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Abstract

Lithium-sulfur batteries (LSBs) are considered as one of the most promising next generation
energy storage systems due to their high energy density and low materials cost. However, there
are still some challenges for the commercialization of LSBs, such as the sluggish redox reaction
kinetics and the shuttle effect of lithium polysulfides (LiPS). Here we report on a two
dimensional (2D) layered organic material, CoN, loaded with atomically dispersed iron as
effective sulfur host in LSBs. X-ray absorption fine spectroscopy and density functional theory
calculations prove the structure of the atomically dispersed Fe/CoN catalysts. As a result,
Fe/C;N-based cathodes demonstrate significantly improved rate performance and long-term
cycling stability. Fe/C,N-based cathodes display initial capacities up to 1540 mAh g! at 0.1 C
and 678.7 mAh g ! at 5 C, while retaining 496.5 mAh g™! after 2600 cycles at 3 C with a decay
rate as low as 0.013% per cycle. Even at a high sulfur loading of 3 mg cm™2, They deliver
remarkable specific capacity retention of 587 mAh g! after 500 cycles at 1 C. This work
provides a rational structural design strategy for the development of high-performance cathodes

based on atomically dispersed catalysts for LSBs.

Keywords: C2N-based 2D organic layered materials, atomically dispersed iron, electrocatalytic

polysulfide conversion, lithium-sulfur batteries
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1. Introduction

Lithium-sulfur batteries (LSBs) are considered one of the main candidate technologies for next
generation energy storage systems. Main advantages of LSBs are their high theoretical capacity
(~1675 mAh g!) and high energy density (~2600 Wh kg!), which is about five times higher
than that of lithium-ion batteries.l'*! Besides, sulfur, the active cathode material, is highly
abundant in the earth crust and it has a low cost and no major environmental, health, and safety
issues.’) While LSBs are extremely appealing, some serious drawbacks still impede their
practical application. These drawbacks include the low electrical conductivity of sulfur and
lithium sulfides, the sluggish Li-S reaction kinetics, the large volume changes during
lithiation/delithiation and the shuttle effect of soluble lithium polysulfide (LiPS) Li»Sx (3<x<8).
The latter has associated an irreversible loss of active material at the cathode and the corrosion
of the lithium metal anode, overall resulting in a rapid capacity fading and a poor coulombic

efficiency that greatly reduce the rate performance, cycling stability and lifespan of LSBs.[¢Il7]



An effective strategy to increase electrical conductivity and accommodate volume changes is
the use of high surface area and high porosity carbon-based materials as sulfur hosts,!' e.g.
mesocarbon,®! graphene,! porous carbon,!!%! carbon nanotubes,!'!! conducting polymers such
as polyanilinel'?! or covalent organic frameworks (COFs)!'3Il!4]. These porous materials also
limit LiPS diffusion by hampering their transport, but they just weakly physically interact with
LiPS, which is insufficient to inhibit the shuttle effect. To overcome this limitation, heteroatoms
with stronger electronegativity, e.g. O, N, S, P, have been introduced in carbon-based materials
to improve their interaction with LiPS.!I'6I7II8] ‘While several of these heteroatom-doped
carbon-based sulfur hosts have demonstrated improved electrochemistry performance, this
strategy is far from its optimization. The main difficulty toward optimizing these complex
materials is the intricate characterization of the heteroatom dispersion, which translates in a
very challenging control of the materials parameters during synthesis and an unreliable
characterization of the electrochemical mechanisms and the structure-performance

relationships.

Recently, 2D organic materials with a periodic porous structure, large surface area, and
controllable chemical composition and functionality have been demonstrated as excellent sulfur
hosts in LSBs.["1201 On the other hand, single-atom catalysts (SACs) based on atomically
dispersed metal atoms have demonstrated outstanding catalytic performances in several
reactions, including Li-S redox reactions.[?!’] Besides maximizing the metal dispersion, the
main advantage of SACs is their high surface energy, which allows decreasing the energy

barrier of several catalytic processes.

CoN, a 2D graphene-like layered organic material was synthesized for the first time in 2015
through a wet chemistry method by Beak and co-workers.[*}] Since then, several C,N-based

materials have been developed for their application in electrocatalysis and batteries, e.g Ru/CoN



for hydrogen evolution,?°27] Fe/C,N for oxygen reduction,?®! and CoN for lithium-ion
batteries.?’l In C2N, pores are surrounded by six pyridine nitrogen atoms, which can be either
coordinated with a metal atom or used themselves as traps for polysulfides and lithium ions, as
predicted theoretically.[3%) Using DFT calculations, Lin and co-workers further predicted that
metal atoms embedded in CoN as SACs could hinder the shuttle effect and accelerate the
electrochemical conversion between sulfur and LixS.B!' Nevertheless, the extremely
challenging preparation of CoN-based catalysts containing an atomic metal distribution has so

far prevented to experimentally corroborate these expectations.

Here, we report on the synthesis of atomically and uniformly dispersed iron on C>N frameworks
(Fe/C2N). These new catalysts present several advantages as sulfur host in LSBs. Firstly, CoN
frameworks show a high polarity and excellent electrical conductivity due to the abundance of
pyrazine nitrogen and their planar two dimensional (2D) m-conjugated properties. Secondly,
CoN is a highly porous and high surface area framework, allowing the efficient transport of
lithium ions and the effective absorption of polysulfide. Thirdly, two iron atoms can be trapped
in each hole, coordinating to the neighbour nitrogen atoms, to act as active sites for the
conversion reaction of polysulfide during the charging and discharging processes. For all these
reasons, the produced Fe/C,N based catalysts were tested as sulfur cathode host materials in

LSBs.

2. Results and Discussions

Fe/CoN composites were synthesized as illustrated in Figure 1a. First, Co:N was prepared via a
polycondensation reaction and a subsequent annealing process.233] Next, Fe/CoN was
obtained by a pyrolysis treatment of a mixture of C2N and iron (III) nitrate. Fe/C,N displayed
a granule-type morphology, as observed by scanning electron microscopy (SEM) (Figure S1a).

