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Metastable nanomaterials, such as single-atom and high-entropy

systems, with exciting physical and chemical properties are increasingly
important for next-generation technologies. Here, we developed a
hydrogen-substituted graphdiyne-assisted ultrafast sparking synthesis
(GAUSS) platform for the preparation of metastable nanomaterials. The
GAUSS platform canreach an ultra-high reaction temperature of 3,286 K
within 8 ms, arate exceeding 10° K s’. Controlling the composition and
chemistry of the hydrogen-substituted graphdiyne aerogel framework, the
reaction temperature can be tuned from 1,640 K to 3,286 K. We demonstrate
the versatility of the GAUSS platform with the successful synthesis of single
atoms, high-entropy alloys and high-entropy oxides. Electrochemical
measurements and density functional theory show that single atoms
synthesized by GAUSS enhance the lithium-sulfur redox reaction kinetics
inall-solid-state lithium-sulfur batteries. Our design of the GAUSS platform
offers a powerful way to synthesize a variety of metastable nanomaterials.

Metastable nanomaterials are a class of materials with unique physical
and chemical properties that are different from their equilibrium
and bulk phases"’. These properties offer the opportunity to develop
next-generation technologies, including renewable energy*, electric
vehicles®” and materials manufacturing®®’. For instance, single-atom
metastable materials with abundant unsaturated active sitesand strong
metal-supportinteraction enable electrocatalysis and thermal cataly-
sis for chemical upgrade'®". Metastable high-entropy alloys represent
anideal prototype for investigating the electrocatalytic and mechani-
cal processes, from fundamentals to applications®'>. However, these
metastable nanomaterials are very challenging to synthesize due to
their requirement for extreme non-equilibrium synthesis conditions.

High-temperature strategies using conventional resistive-heating
furnaces have attracted extensive attention for synthesizing meta-
stable nanomaterials, but are usually limited to single-component

metastable materials®*'*, High-entropy materials with five or more
elements are challenging to achieve owingto the limited temperatures
(-1,500 K) and heating rates (only 10-20 K min™) of furnace annealing.
Recently, advanced high-temperature synthesis has opened an avenue
to create non-equilibrium conditions and avoid phase segregation for
synthesizing a variety of metastable nanomaterials®". For example,
laser ablation in liquids with rapid quenching rates was developed
to synthesize metastable single-atom alloys'. High-temperature
shock synthesis with a superfast heating speed was utilized to design
high-entropy alloys and oxides**". An aerosol droplet-mediated
approach with a temperature higher than 2,000 K was developed to
synthesize high-entropy alloys'®'’. However, ultra-high temperatures
(>3,000 K) and ultrafast heating rates (>10° K s™) are still challenging
toachieve, butareincreasingly important for materials synthesis and
manufacture’**, Facile synthesis achieving ultra-high temperatures
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Fig.1|Schematic of hydrogen-substituted GAUSS for metastable
nanomaterials. Precursors are first dissolved in ethanol and soaked on HGDY
aerogel. Solvated HGDY aerogel is dried and placed on the hotplate setata
temperature of 450 °C. Immediately, a sparking reaction occurs and spreads
quickly through the entire aerogel, achieving an ultra-high temperature up

to 3,286 K within 8 ms. By establishing the GAUSS platform, we successfully

High-entropy alloy High-entropy oxide

synthesize agroup of metastable nanomaterials, including single atoms using
dilute single-metal precursors, nanoparticles using a concentrated single-metal
precursor and high-entropy alloys and oxides using multi-metal precursors.
The green, purple, red, yellow, dark blue, light blue, grey and orange atoms
represent Co, Ni, Fe, Sn, Cu, Mo, Cland O, respectively.

within milliseconds is strongly desired for developing a library of
metastable nanomaterials.

