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Methods
Preparation of Seed-SACo and Seed-SAV.

All chemicals purchased from Sigma-Aldrich were used without further purifying unless otherwise
specified in this study. All the annealing treatments are processed at Ar of 50 sccm. Dicyandiamide
(C2HsNa4, DCD) was annealed at 350 °C for 1 h, noted as DCD-350 after finely grinded. Cobalt (I1)
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acetylacetonate, vanadyl acetylacetonate were chosen as the metal resource. The metal salts were
resolved into ethanol solution (50% acetone, with 10 mg mL ™ citric acid) and sonicated for 1 h.
The above solution was dropped dropwise to DCD-350 powder (with metal content of 1wt% vs.
DCD-350) when grinding. The powder was annealed at 665 °C for 2 h and then grinded for 30
min. The brown product was noted as Seed-SAMe (Me = Co, V), prior to leaching in the HCI (2
mol L) for 2 h following dry at 80 °C for 5 h.

Preparation of SACO@NG and SAV@NG.

The graphene was mixed with poly ethyleneimine (PEI) solution (50% (w/v) in H20,) and
polyvinylpyrrolid (PVVP, average mol 40000) (with mass ratio=1:1; 50 wt% in total) in ethanol and
sonicated for 20 min into uniform solution. Seed-SACo or Seed-SAV was subsequently added to
the above PEI and PVP solution and sonicated by tip sonication for 1 h. Furthermore, the mixture
was stirred for 5 h, dried and grounded to fine powder. The as-prepared sample was then heated at
800 °C and held for 1h. During the heating stage, the temperature was held constant for another 2
h at 680 °C before final ramping to 800 °C. Herein, the PVP and PEI adhering to the surface of
graphene oxide (GO) and seeds will enhance the uniformity and dispersion of seeds on GO. During
the following annealing process, the PVP and PEI will be pyrolyzed into amorphous carbon, which
enables the good contact between GO and single metal atoms. Finally, the samples were denoted
as SACo@NG and SAV@NG.

The reference g-C3Na was synthesized through an annealing of DCD at 665 °C for 1 h. Nitrogen-
doped graphene (NG) was synthesized by mixing DCD-350 with GO and annealing at 800 °C for
1 h. GO was reduced into graphene (G) at 800 °C for 1 h under Ar flow.

Structural characterizations.

The microstructure and morphology of SACo@NG and SAV@NG samples were obtained using
scanning electron microscopy (SEM, Zeiss Neon 40 EsB) and high-resolution transmission
electron microscopy (HRTEM, FEI Titan G2 80-200 TEM/STEM). High-resolution aberration-
corrected scanning transmission electron microscopy annular dark field images (AC-STEM-ADF,
Nion UltraSTEM100 microscope) was carried out by operating at 60 kV at a beam current of 60
pA. The inductively coupled plasma atomic emission spectroscopy (TJA RADIAL IRIS 1000,
ICP-AES) was used to determine the mass content of vanadium and cobalt. X-ray diffraction (XRD,



Bruker D8 Advance diffractometer) was operated at 40 kV and 40 mA with Cu Ko (A = 1.5406
A). X-ray photoelectron spectroscopy (XPS) was collected in Kratos AXIS Ultra DLD system.
Nitrogen absorption and desorption experiment was conducted on an ASAP 2020 (Micromeritics)
to analyze the specific surface area and pores size distribution. Raman patterns were performed
using one alpha300 RA Correlative Raman-AFM Microscope with a 532 nm He—Ne laser. Near
edge x-ray absorption structure (NEXAFS) spectroscopy measurements were performed at the
Soft X-Ray beamline of the Australian Synchrotron. All spectra were obtained in partial electron
yield (TEY) mode. All NEXAFS spectra were processed and normalized using the QANT software
program developed at the Australian Synchrotron. X-ray absorption spectroscopy (XAS)
measurements were collected at the XAS Beamline (12ID) at the Australian Synchrotron in
Melbourne. With the beamline optics employed (Si-coated collimating mirror and Rh-coated
focusing mirror) the harmonic content of the incident X-ray beam was negligible. The powder
samples were pressed into pellets following mechanical grinding with a cellulose binder. Both
fluorescence and transmission spectra were collected based on the concentration of vanadium and
cobalt in each sample (the validity of this method was confirmed via comparing the fluorescence
and transmission spectra intensity for one of the samples based on which both methods yielded

comparable quantitative data). All XAS data were processed and analyzed usingDemeter software?.