High resolution transmission electron microscopy (HRTEM) analysis showed no iron
7



nanoparticles attached or near the Fe/CoN structure (Figure S1b); and the corresponding fast
Fourier transform (FFT) or power spectra of the Fe/C,N structure indicated CoN to present an
amorphous or a low crystallinity structure. As shown in Figure 1b and the enlarged image in
Figure lc, isolated Fe atoms (labeled in yellow) and double iron atom sites (labeled in red)
which showed a low crystallinity structure were clearly observed using high angle annular dark
field (HAADF)-aberration corrected (AC) scanning transmission electron microscopy (STEM),
further these STEM images in Figure S2 supported that the homogenous distribution of iron.
Energy-dispersive X-ray spectroscopy (EDS) elemental mapping (Figure 1d and S1c) showed
that Fe, C, N and O are uniformly distributed. It is worth noting that the presence of oxygen
was mainly due to the solution used for the TEM sample preparation and the fact that the CoN
structure present high polarity holes with high affinity for trapping oxygen and moisture. To
confirm this low crystallinity structure and to discard any electron beam damage during
HRTEM characterization, Fe/C,N was further analyzed by powder X-ray diffraction (XRD,
Figure S3a). XRD confirmed the C2N to present a low crystallinity, with a main broad and
weak diffraction peak at about 26.5°. This peak, common for graphene-like materials,
corresponded to a 0.33 nm d-spacing of the (002) crystal plane of the C,N layered structure. It
is important to highlight that no peak corresponding to an iron-based lattice structure was
observed. The latter experimental evidence confirmed the absence of Fe-related nanoparticles
or clusters, thus pointing toward an atomic dispersion of Fe which is consistent with SEM-EDX,

HRTEM and HAADF-AC-STEM results.
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Figure 1. (a) Schematic illustration of the synthesis route for the Fe/C2N 2D layered material
(blue = nitrogen, grey = carbon, red = oxygen, green = chlorine, orange = iron). (b), (¢)
HAADF-STEM images of a Fe/CyN catalyst showing the presence of atomically dispersed iron
species: double iron clusters are circled in red and single iron atoms are circled in yellow. (d)
High magnification STEM-HAADF image and atomic resolution EDS elemental mapping

showing the elemental distribution in a Fe/CoN sample.
10



Thermogravimetric analysis (TGA) showed the weight of Fe/C2N samples to decrease to a 0.9 %
when heating them to 700°C under air (Figure S3b). The remaining 0.9% mass was associated

to FeOs3, which is consistent with a 0.67 wt% iron content in the initial Fe/C,N.

X-ray photoelectron spectroscopy (XPS) confirmed the Fe concentration to be around 1 wt%
(Figure S4a). Additionally, XPS was used to analyze the sample chemical structure. The high-
resolution N 1s XPS spectrum was fitted with three bands at 406.5 eV, 402.5 eV and 399.6 eV,
which correspond to oxidized nitrogen (406.5 eV and 402.5 V)33 and pyrazine nitrogen
(399.6 V)43l (Figure S4b). The C1s XPS spectrum was resolved into four bands (Figure S4c),
associated to C=C (284.3 eV), C-N (285.1 eV), C=0 (287.3 ¢V) and the C-heteroatom (288.9
eV).[261 The high resolution Fe 2p XPS spectrum (Figure S4d) was fitted with 4 bands
corresponding to two iron oxidation states. The main two bands were located at 724 eV (2p1.2)
and 710 eV (2p32) and corresponded to a Fe?* chemical state. The second doublet at 712.7 eV
(2p12) and 726.5 €V (2p3r) was assigned to satellite peaks.[*3] From the linear combination

fitting, the average valence state of the Fe atom is +1.767.

To further reveal the chemical structure of Fe/C2N and particularly the valence state of iron, X-
ray absorption near-edge structure (XANES) analyses were carried out using an Fe foil and
Fe»0s as references. As shown in Figure 2a, the edge structure of Fe/CoN in the XANES spectra
is much closer to that of Fe,O3 than to Fe, meaning that the valence state of Fe in Fe/CaN is
higher than that of the metallic state, consistently with XPS results. The XANES spectrum of
Fe/CoN also displayed a small peak at 7112.9 eV, which is similar to that in iron
phthalocyanine.3443] This peak indicated the presence of a Fe-N bond in Fe/C2N catalysts.>!
Fourier transform was applied to the extended X-ray absorption fine structure (FT-EXAFS)
spectra shown in Figure 2b and further used to investigate the coordination structure of Fe/C,N.

For the Fe foil, the main peak at 2.2 A stands for the Fe-Fe bond, while for the Fe>O3, the peaks

11



at 1.5 A and 2.6 A are associated to Fe-O and Fe-Fe bonds, respectively.[?¢l4] The FT-EXAFS
spectrum of Fe/C,N displayed a peak at 1.76 A, in between that of Fe-Fe and Fe-O bonds. This
peak was attributed to a Fe-N bond, demonstrating the coordination of in iron with nitrogen in
Fe/CoN. To obtain a higher detail of the Fe coordination within Fe/C2N, the EXAFS spectra at
the Fe K-edge was fitted (Figure 2¢, Table S1). Fitting results showed that the coordination
number of Fe-N is 3, and the average coordination number of Fe-Fe is 1.5, which discarded the
presence of iron and iron oxide nanoparticles, consistently with SEM-EDX, HRTEM, XRD and
XPS results. Notice that for atomically iron dispersed in the sample, the coordination number
of Fe-Fe bond in our EXAFS fitting results is 1.5, which is consistent with HAADF-AC-STEM

results, further confirming the successful iron atomic dispersion. 7]

A wavelet transform (WT) analysis of the K3-weight EXAFS signal was carried out to further
characterize the atom back scattering (Figure 2d and Figure S5). The reference Fe foil
exhibited a WT maximum at 8.0 A!, associated to Fe-Fe. The reference Fe.Os3 exhibited two
WT maxima, at 8.0 A" and 4.0 A1, corresponding to Fe-Fe and Fe-O, respectively. Instead,

Fe/CaN displayed a single WT maximum located at 5.9 A~!, which was assigned to Fe-N.
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Figure 2. (a) XANES spectra of a Fe/C,N sample and the reference Fe foil and Fe>Os. (b) k3-
weighted FT-EXAFS spectra corresponding to the Fe K-edge. (c) EXAFS fitting curves in R

space for the Fe/CoN sample. (d) Wavelet transform plot for Fe/CoN.