Inthis work, we developed an ultrafast high-temperature platform
with the help of hydrogen-substituted graphdiyne aerogel (HGDY).
HGDY, a two-dimensional sp/sp” co-hybridized carbon network, pro-
vides high density sites for supporting metastable nanomaterials* >,
Our designed hydrogen-substituted graphdiyne-assisted ultrafast
sparking synthesis (GAUSS) achieves a temperature of 1,640 K within
40 ms. By incorporating aluminium nanoparticles and oxidizers,
GAUSS reaches aremarkable temperature of 3,286 Kwithin only 8 ms, a
heating rate greater than10° K s ™. We successfully synthesized a library
of metastable nanomaterials, including single atoms, high-entropy
alloys and high-entropy oxides using the GAUSS platform. Finally,
electrochemical measurements and density functional theory show
that single-atom catalysts synthesized with the GAUSS platform pro-
mote lithium-sulfur (Li-S) conversion kinetics in all-solid-state Li-S
batteries.

Results and discussion
Graphdiyne-assisted ultrafast sparking synthesis
For the GAUSS process, the HGDY aerogel is designed to provide
micro-explosions. HGDY aerogels have high surface area, high volume
tomass ratio, micropores and unique acetylenic carbon chemistry (Sup-
plementary Fig.1), which provide high density sites of micro-explosions
torealize ultra-high temperature. When the HGDY aerogel touches the
hotplate (set to 450 °C) a sparking reaction occurs. During this reac-
tion, red flames spread quickly from their origin through the entire
aerogel, transforming the HGDY from a light brown to black colour
(Supplementary Fig.2). Thisreaction produces alarge amount of heat
and pressure. The temperature of the reaction can be controlled from
1,600 K up to 3,286 K, while the reaction time can also be controlled
from 40 ms to 8 ms by tuning the chemistry of the aerogel (Fig. 1).
Using the high reaction temperature and fast heating rates of
our GAUSS platform, we synthesize a variety of metastable nanoma-
terials, including single atoms (with dilute single-metal precursors),
metal nanoparticles (with concentrated single-metal precursors),

high-entropy alloys (with multi-metal precursors in an argon atmos-
phere) and high-entropy oxides (with multi-metal precursors in an
oxygen-rich atmosphere) (Fig. 1). As a proof of concept, we showcase
the synthesis of cobalt (Co) single atoms, Co nanoparticles, NiFeCoCus-
nMo alloys and NiFeCoCuSnMo oxides. Synthesis of these metastable
nanomaterials with our GAUSS platform is achieved by soaking the
HGDY aerogel in ethanol with dissolved metal salts and then drying,
to achieve a metal-infused HGDY aerogel. The metal-infused HGDY
aerogelisthenplacedin contact with ahotplate (set to 450 °C), quickly
initiating the spark reaction, which provides the fast heating and cool-
ing rates necessary toachieve the metastable states. The facile, scalable
nature and low costs of reagents for the GAUSS platform endow the
method with promise for large-scale commercialization (Supplemen-
tary Table 1). The GAUSS platform involves the following processes:
sol-gel method to prepare the carbon aerogel, solution method to
soak metal precursors, drying the solvated carbon aerogels and using
the hotplate to provide heat for initializing the GAUSS reaction. Each
processis scalable and low cost.

To analyse the temperature and heating rates of the GAUSS syn-
thesis, we use a high-speed camera (Fig. 2a-d) and a thermal camera
(Fig. 2e-h). Note that different samples were used for the high-speed
camera and thermal camera observations. Snapshots of the sparking
reactionshow thatignition occurs at asingle point (Fig. 2a,e), spreads
through the entire HGDY aerogel within 19 ms (Fig. 2b,f) and achieves
amaximum temperature of 1,600 K at 40 ms (Fig. 2c,g). Plotting tem-
perature versus time with millisecond intervals (Fig. 2i), we found avery
high heating rate exceeding 10° K s . To validate the measured heating
rates and temperatures of the spark reaction, we constructed a COM-
SOL model to simulate the temperature profile during the reaction.
The temperature trend from COMSOL agrees well with the measured
temperature profile (Fig. 2i).

