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ABSTRACT:

High theoretical energy density and low cost make lithium-sulfur (LSB) batteries a promising
system for next-generation energy storage. LSB performance largely depends on efficient
reversible conversion of elemental sulfur to Li,S. Here, well-designed sulfur host materials
including Fe or Co single atoms embedded on N-doped reduced graphene oxide (MNC/G
with M = Fe, Co) are proposed to tackle the LSB challenges and enhance its electrochemical
performance. Using a combination of, Mdssbauer spectroscopy and high-resolution scanning
electron microscopy (HR-STEM), the atomic dispersion of Co and Fe was revealed up to
relatively high mass loadings. After optimization of the electrolyte/sulfur (E/S) ratio, FeENC/G
shows the most promising cycle performance combining a constant high discharge capacity at

low E/S values with the lowest polarization. In particular, the material FeNC/G@S with a



high sulfur loading (9.4 mg cm™) delivers a high area capacity of 7.7 mAh cm™ under lean
electrolyte condition (6 mL g™).
KEYWORDS: Lithium sulfur battery, Sulfur host materials, FeNC catalyst, CoNC catalyst,

lean electrolyte

1. INTRODUCTION

Owing to their high energy density, high theoretical capacity, low-cost and the nontoxicity of
elemental sulfur, lithium-sulfur batteries (LSB) have been considered as a promising
alternative to lithium-ion systems™2. For their practical application, however, some challenges
such as: i) the poor electronic conductivity of sulfur and of its discharge products, ii) the
volume expansion/contraction occurring during cycling, iii) the migration of soluble lithium
polysulfide species (LiPS) in the electrolyte, also known as “LiPS shuttle effect”, and iv) the

instability of the lithium/electrolyte interface, have to be overcome®.

Focusing on the cathode side, many efforts have been made to enhance the sulfur utilization
and improve the cyclability of LSB. Physical confinement of sulfur in highly porous
carbonaceous materials with different types of porous topologies such as graphene?, carbon®®,
carbon nanotubes’ or/and chemisorption by employing heteroatoms-doped carbon backbones

119 " oxygen™ were proposed to improve the reactivity of sulfur

89 such as nitrogen®, sulfur
and mitigate LiPS diffusion in the electrolyte. In spite of these efforts, the results are still
unsatisfactory: in fact, focusing only on heteroatoms-doping without considering the sluggish
reaction kinetics would not fully address the above-mentioned challenges'®. Moreover, to
obtain LSB with a high energy density, it is necessary to minimize the electrolyte/sulfur (E/S)

14,15

ratio while maximizing the sulfur content™, which leads to even poorer reaction kinetics

and uncompleted Li,S; to Li,S conversion.



The introduction of more efficient optimized carbon hosts for sulfur is therefore necessary to
enhance the LSB performance under lean electrolyte conditions and high sulfur loadings. In
recent works, the effect of various catalytic species, introduced to promote the conversion of

16-20

LiPS species while blocking their shuttling, have been investigated. However, while

21,22 23-25

different compounds such as cobalt nanoparticles®*??, metal oxides®®?* and sulfides?®?’ have

been proposed, the observed performance is still too low for a practical application.

Recently, single-atom catalysts based on earth-abundant transition metals (e.g., Co, Fe, V, Cu)
supported on nitrogen-doped carbon materials have been investigated as an auspicious
alternative to noble metals catalysts for CO, reduction®, Oxygen Reduction Reaction
(ORR)?**! hydrogen evolution® and more recently to increase the oxidation and reduction
kinetics of sulfur and polysulfides compounds in Li-S battery***3¢. This class of materials
could be, in principle, also a promising sulfur host material for LSB given their high electrical
conductivity, catalytic activity, and their strong chemisorption ability toward LiPS originating

from excellent n-n conjugated electron transfer inside the carbon network®.

Herein, Fe and Co single atoms dispersed in N-containing carbon structures supported on a
reduced graphene oxide scaffold (FeNC/G, CoNC/G) are proposed as sulfur host materials for
LSB. One of the aims of this work was to increase the number of single atoms as much as
possible in order to obtain catalytic properties vs PSs conversion/formation, already

demonstrated®®

, in a lean electrolyte. Indeed, the use of lean electrolyte condition is essential
for achieving high energy density in Li-S batteries. A second objective was to compare two
promising single atoms as catalyst, Fe and Co, using the same synthesis strategy. Several
reasons can be brought to support the promising properties of such systems: 1) the
simultaneous carbon doping with N and M to improve LIPS chemisorption using the 2,4,6-