To investigate the performance of Fe/CoN as sulfur host in LSB cathodes, Fe/C2N composites
were loaded with ca. 70 wt% of elemental sulfur using the melt-impregnation method. In the
following, the Fe/CoN sample loaded with elemental sulfur will be named as S@Fe/C,N. The
XRD pattern obtained on the S@Fe/C2N sample (Figure 1d) displayed the peak corresponding
to the orthorhombic sulfur phase, confirming the presence of sulfur. TGA quantified the final
percentage of sulfur in the S@Fe/C2N composite to be 69 wt% (Figure S6a). EDX analysis
showed the sulfur to be uniformly distributed on the surface of Fe/CoN (Figure S6b). The
Brunauer-Emmett-Teller (BET) specific surface area of Fe/CoN was 2234 m? ¢!, and it
decreased with the sulfur loading to the 13.1 m? g~! measured for S@Fe/C,N. In parallel, the
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overall pore volume decreased from 0.10 to 0.04 cm?® g! after sulfur loading. These results

further confirmed sulfur to be infiltrated in the material cavities and pores (Figure S7). 2]

We evaluated the ability of Fe/C,N to adsorb LiPS by immersing the same amount (20 mg) of
Super P, CoN and Fe/CoN into a 10 mM solution of Li>Ss. After 24 h, the solutions containing
CoN and Fe/CoN were completely transparent, while the blank solution and the solution
containing Super P showed a dark orange color (Figure 3a). These results demonstrate the
excellent ability of CoN-based materials for LiPS adsorption. The high-resolution Fe 2p and N
Is XPS spectra obtained on the Fe/CoN before and after Li»S4 adsorption are displayed in
Figure 3b-c. After Li>S4 adsorption, the Fe 2p and N 1s peaks showed a significant shift to

higher binding energies, which denoted a strong chemical interaction between Li2S4 and Fe/CoN

To further investigate the strong interaction between LiPS and Fe/C:N, density functional
theory (DFT) calculations were conducted. For comparison, the interaction between LiPS and
C2N was also calculated. Based on the XPS and XAFS results, the Fe-Fe double atom on C2N
was used as model for the DFT calculations and CoN as reference (Figure S8). Figure 3d shows
the optimized adsorption configuration with Li>S4. Figure S9 exhibits the optimized adsorption
configuration with LiPS species (Li2S, Li2S2, Li2Sa4, LizSe, Li2Ss and Sg) on CoN and Fe/CoN.
The corresponding binding energies are displayed in Figure 3e. DFT calculations showed the
absolute binding energies for Fe/CoN with LiPS species to be higher than those for CaN,
indicating that Fe/C>N has a stronger ability to absorb soluble LiPS. These results are consistent
with the absorption test of Li2S4, suggesting that Fe/CoN could be effective to suppress the

“shuttle effect” of LiPS.
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Figure 3 (a) Adsorption test: Digital photograph of the Li>S4 solution before and after (24 h)
the addition of Super P, CoN and Fe/C:N, as marked in each flask cap. (b) High resolution XPS
spectra of Fe 2p from Fe/C,N before and after the Li>»S4 adsorption test. (c) High resolution of
XPS spectra of N 1s from Fe/CoN before and after the Li>S4 adsorption test. (d) Adsorption
configurations for Li»S4 on Fe/C,N. (e) Binding energies between LiPS (Li2S, Li2Ss, LizSa,

Li2Ss, Li2Sg and Sg) and C2N or Fe/C>N as calculated by DFT.

To prove the electrocatalytic activity of Fe/CoN for polysulfide conversion, CV tests of
symmetric cells with identical working and counter electrodes were conducted in 0.5 M Li>Se.
Electrodes were prepared using a slurry-casting process. Fe/CoN-based electrodes displayed
two cathodic and two anodic symmetric peaks at =0.13 and =0.08 V (Figure 4a), which are
associated with the electrochemical oxidation and reduction of Li>Se.[**13%1 More specifically,

the cathodic peak at -0.13 V and the anodic peak at 0.13 V are related to the reaction:

S, +10e” +12Li" <> 6Li,S )
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and the cathodic peak at 0.08 V and the anodic peak at -0.08 V to the reaction:

48,7 <> 8¢ +3S, )

On the other hand, redox peaks were barely observed in the CV profiles of symmetrical cells
based on CoN. CaN-based cells were also characterized by much lower current densities than

those based on Fe/C,N.

With the Fe/C>N-based electrode, redox peaks were clearly defined even when the scanning
rate was increased from 10 mV s™! to 100 mV s™! (Figure S10a). These results pointed out the
important role played by the atomically dispersed Fe on the catalytic reaction of polysulfides.
Besides, the excellent overlapping of the CV curves obtained from symmetric cells based on

Fe/C>N electrodes indicated excellent process reversibility and cell stability (Figure S10b).

Electrochemical impedance spectroscopy (EIS) analysis (Figure S10c) showed the charge
transfer resistance of the Fe/C>N-based electrode to be much lower than that of CoN. Here it is
important to take into account that the activation process is also related to the decreasing of the
charge-transfer resistance after cycling. Therefore, our results provide strong evidence that the
Fe/CoN based electrodes have a better reaction response than that of the C2N electrodes between

polysulfides and Li>S»/LiS during charging and discharging process.

CV curves of Li-S coin cells based on S@Fe/C2N and S@C:N cathodes are shown in Figure
4b. These CV curves were found to almost overlap during the first cycles, indicating good
reversibility of the sulfur redox reaction (Figure S11). S@Fe/C,N-based cells displayed a peak

at 2.32 V (/) during the cathodic scan attributed to the transformation reactions:

S +2e +2Li" — Li,S; 3)

3Li,S, +2¢ +2Li" — 4Li,S, @

16



2Li,S; +2e +2Li" — 3Li,S,. )

The second reduction peak in the cathodic scan at 2.04 V (Ic) corresponds to the reactions:[40141]

Li,S, +2e +2Li" — 2Li,S, ©)

Li,S, +2¢” +2Li* - 2Li,8 o

For the S@C:N-based cells, cathodic peaks appeared broader and shifted to lower potentials,

2.3V (Is) and 2.0 V (Ic).