To understand the chemical changes of HGDY during the spark
reaction, we performed C 1s X-ray photoelectron spectroscopy (XPS)
before and after the GAUSS process. High-resolution C1s spectrashow
that theratio of C=Cbondsto C=Cbondsincreases after the GAUSS pro-
cess, indicating cleavage of terminal acetylenic bonds (Supplementary
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Fig. 2| Temperature evolution and mechanism of the GAUSS process.

a-h, High-speed camera video snapshots at 1 ms (a), 19 ms (b), 40 ms (c) and
75 ms (d), and the corresponding thermal camera video snapshots showing
temperatures of 1,149 K (e), 1,580 K (f), 1,640 K (g) and 1,425 K (h) during the
GAUSS process. i, Experimental (scattered) and simulated (solid) temperature
profile of GAUSS. j, The highest temperature during the GAUSS process after

incorporating corresponding amounts of aluminium (Al) nanoparticles and
sodium perchlorate (NaClO,) oxidizers. Inset shows the highest temperature of
3,286 K at 8 ms with a HGDY:Al:NaClO, mass ratio of 3:3:5. k, Time and temperature
comparison of the developed GAUSS with advanced high-temperature
synthesis**'*2°?”3! and furnace annealing>*">'***** The exact temperature and
time for different conditions are summarized in Supplementary Table 2.

Fig. 3), formation of C=C bonds and release of heat. The evolution
of hydrogen and hydrocarbons during the GAUSS process further
confirmsthe cleavage of terminal C=C bonds (Supplementary Fig. 4).

To accelerate the heating and increase the ultimate temperature
ofthe GAUSS process, we incorporated aluminium nanoparticles and
sodium perchlorate (NaClO,) oxidizers into the HGDY aerogel (Fig. 2j
and Supplementary Figs. 5-7). Aluminium nanoparticles with high
specific energy density (31k] g™) are used as the fuel to increase the
temperature of GAUSS. NaClO, isastronger oxidizer and decomposes
into oxygentoincrease the ramping rate of GAUSS. The fastest heating
rate and highest temperature were achieved using a 3:3:5mass ratio of

HGDY:Al:NaClO,. We measured a maximum temperature of 3,286 K
within 8 ms, with a heating rate of -4 x 10° K s (Supplementary Fig. 7
andinset of Fig. 2j). Our approach to add aluminium nanoparticles and
sodium perchlorate oxidizers, that is, soak the precursors onto the
HGDY support, is easy, scalable and low cost. Adding aluminium also
provides potential opportunities to study the metal-support inter-
action and thermal catalysis. We compare our GAUSS platform with
reported synthesis methods for metastable nanomaterials, showing
the exciting combination of very high temperature and heating rates
in our GAUSS platform (Fig. 2k). Conventional annealing furnaces
usually need ~1,100 K and several hours for metastable nanomaterial
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Fig.3 | Characterization of a series of metastable nanomaterials, including
single atoms, high-entropy alloy and high-entropy oxide, by GAUSS. a, STEM
image of Co single atoms on HGDY. b,c, Wavelet transforms for Co-HGDY (b)

and Co foil reference (c). d, TEM image of Co nanoparticles on HGDY. e f, STEM
image (e) and EDS (f) mappings of as-prepared high-entropy alloys containing six
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elements (Co, Ni, Fe, Cu, Snand Mo) on HGDY by GAUSS. g, Atomic-scale HAADF-
STEM image of high-entropy alloys; fcc, face-centred cubic. h,i, STEM image (h)
and EDS mappings (i) of as-prepared high-entropy oxide nanoparticles on HGDY
by GAUSS. j, Atomic-scale HAADF-STEM image of high-entropy oxides.

synthesis. Recent advanced high-temperature synthesis reported by
Hu and co-authors reached around 2,000 K within 55 ms (refs. 3,27).
Ourworkrepresents astep forward by achieving atemperature higher
than 3,286 Kiin 8 ms (Supplementary Table 2). The high temperature
andfasttimeare veryimportanttoaccess highly non-equilibrium states
of materials. Moreover, the ultrafast heating speed gives amuch higher
energy efficiency than conventional heating approaches.