Electrochemical measurements.

The blank electrolyte was prepared by dissolving an appropriate amount of lithium tri-
fluoromethanesulfonate (LiCF3SOs, 98%, Acros Organics, 1M) and LiNOs (99.9%, Acros
Organics, 0.1M) in DME (99%, Acros Organics) and DOL (99.5%, Acros Organics) (1:1 by
volume). The Li»Se catholyte was mixing stoichiometric amounts of sublimed sulfur (99.5%,
Fisher Scientific) and an appropriate amount of Li>S (99.9%, Acros Organics) in the blank
electrolyte to form Li»Se in the solution. LiNOs was added to passivate the Li metal surface and
suppress its reaction with polysulfide.? The solution was then magnetic stirred vigorously at 60 °C

in an Ar-filled glove box overnight to produce a brownish-red Li»Se catholyte solution.

As-prepared graphene (G), NG, SACo@NG , SAV@NG and sulfur powder (99.5%, Alfa Aesar)
in a mass ratio of 1:4 were ground together for 30 minutes. The mixture was then transfered to a
sealed stainless steel vessel and heated to 155 °C for 15 h to obtain the S-G, S-NG, S-SACo@NG
and S-SAV@NG. A well-mixed slurry (85 wt% S-G, S-NG, S-SACo@NG and S-SAV@NG, 5wt%



Super P as conductive additive and 10 wt% polyvinylidene fluoride as binder in N-methyl-2-
pyrolidone) was coated onto the Al foil current collector followed by drying under vacuum at 60°C
for 24 h. The S-G, S-NG, S-SACo@NG and S-SAV@NG electrodes were shaped into a circular
pellet with areal sulfur mass loading of around 2 mg cm™2. 20 uL electrolyte was added to wet the
sulfur cathode. The Celgard 2400 separator was then placed on top of the electrodes. Finally, the
lithium-metal foil anode was placed on the separator as the anode. Galvanostatic charge-discharge
cycles were performed on a CT2001A cell test instrument (LAND Electronic Co.) The sulfur
cathode based cells were measured with the potential range of 1.5-2.8 V (vs. Li/Li*). The C-rate

for tests was referred to the mass of sulfur in the cathode and was varied from 0.2 C to 3 C rate.

Theoretical calculations.

The projector augmented wave (PAW) formalism of density functional theory as implemented in
the Vienna Ab-initio Simulation Package (VASP) was used in the system energy and electronic
structure calculations.® The Gaussian smearing method* was used and the width of smearing was
chosen as 0.05 eV. The energy cutoff for plane-wave expansion of the PAWSs is 500 eV. In the
vertical direction, a vacuum layer of about 20 A in thickness was introduced for all the surfaces.
For the binding energy and adsorption conformation simulations, we used the vdW-DF2 functional
to include the physical van der Waals interaction, which was demonstrated to be very important in
the simulation of Li,S adsorption.® The Brillouin zone was sampled using Monkhorst-Pack scheme
with a k-point mesh of 3x3x1 in the Gamma-centered grids for the structural relaxation.® The
structure relaxation was continued until the forces on all the atoms were converged to less than
0.02 eV/A. The decomposition barrier for Li,S was determined by climbing image-nudged elastic
band (CI-NEB).’
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Chart S1. The seeding process for single atoms on NG.
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Figure S1. Optimized atomic configuration of LiS cluster adsorption on the (a) SACU@NG and
(b) SAAg@NG. (c-i) Detailed decomposition path for Li»S cluster on graphene, NG, SACO@NG,
SAFe@NG, SAMN@NG, SARU@NG and SAZn@NG, respectively. The side view of LiS cluster
adsorption on the (j) SACU@NG and (k) SAAg@NG.
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Figure S2. Diffusion pathways of the Li atom on the surface of (a) graphene, (b) NG, (c)
SAC0@NG, (d) SAFe@NG, (e) SAMN@NG, (f) SARU@NG and (g) SAZn@NG, respectively.
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Figure S3. Side view for the Li2S cluster adsorption configurations on (a) graphene, (b) NG, (c)
SACo@NG, (d) SAV@NG, (e) SAFe@NG, (f) SAMN@NG, (g) SARU@NG and (h) SAZn@NG,