During the anodic scan, S@Fe/C2N cells displayed two overlapping peaks at 2.35-2.40 V (/a),
that are attributed to the oxidation reaction from Li»S2/LoS to Sg. Broader peaks, shifted around
50 mV to higher potentials (2.40-2.45 V) were obtained for the S@C:N cell. Overall,
S@Fe/CoN cathodes displayed cathodic peaks at a more positive potential and anodic peaks at
more negative potentials than S@C:N, suggesting improved kinetics for the polysulfide
transformation reaction (Figure 4c¢). The catalytic activity of Fe/C,N electrode was quantified
through the onset potential at a current density of 10 uA c¢cm™ beyond the baseline current
(Figure S12). As displayed in Figure 4¢, S@Fe/CoN cathodes were characterized by higher
onset potentials for the reduction peaks and lower onset potentials for the oxidation peaks,
further demonstrating the important catalytic role played by the atomically dispersed iron in

S@Fe/CoN cathodes.

CV measurements at various scanning rates, from 0.1 mV s! to 0.4 mV s™!, were conducted to
explore the reaction kinetics. As shown in Figure 4d and Figure S13a, an increase of the scan
rate did not modify the shape of the redox peaks, indicating good electrochemical stability. The
linear relationship between the potential of the reduction and oxidation peak maxima and the

square root of the scan rate pointed toward a diffusion-limited process (Figure S13b). Thus,
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the Li* ion diffusion coefficients (Dvi+) were calculated through the Randles-Sevcik equation:

[42][44]

I, =(2.69x10°)n'SD _**C, 0" )

where /p represents the peak current, n is the electron transferred number, S is the geometric
area of the electrode, Dpi+ represents the lithium ion diffusion coefficient, Cii* is the

concentration of lithium ions and v is the potential scanning rate. n, S and Cvi" are constant in

this equation, so Dri+ can be determined from the slope of /p vs v*3. Slopes of the cathodic and
anodic peaks were significantly higher for S@Fe/C,N (Figure S13c-e) than for S@CoN
electrodes, implying higher Dyi+ values for the former (Figure S13f). This result suggested a
faster transport of lithium ions and a related more efficient conversion of polysulfides in

S@Fe/C2N than in S@C:2N electrodes.

To further evaluate the catalytic effect of the electrode materials on the reversible reaction
between polysulfide and Li»S, potentiostatic nucleation and dissolution experiments were
carried out. As shown in Figure 4d, the deposition of Li>S on Fe/C;N electrodes was
considerably faster and at a larger current density under 2.05 V than on C;N. Based on Faraday’s
law, the Fe/CoN electrode exhibited a precipitation capacity of 252.9 mAh g™!, well above that
of the CoN electrode (180.8 mAh g™!). Similarly, the potentiostatic Li>S dissolution experiment
(Figure 4e) showed the Fe/CoN electrode to be characterized by a much higher current density
and dissolution capacity (525.2 mAh g') than CoN (406.8 mAh g!). These results further
proved that the atomically dispersed iron in C>2N enhanced the deposition and kinetic dissolution

of LizS.

Overall, the dispersion of iron atoms not only provided strong polysulfide interaction sites

through the enhancement of the C,N polarity but also acted as excellent active sites for the
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reversible transformation of Li>S.
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Figure 4 (a) CV curves of symmetrical cells with 20 mV s™! scan rate. (b) CV profiles of Li-S
cells with S@Fe/CoN and S@C2N cathodes with 0.1 mV s™! scan rate. (¢) Peak potential and
onset potential of asymmetrical Li-S cells based on the CV curves. (d) CV profiles of the
S@Fe/CaN electrode with scan rates from 0.1 mV s7!'to 0.4 mV s7!. (¢) Potentiostatic discharge
profiles at 2.04 V on Fe/C,N and C>N electrodes with Li>Sg catholyte. (f) Potentiostatic charge

profiles at 2.32 V to evaluate the dissolution kinetics of Li,S.

DFT calculations were conducted to reveal in detail the redox kinetics of the LiPS conversion.
Figure Sa and Figure S14 exhibit the initial state, transition state and final state of Li»S
decomposition on Fe/CoN and CoN. The calculated energy barrier for Li>S decomposition on
Fe/CoN and CoN surface was 0.62 eV and 1.52 eV, respectively (Figures Sb). These results
demonstrate that Fe/C,N can greatly reduce the Li>S decomposition energy barrier and enhance
the redox reversibility between Li»S and LiPSs. Next, the Gibbs free energies were calculated
for the S reduction pathways of both S@C:oN and S@Fe/CoN cathodes. The optimized
configuration of the intermediates and their Gibbs free energy profiles are exhibited in Figure

19



5c. The largest increase of Gibbs free energy was obtained for the conversion from Li>Sz to Li2S
species, suggesting this step as the rate-limiting for the total discharge process.[??] The free
energy increase was lower for Fe/CoN (0.89 eV) than for CoN (0.92 eV), which suggested that

the reduction of S is more thermodynamically favorable on Fe/C,N than on C,N substrate.

gl gl by
HRhy HRhY SRR

Initial state Transition state Final state
NOCO Li © S @ Fe

o
(o]

1.6 Eparrier=1.52 eV
; PR, Fe/CZN arrier O
31 2 e CZN %\ _‘\“ —CzN F62/C2N
L ) LY
§ > 5 e,Q
Q o -2 D "—::‘\J_
©0.8 o U2 (YA
g Ebarrier=0.62 eV Lﬁ . 04“6‘:‘ Qzl-e_y_()_g%:%\—[_s):g:{'e 9
B4/ 9 —gigev o03eV
[ hed
2 (T
-6 - - n - n
OOO 2' Lll é 8 Sg L|288 lese L|284 L|232 L|2S
Reaction coordinate Reaction Coordinate

Figure 5 (a) The optimized adsorption configuration of Li>S decomposition on Fe/CoN. (b)
Energy barrier profiles of Li>S cluster decomposition on CoN and Fe/C2oN along with different
reaction coordinates. (c) Energy profiles of the reduction of Fe/CoN and CoN substrate

respectively.

In Figure 6a, the galvanostatic charge-discharge curves for S@Fe/CoN and S@C2N electrodes
at a current rate of 0.1 C are displayed. The voltage jump of the blue charging curve at the initial
charging period, which reflects the overpotentials of Li2S activation. This demonstrates the CoON
electrode displays a higher overpotential than the Fe/C,N electrode, verifying the accelerated
activation process of LixS in the presence of Fe/CoN. The discharging curve is associated with

the multistep sulfur reaction mechanism. Two clear discharge and one charge plateaus are
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observed in both cases. The first discharge plateau, at around 2.3 V, is attributed to the reduction

of sulfur to soluble LiPS (Sg — SGZ_ - S42_ ). The second discharge plateau, at about 2.1 V,

corresponds to the conversion of soluble LiPS into lithium sulfide (S,”” — Li,S, — Li,S).15!