Metastable nanomaterials achieved using GAUSS

With the GAUSS platform, we demonstrate that a variety of metasta-
ble nanomaterials can be synthesized by tuning the reaction precur-
sors and sparking atmosphere. Here we synthesized single atoms,
high-entropy alloy nanoparticles and high-entropy oxide nanoparticles.
To characterize single atoms produced by our GAUSS platform, we use
aberration-corrected high-angle annular dark-field scanning transmis-
sionelectronmicroscopy (HAADF-STEM) toresolve single atoms owing
tothelarge atomic number difference between metal atoms and carbon
atomsinthe HGDY support. The HAADF-STEM image shows localized
bright spots onthe HGDY support, indicating that single-atom Co sites
arewell dispersed onthe HGDY support (Fig. 3a). CoK-edge extended
X-ray absorption fine structure further supports the HAADF-STEM
measurements. Wavelet analysis shows no Co-Co formation in the
Co/HGDY material, indicating the successful synthesis of single-atom

sites on HGDY (Fig. 3b,c). On the basis of density functional theory
(DFT) simulation, we believe the likely adsorption sites for Co single
atoms are at butadiyne linkages (-C=C-C=C-, sp-hybridized carbon)
giventhefavourable adsorption geometry (Supplementary Fig. 8). The
Coloadingis determined as 0.23 wt% by inductively coupled plasma
analysis. Increasing the concentration of CoCl,-6H,0 precursor to
5mM, we find that Co nanoparticles with a size distribution of 2.7 nm
are synthesized, showing that precursor concentration and disper-
sion are important to achieve single atoms with our GAUSS platform
(Fig. 3d and Supplementary Fig. 9).

High-entropy alloy nanoparticles can be synthesized with the
GAUSS process by mixing multi-metal salt precursors and soaking the
HGDY aerogel in homogeneous multi-metal precursors. Here, we chose
six metal chloride precursors (Fe, Co, Ni, Cu, Snand Mo) to synthesize
high-entropy alloy nanoparticles. An average particle size of 5 nmis
uniformly distributed on the HGDY support (Fig. 3e). STEM-energy
dispersive spectroscopy (EDS) mapping shows the uniformdistribution
of multi-metal in the high-entropy alloy particle (Fig. 3f). Controlling
the atmosphere of the GAUSS platform enables the reaction between
gasmoleculesand the high-entropy metal. Here, we perform the GAUSS
reaction of the high-entropy NiFeCoCuSnMo systemin an oxygen-rich
atmosphere to synthesize high-entropy oxide (NiFeCoCuSnMoO)
nanoparticles on HGDY. The HAADF-STEM image of the synthesized
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Fig. 4| Ultrafast single-atom synthesis for ASSLSBs. a, Schematic of Co single-
atom-enabled ultrafast Li-S conversion in ASSLSBs. b, Charge-discharge curves
of ASSLSBs using bare sulfur cathodes, S@HGDY cathodes and S@Co/HGDY
cathodes at 60 °Cand 0.05C. ¢, Rate and cycling performance of ASSLSBs using

bare sulfur cathodes, S@HGDY cathodes and S@Co/HGDY cathodes at 60 °C.
d, Energy profiles for the reduction of bare sulfur and sulfur@Co/HGDY.
The optimized structures of the intermediates are shownin the inset.

high-entropy oxide nanoparticles in Fig. 3h shows the uniform distribu-
tion on the HGDY support. The average particle size of high-entropy
oxides is four times larger than that of the high-entropy alloys, owing
to addition of oxygen atoms into particles during the reaction in the
oxygen-rich atmosphere. The elemental distribution of oxygen and
metalsinthe high-entropy oxides was verified by EDS mapping (Fig. 3i).
Atomic-scale HAADF-STEM images of high-entropy alloy nanoparti-
cles and high-entropy oxide nanoparticles show a face-centred cubic
crystalline structure (Fig. 3g,j). The atomicratio of high-entropy alloy
nanoparticles and high-entropy oxide nanoparticles is measured as
Nig 27F€0.15C00.15CU0355M0.11MOg 24 aNd Nig 25F €4 ,7C00 23CU4,525M.06M0 330
(Supplementary Table 3). The C1s XPS for high-entropy alloy nanopar-
ticles and high-entropy oxide nanoparticles on HGDY indicates that
HGDY is oxidized if GAUSS is performed in an oxygen-rich atmosphere
(Supplementary Fig.10).