tri(2-pyridyl)-1,3,5-triazine (TPTZ) as soluble ligand. 2) the use of reduced graphene oxide as

the carbon support, providing mechanical stability and high electrical conductivity, 3) the



introduction of catalytic species to promote the sluggish kinetics of LiPS conversion, 4) the
use of an environmentally friendly route to obtain a single-atom dispersion of Fe and Co at
the large scale and 5) the preparation of a carbon scaffold with high BET surface area,
interconnected channels to enhance Li" diffusion and homogeneous distribution of the metals
inside a 3D structure using NaCl as an inert template. Indeed, owing to its cubic structure, the
NaCl template leads to the formation of compact carbon structure, which can thus be
transferred to the final material with a high efficiency during the controlled decomposition of
M-TPTZ/G during pyrolysis at 900°C®. In addition, the NaCl template can be easily
eliminated, and permits the preparation of the M-TPTZ/G precursor with a good yield.

In this paper, we investigated the roles of Fe and Co single atoms on LiPS conversion under
severe conditions (high sulfur loading and lean electrolyte). High Resolution High-angle
annular dark-field (HR-HAADF) imaging in an aberration-corrected scanning electron
microscopy (STEM) and Mdssbauer spectroscopy were employed to identify the morphology,
valence state, and coordination configuration of Fe and Co single atoms at the atomic level.
The catalytic behavior of CoNC/G and FeNC/G toward LiPS conversion was evaluated by
electrochemical study. The calculated rate constant k° shows that CONC/G, compared to
FeNC/G, effectively boosts the kinetic of LiPSs conversion leading to higher efficiency in
converting Sg to Li,Sg. After sulfur impregnation, the electrochemical performance of
FeNC/G@S and CoNC/G@S composites was evaluated under severe conditions of S mass
loading and lean electrolyte condition.

2. Materials and methods

2.1. FeNC/G, CoNC/G synthesis. 100 mg of 2,4,6-tri(2-pyridyl)-1,3,5-triazine (TPTZ)
(Acros 99%) were dissolved in 25 mL of HCI (Fisher chemical ~37%) then 21.8 mg of Co
(NO3)26H,0 (Merck) or 13 mg of Fe(ac), (Acros, 95%) (to have the 1/3 molar ratio of M to

TPTZ) were added to synthesize CoNC/G and FeNC/G respectively. After 5 hours to allow



the thorough chelation of the metal ions by TPTZ, 12.5 mL of Graphene Oxide (GO) (6 mg
mL™) were added. The suspension was stirred overnight, then 40 wt% of NaCl (Fisher
Chemical 99%) were added. The solutions were immediately frozen by liquid N, and freeze-
dried at -50°C to remove the solvents.

The pyrolysis step was performed in a tube furnace at 900 °C with a heating rate of 10 °Gmin
under a N, gas flow of 50 cm® min™. After cooling down to room temperature, the recovered
black powder was leached first with distilled water to remove the NaCl and then with 0.5 or
1 M HCI solution at 25 °C to remove metal and metal oxide particles. The acidic suspensions
were washed with distilled water until reaching a neutral pH. The resulting powders FeNC/G,
CoNC/G were dried at 60 °C overnight. For comparison, FeNC and CoNC materials, N-doped
rGO, (NC/G), were synthesized without graphene oxide or metal precursor, respectively with

the same procedure.

2.2. FeNC/G, CoNC/G@S preparation. FeENC/G and CoNC/G were impregnated with
sulfur (ratio 2/3) (Alfa Aesar A7558) using the melt-diffusion strategy (2 h at 160 °C) to
obtain the FeNC/G@S and CoNC/G@S composites with the sulfur content of 64 wt%

determined by thermogravimetric analysis.

2.3 Material Characterization. X-Ray Powder Diffraction (XRD) was carried out on
PANalytical X Pert PRO MPD diffractometer with Cu Ko radiation (A = 1.54178 A). The
morphology of the materials was characterized by scanning electron microscopy (SEM KARL
ZEISS Ultra 55). Conventional transmission electron microscopy (TEM) images were
obtained by using a JEOL 2010 TEM microscope operated at 200 kV with a resolution of 0.19
nm. Atomically dispersed Fe and Co were observed with a Nion UltraSTEM 200 microscope
equipped with an Cs/Cs aberration corrector operated at 60 kV. *’Fe Mossbauer spectra were
measured using a conventional constant acceleration spectrometer and a commercial 2GBq

'Co:Rh y-ray source. Both the sample and the absorber were kept at room temperature in



ambient atmosphere. The velocity calibration was performed using an a-iron absorber, and the
isomer shift (3) values are given relative to a-Fe metal. X-ray photoelectron spectroscopy
(XPS) measurement were conducted on Thermo Scientific K-Alpha. The Brunauer-Emmett-
Teller (BET) surface area was obtained by using an ASAP 2020 Plus 2.0.