Defining Q1 and Q2 as the capacity of the first discharge and the second discharge plateaus,
respectively, the ratio between Q2 and Q1 (Q2/Q1) can be considered as a measure of the
catalytic activity of the electrode material. The higher the capacity ratio value, the better the
catalytic ability.*”*8! Figure 6b shows the capacity ratio for the S@Fe/C2N electrode to be
quite large (Q2/Q1=2.86), well above the ratio measured for the S@C:N electrode
(Q2/Q1=2.35). This result is consistent with the superior catalytic activity towards polysulfides

redox reaction of the Fe-loaded electrode.

As shown in Figure 6b, the polarization potential, i.e. the difference between the oxidation
potential and the second reduction potential, of the S@Fe/C2N electrode (AE=142.3 mV) was
significantly lower than that of the S@C:N electrode (AE= 180.9 mV). The lower overpotential
for the phase conversion between soluble LiPS and insoluble Li>S2/Li>S during the charge
(Figure S15a) and discharge (Figure S15b) processes, further confirmed the improved redox

kinetics of S@Fe/CaN.

Figure 6¢ and Figure S15c exhibit the galvanostatic charge-discharge voltage profiles at
various current densities ranging from 0.1 C to 5 C. The two discharge plateaus and the charge
plateau were clearly observed even at the highest charge/discharge rates. Figure 6d shows the
specific capacities at different discharge rates of the two electrode types tested. S@Fe/C2N
cathodes were characterized with average discharge capacities of 1480, 1250, 1085, 955, 856.4,
774 and 683 mAh g! at current rates from 0.1 C to 5 C, well above the capacities obtained for

S@C:oN cathodes (Figure 6d). Besides, when switching back the current rate from 5 C to 0.2
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C, fairly similar average capacities were recovered, 1172 mAh g™! for the S@Fe/CoN electrode, ,

which pointed toward an excellent stability.

The energy efficiency of the energy storage device was calculated using the following formula:

E= I Uldt . As shown in Figure 6e, the S@Fe/CoN electrode was characterized by higher

energy efficiency, up to 93 % at 0.1C, than S@C:N, which is consistent with the lower
polarization potential of the former, in turn associated with the exceptional catalytic properties

of Fe/C,N.

The cycling performance of S@Fe/CoN and S@CaoN electrodes at 1C are shown in Figure 6f.
S@Fe/CaN electrodes displayed not only two-fold higher capacities than S@C>N but also
improved stability. S@Fe/CaN electrodes maintained a discharge capacity of 716.5 mAh g!
after 900 cycles, with a coulombic efficiency of 99.7%. This value corresponds to a capacity
retention of 75.14%, i.e. an average capacity reduction rate of 0.0276% per cycle. Figure 6g
displays the cycling performance of the S@Fe/CaN electrode at 3C current rate. At this high
current rate, the initial discharge capacity was 764.1 mAh g~'. After 2600 cycles, the capacity

was still 496.5 mAh g™, which corresponds to a 0.013% average capacity attenuation per cycle.

Figure S16 displays results from EIS analysis before the first discharge and after 200 cycles at
1 C. Comparing the S@C:N with the S@Fe/C,N electrode, the latter showed a much lower Ret,

indicating improved electrode kinetics.

To explore the potential practical application of Fe/C,N-based cathodes, electrodes with higher
sulfur loading were produced and tested. Galvanostatic charging and discharging profiles at
various current rates from a S@Fe/CoN electrode with 3.0 mg cm™2 sulfur loading are shown in
Figure S17a. One charging plateau and two discharging plateaus were clearly observed even
at current rates up to 3 C. The average specific capacities were 972 mAh g™ at 0.1 C and 610

mAh g! at 3 C, corresponding to areal capacities of 2.8 mAh cm™? and 1.8 mAh cm™2,
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respectively. Figure S17b shows the rate performances of the S@Fe/C2N electrode with a high
sulfur load, which displayed average discharge capacities of 1189.5, 966, 839.5, 734.7, 680.6,
601.3 and 605 mAh g! at current rates from 0.1 C to 3 C. Besides, the long-term cycling test
of this electrode displayed the initial capacity of 760 mAh g™! to decrease at a rate of 0.046%
per cycle to 584.6 mAh g™! after 500 cycles, which corresponds to a 76.92% capacity retention
(Figure 6h). During this process, a coulombic efficiency above 99.3% was maintained. These

results suggest our materials show excellent LSBs performance (Table S2).
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Figure 6. Electrochemical performance of Fe/C,N and C,N-based electrodes. (a) Galvanostatic
charge-discharge profiles of S@Fe/C2N and S@C:N electrodes with a 0.1 C current rate. (b)
Values of AE and Q2/Q1 resulted from the charge/discharge curves. (c) Galvanostatic charge-
discharge profiles of S@Fe/C2N at various rates. (d) Rate capabilities at current rates from 0.1
Cto 5 C. (e) Energy efficiency at various current rates. (f) Capacity retention of S@Fe/C>N and
S@C:N electrodes at 1 C. (g) Capacity retention of S@Fe/CaN electrode at 3 C. (h) Capacity

retention at 1 C with 3.0 mg cm ™2 sulfur loading.

To further analyse the advantages of Fe/CoN for efficient LSBs performance,®3l an EDS
mapping of the Li-anode after cycling was conducted. On the EDS maps, only a very small
amount of sulfur was observed (Figure S18), which means that the Fe/CoN as cathode in the
LSBs can inhibit the “shuttle effect” of the polysulfides efficiently. On the other hand, SEM
characterization (Figure S19) of the cathode after cycling was also performed. At the full-
discharged state of 1.7 V, the cells were disassembled to investigate the morphology of Fe/CoN
after cycling. The corresponding SEM image displayed nanoparticles that were uniformly
distributed on the surface of Fe/CoN rather than aggregating into large bulk agglomerates.
Combined with the Li>S nucleation measurement through potentiostatic discharge profiles, the
results further demonstrated that Fe/CoN catalyst regulate the deposition behavior of LizS. To
evaluate the stability of the Fe/C2N structure during cycles, we conducted XRD measurements
(Figure S20) of the cathode after charging. Diffraction peaks corresponding to Fe nanoparticles
or aggregates were not observed, meaning that the atomicaly dispersed iron atoms, which act

as active sites, are kept stable and isolated during cycling.