To demonstrate the generalization of the GAUSS platform, we
extended the approach using graphene oxide as the starting material.
STEMimages and EDS elemental mapping show that high-entropy alloy

NiFeCoCuSnMo was successfully synthesized on reduced graphene
oxide using GAUSS (Supplementary Figs. 11and 12). Snapshots of the
thermal cameravideo show that the highest temperature reached was
1,265 K within 11 ms (Supplementary Fig. 13).

Single atoms by GAUSS for all-solid-state Li-S batteries

Single-atom catalysts with the maximum use of atom efficiency and
metal-supportinteraction have been used for catalytic-related appli-
cations™'%?, So far, studies of single-atom catalysts for Li-S batteries
have been focused on liquid electrolytes®”. Using single-atom cata-
lysts to enhance all-solid-state Li-S batteries (ASSLSBs) is challeng-
ing owing to their limited catalytic activity in the solid-state systems.
The unique structure of the Co/HGDY aerogel prepared by GAUSS
provides abundant active sites for enhancing the sluggish Li-S redox
reaction kineticsinall-solid-state Li-S batteries. A schematic of the Co/
HGDY-enhanced ASSLSBsis shownin Fig.4a. Here we synthesize active
materials for sulfur cathodes by infiltrating sulfur into the Co/HGDY
network (S@Co/HGDY) with a 9:1 mass ratio of sulfur to Co/HGDY.
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Asacontrol active material, we infiltrate sulfurinto carbon black with
a9:1sulfur to carbon mass ratio. Sulfur cathodes are made by mixing
active material, carbon black and polyethylene oxide (PEO)/lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) binder with a mass ratio
0f 0.6:0.15:0.25. Polyimide (PI) infiltrated with PEO@LiTFSlis used as
the solid polymer electrolyte. Incorporating Co single atoms into the
HGDY support enabled amaximum discharge capacity of 900 mAh g™
for ASSLSBs. A minimized overpotential of 0.15V is obtained owing
to the catalyticenhancement of Li-S conversion kinetics by Co single
atoms (Fig. 4b). Larger polarizations are observed for the bare sulfur
cathode (0.34 V) and S@HGDY cathode (0.28 V). Cyclic voltammetry
measurements are performed to investigate the Li-S conversion for
ASSLSBs using bare sulfur cathodes, and S@Co/HGDY cathodes at
60 °C.The S@Co/HGDY cathode shows anoticeable positive shiftin the
cathodic peak and a negative shiftin the anodic peak (Supplementary
Fig.14), indicating theimproved reaction kinetics of the S@Co/HGDY
cathode owing to the function of the Co single atoms on HGDY.

Rate and cycling performance of sulfur cathodes withand without
the Co/HGDY catalyst for ASSLSBs at 60 °C are shown in Fig. 4c. The
catalytic effect of Co single atoms enhances the cycling and rate perfor-
mance of the sulfur cathodes, inaddition to decreasing the amount of
soluble sulfur speciesinthesolid polymer electrolytes by porous HGDY.
The capacity and cycling stability of single-atom-enhanced ASSLSBs
is comparable to state-of-the-art solid polymer-based ASSLSBs***°.
The specific surface area determined by Brunauer-Emmett-Teller is
1,000.5m?*gand 1,053.2 m?> g for pure HGDY after sparking and Co/
HGDY, respectively (Supplementary Fig.15). Barrett-Joyner-Halenda
pore size analysis shows that HGDY and Co/HGDY with a majority of
pores less than 12 nm are favourable to accommodate the sulfur spe-
cies (Supplementary Fig.16).