2.4. Electrochemical Measurements

2.4.1. Preparation of Lithium Polysulfides (Li,Se)

Lithium metal, and sulfur (Sg) were added in a stoichiometric volume ratio to a solvent
mixture of 1,3-dioxolane (DOL, anhydrous, 99.8%, Aldrich) and 1,2-dimethoxyethane (DME,
Alfa Aesar). The solution was stirred for 48 h to yield a solution of 0.1 M Li,Se.

2.4.2. Catalytic effect evaluation- Cyclic voltammetry

In order to demonstrate the advantage of the FeNC/G and CoNC/G catalyst on the kinetic of
LiPS conversion processes, Cyclic Voltammetry (CV) in a three-electrodes configuration was
carried out on a BiologicVMP300 at different scan rates (10 to 70 mV.s™) between 2.8 and 2
V vs. Li*/Li. The working electrode was obtained by mixing FENC/G or CoNC/G materials
and poly(vinylidene fluoride) (PVDF, Solvay Solef 6020/1001), in a ratio 8/2. Several drops
of N-methyl-2-pyrrolidone (NMP, AcroSeal) were added to obtain a homogeneous ink casted
on platinum electrode (2 mm in diameter with 0.3-0.4 mg of active materials). A protected Li
metal electrode was used as the reference and counter electrodes and 10 mM of Li»Sgin DME:
DOL (1:1) was used as the electrolyte.

2.4.3. Cell Assembly and Electrochemical Measurements

Electrodes were prepared by the following formulation: 80 wt.% of sulfur composite, 10 wt.%
of SuperP (TIMCAL Super C65), and 10 wt.% of PVDF in NMP. The ink was tape casted on
a carbon coated Al current collector and dried at 40°C overnight. CR2032 coin cells were used

to evaluate the electrochemical performance vs. Li metal electrode. Celgard® 2335



impregnated with 1.0 M LiTFSI and 0.2 M LiNO3 in DOL: DME (1:1 in vol.) electrolyte is
used as electrolyte.

3. Results and discussion

3.1 MNC/G (M: Fe, Co) sulfur host materials

The design of a porous carbon with a high surface area allows the preparation of MNC
materials with high metal loadings without the formation of agglomerated metal species, thus

a high concentration of catalytic active sites for LiPS conversion was targeted.

CoNC/G, with a Co content of 8.4 wt%, determined by Atomic Absorption Spectroscopy
(AAS), was obtained from a precursor solution containing a Co/TPTZ ratio of 1/3. As shown
in Figure S1, part of the Co forms separate particles, which were eliminated by leaching the
composite with HCI aqueous solutions. After leaching, the Co loading decreases to 6.2 wt%
and 4.8 wt% using 0.5 M and 1 M HCI solutions, respectively. Only washing with 1 M HCI
efficiently eliminates these cobalt particles (Figure S1). The Co loading is a high value in
comparison with previous reports™> but the amount obtained is lower than the one obtained

by Li et al.*°

which used a salt-template method. However, this reasonable mass percentage
will make it possible to compare with Fe single atom catalysts, which are more difficult to

obtain in high concentrations due to easy Fe atoms aggregation.

A similar approach was employed also for synthesis of FeNC/G. However, the preparation of
composites with high Fe loadings remains a real challenge, since Fe atoms tend to aggregate
during the pyrolysis step to form very stable species resistant to acid leaching such as FesC,
FesN or Fe(CN)s. Therefore, to obtain an atomic dispersion of the Fe with high Fe loadings, it
is necessary to further optimize the Fe/TPTZ ratio, knowing that TPTZ is able to strongly
chelate the Fe atoms and limit their motion during pyrolysis. XRD patterns of FeNC/G
(Figure S2) show that when a Fe/TPTZ ratio of 1/3 is used for the synthesis, even with 1M

HCI solution acid leaching, crystalline phase still exists. Only by using a Fe/TPTZ ratio of



1/4, it was possible to obtain completely amorphous carbon (Figure S2). The iron loading,

determined by AAS analysis, is around 3 wt%, a remarkably high value in comparison with

previous reports

20 um

carbonization and acid washing.

Figure 1: SEM Images of FeNC/G after carbonization and acid washing.