Overall, the above results demonstrate that Fe/C,N-based cathodes show an excellent
electrochemical performance associated to the following properties: 1) The abundant presence

of pyrazine nitrogen and pores in the C2N structure, which can immobilize LiPS and thus
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minimize the shuttle effect; 2) The high electrical conductivity of Fe/CoN which maximizes the
sulfur utilization; and 3) The presence of atomically dispersed iron, which is coordinated to
nitrogen and work as efficient active sites to promote the polysulfide conversion reaction

kinetics.

3. Conclusions

In summary, a novel catalyst based on atomically dispersed iron in a 2D organic material
(Fe/C3N) has been shown as an efficient sulfur host material for LSBs. Combination of XPS,
XANES, EXAFS, atomic resolution HAADF-AC-STEM and DFT calculations confirmed that
the synthesized Fe/C2N presents atomically dispersed iron. Iron atoms, which are in some cases
found to group in pairs, are coordinated to nitrogen in the CoN pores. These atomically
dispersed Fe atoms not only improve the material polarity to immobilize the soluble
polysulfides, but also act as catalytic active sites to promote the reaction kinetics between sulfur,
polysulfide and LisS. As a result, S@Fe/C2N-baed cathodes exhibit excellent electrochemical
performance, showing a high capacity and a remarkable rate performance at different current
densities, while keeping outstanding cycling stability. This work demonstrates that atomically
dispersed metal atoms within the unique CoN structure can help to achieve excellent
electrochemical performance. The present strategy can be utilized to design active materials not

only for LSBs, but also for other energy conversion and storage systems.

4. Experimental Section
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Materials: Ethylenediamine (99%), 1,3-dioxolane (DOL, 99.5%), lithium nitrate (99.98%),
lithium sulfide (99.9%), and chloroanilic acid (98%) were purchased from Alfa Aesar. Sulfuric
acid (95%~98%), N-methyl-pyrrolidone (NMP, 99.99%), diethyl ether (99.9%), iron (III)
nitrate nonahydrate (>98%), and tetracthylene glycol dimethyl ether (99%) were purchased
from Sigma-Aldrich. Lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) (99%) was
purchased from Acros Organics and dimethoxymethane (DME, 99%) is from Honeywell. All

chemicals were used without further purification.

Synthesis of hexaaminobenzene (HAB):"*?! First, chloroanilic acid was placed into a 15 mL
glass vial which was put in a 0 °C ice bath, under vigorous stirring. Next, 5.64 mL
ethylenediamine and a few drops of concentrated sulfuric acid were added. Then the ice bath
was removed and the obtained solution was warmed up to room temperature. Afterward, the
solution was transferred to a 15 mL Teflon autoclave, the autoclave was kept at 80 °C for 72 h
to complete the amination reactions. The solution was cooled to room temperature. The
obtained mixture was vacuum filtrated using a polytetrafluoroethylene (PTFE) membrane (0.47
um), rinsed with diethyl ether and degassed ethanol three times, and freeze-dried overnight.
The identity of the final product was confirmed by 'H NMR . '"H NMR (400 MHz, H>O-d>, §):

3.39 (s, 2H, NH2). (Figure S21)

Synthesis of C2N:1331 In a typical reaction experiment, an equal mol ratio of hexaaminobenzene
and chloroanilic acid, and degassed NMP were put into a three-necked round bottom flask under
argon gas placed in an ice bath. Under vigorous stirring, a few drops of concentrated sulfuric
acid were added. Then the ice bath was removed and the mixture was warmed up to room
temperature. The resulting solution was heated to 175 °C for 12 h. After cooling to room

temperature, the mixture was vacuum filtrated, and washed with ethanol and water for three
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times and freeze-dried for 24 h. Finally, the obtained black solid was annealed at 450 °C for 3

h under argon gas with a ramp rate of 5 °C/min.

Synthesis of Fe/C2N: C>2N (200 mg) and iron(III) nitrate nonahydrate (404 mg) were added to
15 mL ethanol. The resulting solution was stirred for 48 h at room temperature, and then
vacuum filtrated and dried at 60 °C in an oven. The obtained precursor was annealed at 700 °C
for 3 h. After that, the black solid was placed into 10 mL 3M HCI solution and stirred for 2 days
to remove iron nanoparticles. The material was centrifuged, washed with water and ethanol for

several times, and finally vacuum dried at 120 °C for 12 h.

Preparation of S@C:N and S@Fe/C2N composites: Following a typical melt-diffusion
procedure, Fe/C2N (or C2N) was mixed with sublimated sulfur in a mass ration of 1:3 through
uniform milling, then transferred to a clean vial, placed in a Teflon autoclave, sealed under
argon gas and heated for 12 h at 155 °C. To remove the redundant sulfur outside of the Fe/C2N,
the powder was immersed in a 10 mL CS; and ethanol solution (1:4, volume ratio) for 10 min

twice.

Li2S4 adsorption tests: Sulfur and Li>S with a molar ratio of 3:1 were mixed with appropriate
amounts of DME and DOL (volume ratio of 1:1) under vigorous stirring overnight, until a
homogeneous dark brown solution was formed. To test the adsorption ability for polysulfide,
20 mg active materials (Fe/C2N, C2N and Super P) were covered by a 3.0 mL 10 x 1073 M Li>S4

solution in a glass vial, kept shaking and ageing overnight.

Electrochemical measurements: To prepare the cathodes, active materials (S@C:2N,
S@Fe/C2N), Super P and PVDF binders were mixed with a mass ratio of 8:1:1 dispersing in N-
methyl-2-pyrrolidone (NMP, 99.99%, Sigma-Aldrich). The obtained homogeneous slurry was
cast on an aluminium foil current collector and then vacuum dried at 60 °C overnight. The sulfur

was loaded in small plates (with a diameter of 12 mm) and was stamped in a coated aluminium
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film with about 1 mg cm™2. For the high sulfur loading, we used a coating of 3.0 mg-cm™2. The
coin cells were assembled in an argon-filled glove box for the electrochemical tests. The anode
used was a Li foil and Celgard 2400 membranes were used as separators. 1.0 M lithium
bis(trifluoromethanesulfony) imide (LiTFSI) and 0.2 M LiNOj dissolved in the mixed solvent
of DOL and DME (1:1 v/v) were used as the electrolyte. Each coin cell contained about 20 pL
of the electrolyte. To allow the electrolyte to penetrate the electrode sufficiently, all coin cells
were aged for several hours before testing. Galvanostatic charge/discharge (GCD)
measurements were conducted between 1.7 and 2.8 V (vs. Li*/Li) in a Neware BTS4008 battery
cycler. A battery tester BCS-810 from BioLogic was used to perform the cyclic voltammetry
(CV) tests with different scan rates, ranging from 0.1 to 0.4 mV s™!. Electrochemical impedance

spectroscopy (EIS) tests were conducted in the frequency range from100 kHz to 0.01 Hz.