The catalytic enhancement of the Li-S conversion reaction is
supported by DFT calculations, which show a lower free energy for
all steps in the conversion reaction (Fig. 4d). The optimized position
for Co on HGDY, and optimized structures of the lithium polysulfide
intermediates on the Co/HGDY substrate, are shown in the insets in
Fig. 4d. The conversion from Li,S, to Li,S, and from Li,S, to Li,S have
larger positive Gibbs free energy than the rest of the reaction steps,
indicating that the formation of Li,S, and Li,S are rate-limiting stepsin
the discharge process. When considering Co single-atom catalysts in
this conversion reaction, the energy barrier of Li,S, to Li,S,and Li,S, to
Li,Sis notably reduced. Experimental evidence of this catalytic effect
is shown in the Li-S battery with S@Co/HGDY cathodes; a smaller
ratio of the first plateau to second plateau (compared to the control
cathode) in the voltage profile in Fig. 4b indicates that addition of
Co/HGDY enables more Li,S, conversion to Li,S.

Conclusions

Insummary, we developed a metastable nanomaterial synthesis plat-
form, GAUSS, which can reach a high temperature of 3,286 K within
only 8 ms. The high temperature and fast heating rate (-10° K s™*) ena-
bles high-entropy and single-atom phases, while preventing phase
separation, coarsening and ripening. As aresult, agroup of metastable
nanomaterials (single atoms, high-entropy alloy nanoparticles and
high-entropy oxide nanoparticles) were successfully synthesized using
our GAUSS platform. The simplicity of our platform, combined with
the ability to control the reaction time, temperature, composition and
atmosphere, presents an efficient strategy to synthesize awide range
of metastable nanomaterials.
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Methods

Synthesis of metastable nanomaterials using GAUSS platform
HGDY aerogel was synthesized by a Glaser coupling reaction”. The HGDY
aerogel was obtained by dissolving 30 mg 1,3,5-triethynylbenzene and
6 mg CuClin pyridine (2 ml), conducting the reaction in the water bath
at 40 °C for 72 h to form HGDY gel, washing with pyridine, chloroform,
methanol, ethanol and deionized water, and, finally, freeze drying. For Co
single-atom synthesis, CoCl, was dissolved in ethanol with a dilute con-
centration of 0.1 mM as Co precursors. Solvated HGDY was obtained by
dropping Co precursors onto the HGDY aerogel. The HGDY aerogel with
metal chloride precursors was obtained by drying the solvated HGDY for
24 h.Toperformthe GAUSS reaction, the HGDY aerogel was putinto con-
tactwith the hotplate at 450 °Cinthe glovebox. When the HGDY aerogel
touched the hotplate (set to 450 °C), ignition occurred at a single point.
During the reaction, red flames spread quickly from the origin through
the entire aerogel, transforming the HGDY from alight brown to a black
colour. This reaction produces asignificantamount of heat and pressure.
Conanoparticles were obtained by using 5 mM CoCl,*6H,0 precursor. For
synthesis of NiFeCoCuSnMo high-entropy alloys, corresponding metal
chlorides with a concentration of 0.05 mol I were dissolved in ethanol.
The metal chloride precursors were well mixed equally and added onto
HGDY toformsolvated HGDY. NiFeCoCuSnMo high-entropy oxides were
synthesized following a process similar to that for the NiFeCoCuSnMo
high-entropy alloys except performing the GAUSS reactionin oxygen-rich
atmosphere. Physical properties of the metal chloride precursors and
metals used in the preparation are shown in Supplementary Table 4. To
tune the temperature and ramping speed of heating, aluminium nano-
particles and sodium perchlorate (NaClO,) oxidizers were dissolved in
ethanoland adsorbed onto HGDY. The highest temperature of 3,286 K at
8 ms was obtained with a mass ratio of HGDY:Al:NaClO, of 3:3:5.