41,42

which proves the high efficiency of the synthesis protocol.
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CoNC/G catalysts (Figure 2b) clearly show the rGO sheets without presence of any M-

derived nanoparticles, crystals or any clusters.

Figure 2: TEM images of a) FeNC/G, and b) CoNC/G. HR-STEM-HAADF images of ¢) FeNC/G and
d) CoNC/G.

Atomically resolved HR-HAADF STEM was carried out on the two samples (Figure 2c, d) to
reveal the metal dispersion in CoNC/G, FeNC/G at the atomic scale, as the image contrast is
sensitive to the atomic number Z. The HAADF-STEM results clearly confirm the presence of
atomically dispersed Fe and Co, identified as homogeneously distributed bright spots in the
carbon structure for both Co- and Fe-based compounds. The density of Co atoms is higher

than that of the Fe ones, in accordance with the higher Co loading.

The room-temperature °'Fe Mdssbauer spectrum of FeNC/G (Figure 3) reveals the presence
of at least two quadrupole doublets, and is very similar to those usually observed for iron-
based catalysts for oxygen electro-reduction reaction®***. As in these studies, the two
quadrupole doublets, usually labelled as D1 (QS=0.93mms?, 1S=0.35mms™) and D2
(QS =2.54 mm s, IS = 0.68 mm s™), have relative resonance areas of 60 and 40 %, and can
be assigned to isolated oxidized Fe"'N,, and to reduced low-spin and/or intermediate-spin

square-planar Fe''N, respectively?®. These results are coherent with the XRD and HAADF-



STEM results, confirming the atomic dispersion of the Fe and the absence of crystalline Fe

species.

Relative Transmission (%)

98 |

Velocity (mm/s)

Figure 3: Mossbauer spectroscopy of FeNC/G structures. The circles and the black lines are the
experimental and fitted data respectively.

The Fe or Co K-edge X-ray absorption near-edge structure (XANES) spectra of FeNC/G,
CoNC/G and metal foil (Fe or Co) samples indicate the cationic states of Fe and Co centers in
the composite. The XANES profile of CoNC/G with a pre-edge feature A at 7713 eV and a
near-edge absorption energy (feature B at 7728 eV) (Figure S3) is in good accordance with
the one reported for Co single atom catalysts'. Regarding, the FeNC/G spectra, the profile
(feature C at 7115 eV and D at 7133 eV) is also in good accordance with previous FeNy
moiety on graphene based support* and in accordance with the Massbauer spectroscopy.

The surface composition of CONC/G and FeNC/G was investigated by XPS (Figures S4 &
S5). The survey spectra (Figures S4 & S5a) show the presence of C, N and O in the two
samples and the presence of Fe or Co in the Fe or Co-containing samples, respectively. The
high resolution C1s spectra of CoNC/G and FeNC/G can be deconvoluted in several
contributions with binding energies of 284.7+0.2, 285.3+0.2, 287.1+0.2, 288.6+0.2 and
290.8+0.2 eV, which can be assigned to sp? and sp® carbon, C-N, O-C=0 and n-n* satellites,

respectively (Figures S4 & S5b). The N content of both FeNC/G and CoNC/G is around 10
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wt.% at the surface of the material (Figures S4 & S5a). Such a high nitrogen content is
expected to increase the polarity of the carbon, thus enhancing LiPS adsorption and mitigating
their diffusion in the electrolyte. The high resolution N1s signal for CONC/G and FeNC/G
(Figures S4 & S5c) can be deconvoluted into six characteristic peaks at binding energies of
398.3+0.2, 399.1+0.2, 400.1 £ 0.2, 400.9 + 0.2, 402.2 £ 0.2, and 405.1 = 0.4 eV, which
correspond to, based on literature data, to pyridinic-N, metal-N, pyrrolic-N, graphitic-N, N-O,

and NO,, respectively?®384°

, confirming the successful doping of carbon by nitrogen atoms.
Consistent with the higher amount of Co atoms, the relative area of the metal-N peak is higher
for CONC/G than for FeNC/G, with 11.5% and 7.5% of the N1s signal respectively. The O1s
signal for CoNC/G and FeNC/G (Figures S3 & S4d) can be deconvoluted into 3
characteristic peaks at binding energies of 531.3 + 0.2, 532.7 £ 0.2 and 535.4 + 0.2 eV which

correspond to, based on literature data, to C-O, C=0 and absorbed oxygen in good accordance

with the C1s spectra.