Symmetric cell assembly and tests: Electrode for the symmetric cell were prepared using the
same method as that for the lithium-sulfur battery. The working and counter electrodes utilized
two pieces of the same electrode (with an average loading of ~ 0.5 mg cm™2). Each coin cell
contained 40 pL of electrolyte (0.5 M Li2S¢ and 1 M LiTFSI in DOL/DME (v/v = 1/1)). CV
tests were carried out at a scan rate of 10 mV s™! and EIS measurements were performed in a

frequency range from 100 kHz to 0.01 Hz.

Li2S2 nucleation and dissolution tests: Standard 2032 coin cells were used to analyze the
nucleation and dissolution of the Li>S. Equal amounts of Fe/CoN and C:N catalysts were
dispersed uniformly in ethanol. Then, the catalysts were loaded on carbon paper to work as
cathodes. Li foil worked as anode. The catholyte consisted of 20 pL of 0.25 M Li»Sgand 1.0 M
LiTFSI in tetraethylene glycol dimethyl ether solution. In the case of the anolyte, it consisted
of 20 puL of 1.0 M LiTFSI solution without Li»Sg in the same solvent as the catholyte. To

transform the polysulfide LiSx (x=6, 8) to Li2S4 we used the following procedure. The cells
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were kept at 2.05 V until the current dropped to 0.01 mA. Fresh coin cells were assembled to
perform the dissolution of Li>S, which were discharged at 0.10 mA to 1.80 V firstly, following
galvanostatically discharge at 0.01 mA to 1.80 V for reducing S species into solid LizS,
completely. Subsequently, the cells were potentiostatically charged at 2.40 V for transforming

the Li2S into polysulfide until the charge current was lower than 0.01 mA. 4]

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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This work shows a novel atomically dispersed catalyst, which was prepared by loading iron
atoms into a 2D organic layered material (C2N). CoN has abundant holes and pyrazine nitrogen
in its structure. The formed coordination structure FeoNg has been proved to work as efficient
active sites in the cathode of lithium-sulfur batteries for promoting the reversible

electrochemical conversion reaction during the charging and discharging.
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Figure S1. (a) SEM image of a Fe/C2N catalyst (scale bar = 0.2 um); (b) HRTEM image of a
Fe/C:N catalyst. (c) STEM-HAADF image and EDS elemental mapping (scale bar = 400 nm)

showing the elemental distribution in a Fe/C2N sample.

Figure S2. High magnification HAADF-STEM images of a Fe/C,N catalyst.
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Figure S3. (a) XRD patterns of S@Fe/CaN, Fe/CoN and C2N; (b) TGA profile of Fe/C2N under

air.
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Figure S4. (a) XPS survey spectrum of Fe/C2N. (b)-(d) High resolution XPS spectra obtained

from Fe/CaN: (b) N 1s; (¢) C 1s; (d) Fe 2p.
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Table S1. EXAFS fitting parameters at the Fe K-edge for various samples (5¢>=0.76)

Shell CN R(A) o2 AEO R factor
Fe foil Fe-Fe 8 2.46x0.01 | 0.0050 5.1£1.0 0.0055
Fe-Fel 6 2.84+0.01
Fe/CoN Fe-N 3.0£0.1 1.97+0.02 | 0.0031 5.4+1.5 0.0016
Fe-Fe 1.5%0.1 2.11+0.01 | 0.0029

N: coordination numbers; R: bond distance; ‘o*: Debye-Waller factors; ¢ AEo: the inner
potential correction. R factor: goodness of fit. Sy> was set to 0.76, according to the experimental

EXAFS fit of Fe foil reference by fixing CN as the known crystallographic value; 6: percentage.

o

61891011

Figure S5. Wavelet tansforms for the k3-weight Fe K-edge EXAFS information of reference

samples: (a) Fe foil; (b) Fe20s.
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Figure S6. a) TGA profile from S@Fe/CoN under nitrogen. (b) SEM EDX mapping of

S@Fe/CoN (scale bar = 1 um).
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Figure S7. (a) N2 adsorption-desorption isotherms of Fe/C2N and S@Fe/CaN. (b) Pore size

distribution of Fe/CoN and S@Fe/C,N.

DFT Calculation
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The spin-polarized DFT computations were implemented using the Perdew-Burke-Ernzerhof
(PBE) functional, as performed in the VASP package.!'l The project augmented wave (PAW)
approach was used with a kinetic cutoff energy of 450 eV. According to previous literature,*]
the molecule C3sNi2Hi2 with one hole was used to represent the periodic CoN system.
Meanwhile, the model of Fe/C2N(002) was constructed according the parameters of XRD and
TEM as shown in Figure S8a, 8b. To avoid the neighboring image interactions, a 2x2x1
supercell of Fe/C,N was created and a vacuum spacing of 15 A was inserted along the normal
direction. The first Brillouin zone was sampled with 3x3x1 and 5x5x1 I'-centered k-points
grids for geometric optimization and electronic structure calculations. All atoms were relaxed
to their equilibrium positions when the total energy change was finally converged to 1073
eV/atom; and the force on each atom was converged to 0.04 eV/A. The adsorption energy (Fads)
is calculated through the following Equations based on the energy difference of the system

before and after LIPS adsorption.[*!