respectively.



b ~ =
N7 g C7 N
o0-00-do=00-00-00
G NG

SACO@NG

i A A
::?G *]

SAMn@NG SARU@NG SAZn@NG

Figure S4. Side view for the Li>Se cluster adsorption configurations on (a) graphene, (b) NG, (c)

SACO0@NG, (d) SAFe@NG, (e) SAMN@NG, (f) SARU@NG and (g) SAZn@NG, respectively.
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Figure S5. TG curves of (a) SAV@NG, (b) SACo@NG, and (c) NG.



Figure S6. (a) SEM image of SACo@NG. (b) TEM image and (c) High-angle annular dark-field
(HAADF)-STEM image of SACo@NG. (d) HAADF image and corresponding EDS mappings of
SAC0@NG. (e) HRTEM image and (f) AC-STEM-ADF image of SACoO@NG.

SEM and TEM images of SACo@NG indicate the smooth morphology without the presence of
nanoclusters (Figure S6a and b). Furthermore, EDS elemental mapping demonstrates that the C,
N, Co elements are uniformly distributed throughout the SACo@NG (Figure S6c and d). HRTEM
further indicates that there is no Co-derived nanoparticles or clusters detected on the surface
(Figure S6e). AC-STEM-ADF image confirms individual Co atoms randomly dispersed on the
graphene substrate (Figure S6f).
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Figure S7. (a) XRD patterns and (b) Raman spectra of GO, G, NG, SACo@NG, and SAV@NG.
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Figure S8. (a) The whole spectrum of SAV@NG. (b) Comparison of N 1s XPS spectra of NG
and SAV@NG. (c) V 2p spectrum of SAV@NG. (d) The whole spectrum of SACo@NG. (e)
Comparison of N 1s XPS spectra of NG and SACo@NG. (f) Co 2p spectrum of SACO@NG.

The whole and fine spectrum of XPS confirm the presence of V and Co in SAV@NG and
SACO@NG, respectively (Figure S8a, ¢, d, and f). Nitrogen atoms are present in the form of
pyridinic, pyrrolic, graphitic, and oxidized N groups?, as indicated in the high-resolution N 1s XPS
spectra of SAV@NG, SACo@NG and NG (Figure S8b, e). It is interesting to note that the
strongest N 1s peak corresponds to pyridinic N (Figure S8b, e), indicating that Co and V atoms in
the SACO@NG and SAV@NG are primarily bound to pyridinic N. This result is in accordance
with the N K-edge NEXAFS spectra of SACoO@NG and NG (Figure S10b), where an obvious
absorption due to Co—N bonding at 399.3 eV is observed in SACO@NG. The V 2p spectra was
fitted assuming a single doublet for the V 2pz2 and V 2p12 components, bringing about a spin—orbit
splitting of 7.2 eV (Figure S8c). Satellite lines due to the multiple structure can be described by
one single broad peak at around 520.2 eV, which is closed to the V#* position in the VOPc.® The
Co 2p spectrum reveals that all the Co species in the presence of Co?* around 780.4 eV other than

metallic Co (0),'° further confirming the isolated coordination configuration in SACO@NG.
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Figure S9. (a) C K-edge of NEXAFS for SAV@NG, Seed-SAV, NG, and g-CsNa. (b) V L-edge
and O K-edge of NEXAFS of SAV@NG, Vacac, V foil, V20s, VO, and Seed-SAV. (c) Fine V L-
edge of NEXAFS for SAV@NG, Vacac, V foil, V205, VO, and Seed-SAV.