The Co2ps/, spectrum of CoNC/G, shown in Figure S4e, can be fitted by three components
with binding energies 779.5 + 0.3, 781.9 £ 0.3 assigned to Co-C, Co-N respectively and a
large signal at 785.8 + 0.3 associated to the two Co2psy, satellite compounds*’*®. The Fe2p
spectrum (Figure S5e) can also be deconvoluted into three peaks for the 2ps, signal of Fe(ll)
and Fe(l11) species at 709.1 £ 0.3, 711.1 + 0.3 eV and a broad peak at 714 + 0.3 eV associated
to the two Fe2ps, satellite compounds. The Fe2py, ones are visible at 722.7 + 0.3 and 725.4 +
0.3 eV3*°, The noisy signal did not allow to extract the contribution of the satellites. No peak
at 708 eV was observed, which indicates the absence of a zero-valent Fe, which could be

associate to iron carbides, at the surface of the sample.

The Raman spectra of CoNC/G and FeNC/G, shown in Figure S6, reveal the characteristic D
and G bands of carbon at around 1350 and 1590 cm*, respectively. The D band corresponds

to defects in the graphitic structure of carbon while the G is ascribed to ordered-graphitic
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structure. The intensity ratios of the D band and G band (Ip/lg), equal to 1.22, and 1.48,
respectively, confirm the highly defective/disordered nature of the carbon in the two
composites. This characteristic can be also related to the high nitrogen-doping level of the

carbon, with the nitrogen-rich sites binding to the metal species®®*.

The BET surface areas (Sger) of FeENC/G and CoNC/G were measured by N, physisorption
for samples prepared from precursors containing different NaCl amounts. The N, adsorption-
desorption isotherms of samples prepared from precursors containing 10 wt% of NaCl, shown
in Figure S7a, exhibit a type | shape, include mainly micropores with pore sizes lower than
2 nm (Figure S7c). The total surface areas (Sa) of CONC/G and FeNC/G, 68 and 86 m* g™,
respectively. The two values are very similar, as the contribution of the metal species to the
surface area is low. Increasing the NaCl content to 40 wt%, leads to an increase of the Sa to
334 m? g (Figure S7b), proving the positive templating effect of NaCl on the surface area
without changing isotherm type (Type 1) and pore size, mainly coming from rGO micro
porosities with pore sizes of about 2 nm. The host materials with the surface area of 334 m? g
! were used for the evaluation of the electrochemical performance. Such a high surface area,
including bi-modal pore distribution, microporosity and macroporosity (pore size higher than
50 nm), should enhance the performance of LSB system by allowing sufficient space for the
precipitation of Li,S; and Li,S in the sulfur electrode during the discharge, while physically

entrapping the intermediate LiPS.

3.2 Catalytic Conversion of Li,Sg solution on FeNC/G, CoNC/G
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The kinetics of the LiPS conversion on FeENC/G and CoNC/G was studied by CV in three-
electrodes configuration in the presence of a low concentration of soluble LiPS (10 mM of
Li,Sg in DME: DOL, 1:1 in vol.). To extract information on the effect of the single atom
catalysts on the Kkinetics of the process, the system was studied as a function of the scan rate.
At low scan rate, a reversible electrochemical reaction can be observed with reduction peaks

at 2.35 and 2.32 V vs Li*/Li and the corresponding oxidation peaks at 2.43 and 2.40 V vs

a) b)
06 - CoNC/G 0,6 4 FeNC/G
0,4 4 0,4 4
2 0,2 4 2 0,2 4
E E
= 004 t 004
G g
S s
3 021 O 024
044 04 4 w20 mVs!
Y ' — 30 mVs!
= 40 mVs™'
0.6 50 mvs™ 0.6 4 50 mvs!
80 mvs'! ' 60 mvs!
f70 mVs"! w70 mVs'
0.8 T T T T -0,8 T T T T
2,0 2,2 24 26 28 3,0 2,0 2,2 2.4 26 2.8 30
E(V) vs Li*/Li E(V) vs Li*/Li

Li*/Li for CONC/G and FeNC/G, respectively, thus with AE = 80 mV (Figure 4a & b).