Electrochemical measurement

Commercial sulfur was infiltrated into the Co/HGDY framework and
served as the active material in the cathode. Commercial sulfur with
carbon black was used as a control. The mass ratio of sulfur to Co/
HGDY was 9:1. To form the sulfur cathode, 60% active material, 15%
carbon black and 25% PEO/LiTFSI were used. The mass ratio of PEO
(M, 300 K):LiTFSIwas 3:2. Polyimide infiltrated with PEO@LiTFSIwas
used as the solid polymer electrolyte®. The mass loading of sulfur in the
cathode was 0.4-0.5 mg cm™. In an argon-filled glovebox, 2032-type
coin cells were assembled using sulfur cathodes, polyimide with PEO@
LiTFSI electrolytes and lithium metal anodes. Coin cells were loaded
intoabattery tester (Land Instruments) and cycled between 1.6 Vand
2.8 V. The temperature was controlled by an environmental chamber
(BTU-133, ESPEC North America). The cyclic voltammetry were per-
formed on aBio-Logic VMP3 electrochemical workstation.

Characterizations

Transmission electron microscopy images and elemental mapping of
high-entropy oxides were recorded on a Titan instrument. High-speed
videos were taken using a high-speed camera (Photron FASTCAM SA5) at
5,000 fps. Temperature evolution from the GAUSS was measured using a
high-speed infrared camera (FLIRX6900sc MWIR) at 1,000 fps. XPSwas
carried outusinga PHlinstrument. Co K-edge X-ray absorption spectros-
copy wererecorded at Beamline 4-1of the Stanford Synchrotron Radia-
tion Light Source. The gas products evolved from GAUSS were measured
using gas chromatography (GC SRI Instruments 8610C). Nitrogen iso-
thermal adsorption/desorption measurements were performed using
an Autosorb iQ Station. Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) were performed on a Thermo Scientific ICAP
6300 Duo View Spectrometer. The amount of oxygen was undefined.

COMSOL simulation. COMSOL Multiphysics v.5.5 was used to simu-
late the temperature evolution of HGDY induced by GAUSS. The tran-
sient analysis was performed using the ‘heat transfer in porous media’

moduleintegratedin COMSOL. We firstinvestigated the heating behav-
iour of HGDY. The porous sample was composed of the HGDY matrix
withempty spacefilled by air. Physical properties of the materials used
in the numerical modelling are shown in Supplementary Table 5. We
used the heating source from the GAUSS reaction and the heat loss to
the environment to reveal the temperature evolution of the HGDY. The
sparking heating was supplied by a constant volumetric heat source
(2.15x10° W m™) in the sample for 20 ms. The heat flux from the sam-
ple surface to the surrounding environment (for example, heat loss)
was given by the following equation: g = h(T,,.— T), where g is the heat
flux, T, the external temperature (293 K), Tthe temperature of the cell
surface and A the heat transfer coefficient (5 W m2K™).

DFT calculations. The calculations of reduction of sulfur and lithium
polysulfide (Li,S,) molecules on HGDY substrate were performed
using the DFT code GPAW***, Plane-wave cutoff of 600 eV and I point
Brillouin zone sampling were adopted for all calculations to ensure
proper self-consistent field convergence. The slabs were created
with an empty space of 20 A in the z direction to describe the vacuum
environment. The energy and force convergence criteria were set to
be 10 eV per cell and 107 eV A, respectively. The non-local
exchange-correlation functional vdw_df cxwas used to model disper-
sion interaction between the adsorbate and the substrate®®. The rela-
tive energies for the following reduction reactions were determined:

S +2Li* +2e~ - Li,Sg,

LiySs + (2/3)Li* + (2/3)e — (4/3)Li,Sq.

Li,Se + Li* + e~ = (3/2) Li,S,,
Li,S, + 2Li* + 2e~ — 2Li,S,,

Li,S, + 2Li* + 2e~ — 2Li,S.

Theenergy of each substance involved in the reactions was calcu-
lated as the total energy of the reactant/product plus the HGDY sub-
strate (and single-atom Co if present). The structural minimization
was performed for each case to obtain the lowest energy geometry
ofthe adsorbate.

Data availability
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available from the corresponding authors on reasonable request.
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