The carbon K-edge spectra of g-C3N4 and Seed-SAV samples show the presence of characteristic
resonances of carbon nitride: 7*C—N-C at 288.1 eV, and long range © *C—C resonance which
occur over the range of 292-300 eV*!' (Figure S9a). However, the SAV@NG shows one
characteristic peak not found in NG at 286.6 eV, which can be ascribed to the C-N-V in the
SAV@NG?!2, Furthermore, the NEXAFS spectra of V L edge are co-existent with O K edge due
to the easy oxidation of vanadium and adsorbed oxygen (Figure S9b). V L-edge NEXAFS spectra
represent the d electron-projected unoccupied density of states, whereas the O K-edge spectra
represent the electron-projected unoccupied density of states of the valence levels. The two broad
peaks centered around 516.0 and 523.0 eV can be assigned, in a first approximation, to the V L3
and L peaks arising from the excitations of V 2ps; and V 2pu2 orbitals into empty or partially
occupied V 3d states. The splitting NEXAFS Lz of V at 517.1 eV into two peaks related to the V-
O and V-N valence, which is apparently different from V-V bond (Figure S9c).
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Figure S10. (a) C K-edge and (b) N K-edge of NEXAFS for SACO@NG, Seed-SACo, NG, and
g-C3Na. (c) Fine Co L-edge of XANES for SACo@NG, Co foil, CoPc, CoO, and Co0304. (d)
Fourier transform of Co K-edge EXAFS spectra of SACoO@NG, Co foil, CoPc, CoO, and C030a.

The C K-edge and N K-edge results of SACo@NG are similar to the NG and SAV@NG. The pre-
edge XANES of Co in SACo@NG is close to that for CoPc rather than the Co foil. As shown in
the Fourier transforms of Co K-edge EXAFS, the peak at 1.42 A in SACO@NG, corresponding to
Co—N/C scattering paths, which is different from the peaks at 1.59 and 2.33 A that corresponding
to Co-O and Co—Co, respectively. Comparing this with the spectra of Coz04, CoO and Co foil
references, no Co—O and Co—Co scattering paths are detected in SACO@NG, revealing the

presence of the Co—N local structure in the sample.
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Figure S11. The pore size distribution of G, NG, SACo@NG, and SAV@NG.
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Figure S12. (a) SEM image of S-SACo@NG. (b) TEM image and (c) HAADF-STEM image of
S-SACo@NG. (d) EDS mappings of S-SACo@NG. (e) EDS spectra of S-SACo@NG. (f, g)
HRTEM images of S-SACo@NG.

Sulfur uniformly disperses on the surface of SACo@NG (Figure S12a) without obvious sulfur
particles. Furthermore, the TEM and corresponding HAADF images (Figure S12b and c) confirm
the absence of obvious sulfur clusters. The uniform elemental distribution of C, N, Co, S reveals
the good sulfur dispersion on SACo@NG (Figure S12d). The strong signals of 2.30 and 6.92 eV
are attributed to the K, of S and Co (Figure S12e). The HRTEM images (Figure S12f, g) confirm

there are no sulfur particles, demonstrating good dispersion of sulfur on the S-SACo@NG.



Figure S13. SEM images of (a) S-G and (b) S-NG.
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Figure S15. Galvanostatic charge—discharge curves of (a) S-G, (b) S-NG, and (c) S-SACo@NG

electrodes at different rates.
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SACO@NG

Figure S17. Detailed adsorption atomic configuration for the polysulfides on the G, NG, and

SACo@NG.
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