E (CN)=E_, - E

total Li,S, ECZN-surface (Sl)

E,(Fe/C,N)=E, —E

total Li,S, EFe/C , N -surface (Sz)

Where the Eriosx, Esurface, and Etoal represent the total energy of the adsorbate, the surface, and
the complex of surface and adsorbate, respectively. According to this formula, the more
negative E.ds the better thermodynamic stability. The nudged elastic band (NEB) method was
used to calculate the decomposition energy barriers of Li>S.[*l Finally, the Gibbs Free Energy

was calculated basing the method in the reference 5. !
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Figure S8. (a) Optimized CoN monolayer, (b) Optimized Fe/CoN monolayer. (grey = carbon;

blue = nitrogen)
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Figure S9. Schematic diagram of DFT calculation results for CoN and Fe/C;N with LiPS
(Li2S, Li2So, LizS4, LioSe, Li2Sg and Sg): (a) C2N. (b) Fe/CoN. (light blue=nitrogen,

brown=carbon, green=lithium, yellow=sulfur, pink=iron)
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Figure S10. (a) CV profiles of S@C:N electrode in symmetric cells at scan rate from 10 mV/s
to 100 mV/s. (b) CV curves of symmetric cells from 1 to 15 cycles. (¢) EIS spectrum of

symmetric cells based on Fe/C2N and CoN sulfur host materials.
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Figure S11. CV profiles of (a) S@Fe/CaN, (b) S@C,N with a scan rate of 0.1 mV s! in the

potential range between 1.7 V and 2.8 V (vs Li/Li"), each graph showing three cycles.
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Figure S12. Onset potential for lithium-sulfur redox reaction. (a) Differential CV profiles of
S@Fe/CaoN. (b) CV curves and corresponding onset potential of redox peak I, II and III of
S@Fe/CaoN. (c) Differential CV profiles of S@C2N. (b) CV curves and corresponding onset

potential of redox peak I, II and III of S@C:N.

48



o
o

6 6 0.006
. —01mvs’! = 4+ S@Fe/C,N
o 5] —02mv s o4 v S@CN
< s P | =
= 2] - g0.004 , y=0.30x+0.0004
£ < .l £
g 0 % 0 v I £
S ., \ © 0.0024 y=0.15x+0.00001
23 S@CN 5] \
3 4
. 0.000
1.6 2.0 24 2.8 0.010 0.015 0.020 0.012 0016 0.020
d Potential (V) & Square Root Scan Rate (V 3'1)1/2 Square Root Scan Rate (V 5'1)1/2
0.000 0.000 f
Is Ic
y=-0.07x+0.0001 y=-0.1x+0.0008 o
g-0.001 g-0002 \\ “
3 3 %
£ £ =-0.18x+0.0005 n
- ~
3-0.002 0 -0.004 T
+ S@Fe/C,N 4 S@Fe/CN
v S@C,N y=-0.16x+0.0008 v S@C,N
-0.003 -0.006
0.012 0.016 0020 0.012 0.016 0.020

Square Root Scan Rate (V s~ Square Root Scan Rate (v 5112

Figure S13. (a) CV profiles of S@C:N electrode at scan rate from 0.1 mV/s to 0.4 mV/s. (b)
Plot of CV of S@Fe/C>N electrode peak current of 14, I, Ic vs the square root of the scan rate.
(c) Anodic oxidation reaction (peak Ia : Li2So2/Li»S«>Sg) vs the square root of the scan rate. (d)
First cathodic reduction process (peak Is: Sg«>Li»Sx). () Second cathodic reduction reaction
(peak Ic: LiaSx«+»LixS2/LixS). (f) Diffusion coefficient of S@Fe/CoN and S@C2N electrodes

calculated from /4, I3, Ic respectively.
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Figure S14. Schematic diagram of states of Li»S decomposition on CoN.
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Figure S15. (a) Charge curves of S@Fe/CoN and S@C:N electrodes exhibiting the
overpotentials for the transformation from Li>Sx to Li2S2/Li>S. (b) Discharge curves of
S@Fe/CaN and S@CaN electrodes exhibiting the overpotentials for the transformation from
Li»S2/LisS to LizSx. (¢) Charge/discharge curves of S@CaN electrode at various current

densities from 0.1 C to 5 C.
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Figure S16. (a) EIS spectra obtained on coin cells fabricated with the S@Fe/CoN cathode, for
the fresh cell and after cycling at 1 C for 100 cycles respectively. (b) EIS spectra obtained on
the coin cells fabricated with the S@C:>N cathode corresponding fresh cell and after cycling at

1 C for 100 cycles.
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Figure S17. (a) Charge/discharge profiles. (b) Rate capability of S@Fe/C2N electrode

sulfur loading of 3 mg cm™ at different current densities.
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Figure S18. (a) SEM image of the Li-anode after cycling; (b) EDS mapping images of Li-anode

showing a low sulfur signal after cycling.




Figure S19. SEM image of the S@Fe/C2N cathodes after charging at 1.7 V.
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Figure S20 XRD spectrum after charging at 1.7 V.

Table S2. A summary of metal atom dispersed catalysts for LSBs

Reported Coordination Initial High rate C rated/ cycle Capacity
materials Structure capacity capacity =~ numbers decay rate Ref.
. i per cycle
(mAhg')  (mAhg")
Fe/CoN Fe2N6 1540/0.1 678.7/5 3 C/2600 0.013% This
C C work
Porous Fe- FeN2 1451/0.1  607/5C 2 C/2000 0.011% S5
N2/CN C
Fe-N-doped FeN4 1142/0.2  847/2C 0.5C/500  0.053% S6
C
carbon
nanofiber
Fe-N-C/S-MCF FeN4 1244/0.1  504/5C 3 C/500 0.067% S7
C
FeSA-CN FeN4 1123/0.2  605/4 C 4 C/500 0.06% S8
C
Fe-PNC FeN4 1138/ 0.1 600/1 C 0.5 C/300 0.02% S9
C
M-Co N-doped CoN4 1618/0.1 C 529/5C 2C/1000 0.028% S10

carbon
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SC-Co CoN4 1130/0.2  837/3C 0.5C/800 0.086% 23
C
Co-N/G CoN4 1210/0.2  618/4 C 1 C/500 0.053% 22
C
H-Like Co@N- CoN4 1250/0.1 485/5C 2 C/850 0.02% S11
C C
CoSA-NC CoN4 1574/0.05 624/5C 1 C/1000 0.03% S12
C
ng&iéZ}?gng?imbemene %
™
NH,
HoN NH,
HoN NH,
NH,
I |
J\ ”&
é’_‘
1";.5‘ ' I1é.5l I1d.5l ' 815 | 7.0 ' 410 - 2i5 - 1I.0 I
f1 (ppm)
Figure S21. '"H NMR spectrum of hexaaminobenzene
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