Figure 4: Cyclic voltammograms of a) CoNC/G and b) FeNC/G in 10 mM of Li,S; at different scan
rate

Based on the combination of the electrochemical potential of the redox process and the
number of electrons involved into the redox reaction, the electrochemical reduction process
could be assigned to the reduction of S¢*” to S,> according to the reaction®

2527 +2e” — 3S8%”
The kinetic constants k° for the above reversible redox process calculated from the evolution
of AE,ex at increasing scan rates using the Nicholson equation® are 9.3x10™ and 2.7x10"
*cm s for CONC/G, and FeNC/G, respectively. For comparison, the average k° value is 5

x10° cm st for a reversible process with high electron transfer kinetic such as the
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ferrocinium/ferrocene couple®?, i.e., only about five time faster than polysulfide conversion on
CoNC/G, showing that this material significantly enhances the kinetics of the conversion of
long-chain polysulfides. In the case of FeNC/G, the value is slightly lower, but still
promising, considering that the Fe loading in FeNC/G is more than 30 % lower than that of

Co, in CoNC/G.
3.3 Electrochemical performance of the CONC/G@S and FeNC/G@S composites

The behavior of the as-prepared CoNC/G and FeNC/G as host materials, for sulfur positive
electrode was investigated in standard 2032 coin-cells containing CoNC/G@S and
FeNC/G@S electrodes, lithium foil as the negative electrode and 1M LIiTFSI and 0.2 M
LiNO3 in DOL:DME 1:1 in vol% as the electrolyte. The CV plots of the FeNC/G@S, and
CoNC/G@S electrodes at 0.1 mV s (Figure 5) show a reversible behavior with two
distinguished cathodic peaks at 2.25 and 1.90 V vs. Li*/Li associated to the conversion of
elemental sulfur to long chain polysulfides (Li,Sx, 8 < x < 4) and further reduction of long
polysulfide chains to solid Li,S, and Li,S, respectively. In the subsequent anodic scan, two
peaks appear at 2.40 and 2.60 V vs. Li*/Li attributed to the oxidation of short chains to long
chain polysulfides and ultimately reformation of Sg. A slightly lower overpotential was
observed for FeNC/G in the second region of LiPS conversion (LiPS to Li,S,/Li,S) at this
scan rate. The CV performed at higher scan rates (0.2 - 0.5 mV s™) for the CONC/G@S and
FeNC/G@S electrodes (Figure S8a & b), reveals an excellent reversibility of redox process

confirming the promising behavior of the two catalysts in enhancing the conversion kinetics.
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Figure 5: Cyclic voltammograms of CONC/G@S, FeNC/G@S in 10 mM of Li,Ss at 0.1 mV s™.
At higher scan rate, the polarization obtained with the CONC/G@S electrode is slightly lower
than that observed with the FeNC/G@S electrode. In the conditions used for the CV studies,

the two materials exhibit nearly the same electrochemical properties.

The first galvanostatic charge/discharge cycle at C/20 of the CoNC/G@S and FeNC/G@S
electrodes at different E/S ratios is presented in Figure 6a & b. For CONC/G@S, even at a
low E/S ratio (6 mL g™), a discharge capacity close to 1100 mAh g, i.e., ~ 65 % of the
theoretical capacity, was obtained with a sulfur loading of 4.5 mg cm™. The very similar
capacities achieved at 8 and 6 mL g™ and the theoretical ratio of the two plateaus suggest that
the amount of formed L.i,S is mainly limited by the accessibility of sulfur active material. The

surface area of the host material seems to be sufficient for the deposition of Li,S.
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Figure 6: The GCPL curves for several sulfur loadings and E/S ratios of a) CoONC/G@S and b)
FeNC/G@S at C/20. c) The GCPL curves of CONC@S, FeNC @S at C/20, loading ~ 4.4 mg cm™, E/S
=6mL g™

The reversible capacity decreases to 900 mAh g at 6.3 mAh cm™ upon increasing the sulfur
loading (7 mg cm?, electrode thickness 85 um, E/S = 6 mL g™), which confirms the
promising performance of CoNC/G as a host material allowing a high sulfur utilization. It is
worth mentioning that the discharge curve for high loading manifest several plateaus and
polarization, indicating a further differentiation of the electrochemical reaction potentials in
high viscous electrolyte due to kinetic limitation.

Similar results were obtained also for FeNC/G@S (Figure 6b) for which the promising
capacity of 1110 mAh g (66% of the theoretical capacity) is obtained with a S loading of

