 Surface atom arrangement of Fe;O3 (a) (1344), (b) (1238) and (c) (0112) facets
a
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Fig. S10 Coordination model of Fe atoms on Fez0s (a) (1344), (b) (1238) and (c) (0112) facets

Fig. S11 Optical photograph of a bare Li.Ss solution and the Li.Se solutions with different
materials after static adsorption for 9 h
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Fig. S12 Fe 2p XPS comparative analysis of C-Fe;O3-G and P-Fe2Os-G before and after
interacting with Li>Ss
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Fig. S13 S 2p XPS comparative analysis of C-Fe.O3-G and P-Fe.O3-G after interacting with
Li>Sa (the bridging sulfur donated as Sg° and the terminal sulfur donated as St
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Fig. S14 Photos of (a) bare PP separator, (b) C-Fe-O3-G/PP separator and (c) P-Fe2Os-G/PP
separator. SEM images of (d) C-Fe-Os-G interlayer and (e) P-Fe203-G interlayer. (f) Cross-
section SEM image of the C-Fe>Os-G/PP separator
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Fig. S15 (a) XRD patterns of Ketjen black carbon (Ckg) and Ckg/S composite. (b) TGA curve
of Cke/S composite
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Fig. S16 (a) CV curves of the cell with C-Fe,O3-G interlayer recorded at various scan rates.
Peak current density of (b) A2, (c) C1 and (d) C2 for cells with different interlayers vs. the
square root of the scan rates
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Fig. S17 GITT curves of (a) C-Fe203-G cell, (b) P-Fe203-G cell and (c) G cell. (d) The diffusion
rate of Li* in different cells at charge process
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The galvanostatic intermittent titration technique (GITT) was tested using the Neware battery
test system in the voltage window of 1.7~ 2.8 V at 0.2 C. All the batteries were performed for
20 min interlarding with a 60 min relaxing time. According to the GITT profiles, lithium-ion
diffusion coefficient (D.i*) could be calculated with the Eq. (S2):
412 (AE5\?
p=T(Gn) 2

where D is the ion diffusion coefficient, | represents the thick of the cathode, = corresponds to
current pulse (s). AEs refers to the steady-state potential change, AEt signifies the potential
change during the constant current pulse including IR-drop (V).
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Fig. S18 The galvanostatic charge-discharge profiles of the (a) C-Fe203-G, (b) P-Fe.O3-G and
(c) G cells at different current densities
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Fig. S19 The galvanostatic charge-discharge profiles of C-Fe>O3-G cell of different cyclesat2 C
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al Li anode and Li anode after 500 cycles at 2 C with (b) C-
Fe>03-G, (c) P-Fe203-G and (d) G interlayers, respectively

Fig. S20 SE images of (a) origin
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Fig. S21 Long-term cycle performance of C-Fe2Os-G cell at 4.0 C
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Fig. S22 XRD patterns of C-Fe,O3-G/PP and cycled C-Fe;O3-G/PP. The cycled C-Fe>O3-G/PP
was washed thoroughly with toluene and DME to remove sulfur and other residues
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Fig. S23 Fe 2p XPS spectrums of the cycled C-Fe203-G. The cycled C-Fe;O3-G was washed
thoroughly with toluene and DME to remove sulfur and other residues
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Fig. S24 Galvanostatic charge/discharge profiles of C-Fe2Os-G cell with high sulfur loading of
9.41mgcm?at0.1and 0.2 C
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Table S1 Comparison of electrochemical performance of C-Fe>O3-G with various Fe-based
oxide materials reported in previous works

Initial Capacity
materials Capacity High Rate  Life Span decay rate Refs.
(mAh g?) (per cycle)
C-Fe;03-G 1521 4C 1600 cycle 0.025% This work
YSC@Fes0s 1366 2¢ 200cycle  0.074% 'Fs%'] Mater. 2017
Nano Energy
Fe304/HPC 1424 2C 1000 cycle 0.083% 2021 [S14]
Adv. Funct. Mater.
_ 0,
Fes04-NC 1316 4C 1000 cycle 0.03% 2019 [S15]
FeOOH 1449 2C 500 cycle 0.05% Small 2020 [S16]
Nano-Micro Lett.
: 0,
Fe304/t-C3Ny 1255 4C 1000 cycle 0.024% 2020 [S17]
Chem. Eng.
) 0,
Fes04-PNCT 1375 5C 1000 cycle 0.034% 3. 2021 [S18]
J. Mater. Chem. A.
0,
Fe3O4/CNSs 1225 5C 1000 cycle 0.027% 2020 [S19]
Fes0,@void@C 1360 1C 500 cycle 0.078% |[\lsazrz)(]scale, 2021
. ACS Appl. Mater.
CoNi1/3Fe;04 1332 2C 250 cycle 0.063% Interfaces 2019

@CNT [521]
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