~5.5mgcm™ at E/S ratios of 8.5 and 6 mL g™, confirming that FeNC/G enhances the

utilization of sulfur under lean electrolyte conditions.
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Similar charge curves are observed for the two E/S ratios, even though the plateau associated
with the oxidation of the long chain LiPSs is longer for E/S = 8.5 mL g™ compared to E/S = 6
mL g™ (~850 mAh g vs. ~750 mAh g%), due to the shuttle effect which is more favorable in
less viscous medium. By increasing the electrode thickness of the FeNC/G@S to 9.4 mg cm™
(thickness 95-100 um), only slightly more polarized discharge curves are obtained with a ratio
E/S = 6 mL g™ and a current density of 7.7 mAh cm™. Under these conditions, the high
capacity of 824 mAh g™ (50% of the theoretical capacity) is obtained. These results confirm
the very good performance of FeNC/G as a sulfur host also for thick electrode, providing a
high sulfur utilization under lean electrolyte condition. High overpotential and low sulfur
utilization at high S mass loadings (thick electrodes) has already been reported. In fact, these
behaviors may have several explanations such as (i) the sluggish kinetic of the sulfur
reduction under lean electrolyte condition®®, which can be attributed to the low solubility of
LiPSs and the mass transport limitation of both polysulfide anions and Li* cations in
concentrated viscous electrolytes, more detrimental for thick electrodes, (ii) the less efficient
electron percolation in thick electrodes and (iii) the ohmic drop due to the high applied
current. Nevertheless, reaching a sulfur utilization of 50% for a heavily loaded FeNC/G@$S
electrode proves the promising performance of the FeNC/G host materials.

The effect of the electrode thickness was pushed to its limits by testing a FeENC/G@S
electrode with ultra-high sulfur loading (13 mg cm™) under lean electrolyte condition (E/S =
4.9 mL g). Under these conditions, a very high areal capacity of 9 mAh cm™ is obtained at
C/50 (Figure S9), with a sulfur utilization of ~ 40 % (capacity of the first plateau), and a
practical capacity of 692 mAh g™ (i.e. ~ 40% of the theoretical capacity). As expected, by
increasing the S loading and decreasing the E/S ratio, the drawbacks observed previously are
amplified. Moreover, given the very slow C-rate, the shuttle effect is significant but only for

the first cycle. The passivation of the lithium interface and the properties of FeNC/G such as
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chemisorption, in a small extent (Figure S10), and physical confinement (large amount of
microporosity) mitigate the polysulfide diffusion and enable a reversible behavior at C/50 for
the second cycle and at C/20 for the following cycles. At C/20, an increase of the polarization
and a good coulombic efficiency (~ 0.98) are obtained with an areal capacity of 6 mAh cm™
(460 mAh g™).

The effect of the nature of the transition metal on the polarization was tested by comparing
FeNC/G@S and CoNC/G@S electrodes with the same S loading under the same lean
electrolyte conditions. As shown in Figure 6¢, FeNC/G provides lower polarization than
CoNC/G (0.2 vs. 0.26 V, respectively). These results do not contradict the observed better
performance of CoNC/G in the conversion of Li,Sg to Li,S, in diluted solution, as LSB
system includes several steps of conversion with kinetics mainly dependent of the electrolyte
amount which impact its viscosity, the ratio of solid lithium sulfides, the composition in the
different LiPS and the mass transport, in short the overall kinetic of the reaction.

Further investigations were carried out to better understand the influence of the different
components of each host material compound on the electrochemical performance. For
instance, the properties of the FeNC@S and CoNC@S electrodes prepared without rGO were
tested in galvanostatic cycling (Figure S11). For electrodes with a sulfur loading of 3 mg cm’
2 the highest possible loading reached for such composite’s electrode without cracks, a high
E/S ratio must be used (8 and 10 mL g™ for FeNC@S and CoNC@S$ respectively) in order to
obtain a sulfur utilization of 60%. Moreover, a high polarization is observed, indicating a
limited contact between the electrolyte and the sulfur active material under lean electrolyte
condition, as well as a poor electronic conductivity. Indeed, the deposition of TPTZ metal
complex on the rGO nanosheets forms a high electronic conductivity network, while the high

microporosity of rGO enhances the electrolyte up-take and improves the sulfur utilization.
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The positive effect of the metal centers on the LIPS conversion was verified by testing a
metal-less NC/G@S electrode with a sulfur loading of 5.1 mgcm™ and two E/S ratios
(13 and 6 mL g™) (Figure S12). The electrode under lean electrolyte conditions exhibits poor
performance, especially in the region associated to the conversion of LiPS to LiySy/LiS
(second discharge plateau). The increase of the amount of electrolyte induces a decrease in
polarization, which might also be due to the decrease in viscosity (increasing mass transport)
and the increase of the solubility of LiPSs, with the consequence to improve the kinetics of
their conversion. A discharge capacity of 1240 mAh g™ is obtained at C/20 for a E/S ratio of
13 mL g, with a higher polarization than with the metal-containing hosts, however. In
addition, independently of the E/S ratio, the charge capacity is significantly lower than the
discharge one, indicating a weak LiPSs retention ability of this electrode. In summary, the
combination of rGO with a highly dispersed supported metal, independently of the nature of
the latter, significantly improves the performance of the LSB under lean electrolyte

conditions.
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Figure 7: The long-term cycling of @) CONC/G@S electrodes and b) FeNC/G@S electrodes,
at C/10.

The long-term cycling performance of several FeNC/G@S and CoNC/G@S electrodes is
shown in Figure 7a & b. All tested material, based on both CoONC/G and FeNC/G, manifest

promising cycle stabilities. For example, the electrode based on CoNC/G@S (3.6 mg cm™,
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E/S = 7 mL g™*) manifests promising cycle stability at C/10 over more than 70 cycles (~81%
capacity retention).

An increase of the S loading up to 4.5 mg cm™ in lean electrolyte E/S < 6, however, induces a
significant increase of the capacity fading (Figure 7b). For high loading, the electrodes based
on FeNC/G seems to exhibit a higher cycle stability than the CoNC/G based electrode.
Indeed, FeENC/G@S and CoNC/G@S electrodes with similar thickness and electrolyte
amounts (~ 4.5 mg cm™ and 6 mL g™) exhibit capacity retentions of 93 % and 62 % of the
initial capacity after 60 cycles, respectively (Figure 7a & b). The higher capacity retention of
FeNC/G@S electrode compared to CoNC/G@S, in severe conditions, might be due to the
more effective interaction of PS anions with FeNC/G than with CoNC/G, which has an effect
on both LiPS retention ability and reaction Kinetics. Indeed, the calculated binding energies
between Li,Sg and FeNy (Eags = -1.794 eV) or FeNa, (Eags = -1.352 eV)> are sensibly higher
than those between CoNC and Li;Sg (Eags = - 0.50 eV)45. The E/S ratio has also a strong effect
on the cycling performance. Indeed, the FeENC@S electrode with the S mass loading of ~ 5.5
mg cm™ and E/S ratio of 6 mL g™ shows better retention compared to the same electrode with
a E/S ratio of 8 mL g (95 % compared to 79 % over 40 cycles) with higher coulombic
efficiency (97 % compare to 91 % over 40 cycles). This significant improvement can be
explained by the formation of highly viscous LiPS solutions, limiting the mobility of the

soluble species far from the electrode and thus increasing the capacity retention.

It is worth mentioning that, the obtained electrochemical performance under sever conditions
e.g., high S mass loading and lean electrolyte condition, by the CoNC/G, and FeNC/G host
materials are competitive among the recent reports on lithium sulfur battery (Table S1), which
may be associated with the high concentration of SACs and the large specific surface area of
the carbon structure. Regarding the performance obtained and in accordance with the ones

reported in the literature, Fe Single Atom is more efficient than Co single atom in high S mass
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loading and lean electrolyte condition (Table S1), whereas for sulfur loading, <4 mg cm, Co

and Fe based SACs show equivalent performance.
4. Conclusion

In this work, sulfur electrode hosts containing atomically dispersed Fe and Co species were
synthesized by a simple one step pyrolysis method, using rGO as the carbon support. Several
physicochemical analyses including atomically resolved microscopy, XANES, XPS and
Mdossbauer spectroscopy allowed a thorough characterization of the synthesized materials.
After impregnation with sulfur, the performance of these materials as positive electrodes for
lithium sulfur battery was evaluated by studying the effect of several parameters such as the

E/S ratio and the sulfur mass loading.

The results of this study show that the combination of a high-performance sulfur host material
(MNC/G) with sulfur species enhances the electronic conductivity of the sulfur electrode,
maximizes the ionic mobility into the 3D-electrode and ultimately enhances the utilization of
sulfur under lean electrolyte conditions, thus delivering a high discharge capacity. The
obtained high cycle stability is explained by the formation of a highly viscous electrolyte rich
in LiPS species in intimate contact with the electrode host. While CoNC/G and FeNC/G give
similar performance with large electrolyte/sulfur ratio, the catalytic property of Fe single atom
in lean electrolyte and high sulfur loading is clearly superior, underlining the importance of
evaluating S host structures under conditions of sulfur loading and electrolyte amount that
allow high energy density to be achieved. Indeed, in severe conditions, the catalytic properties
become essential and must be optimized, as the reaction mainly occurs in solid state in a thick

electrode.
Supporting information

XRD, XANES, XPS, Raman, BET and electrochemical data including CV curves and GCPL.
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