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Abstract 22 

Benefited from high energy density (2600 Wh kg–1) and low cost, lithium-sulfur (Li-S) 23 

batteries are considered as promising candidates for advanced energy storage systems1-4. Despite 24 

tremendous efforts in suppressing the long-standing lithium polysulfides (LiPSs) shuttle effect5-7, 25 

the understanding of interfacial reactions of LiPSs at nanoscale remains elusive. This is mainly 26 

due to the limitation of in situ characterization tools in tracing liquid/solid conversion of unstable 27 

LiPSs at high temporal-spatial resolution8-10. The urgent need is to understand the coupled 28 

phenomena inside Li-S batteries, specifically, the dynamic distribution, aggregation, deposition, 29 

and dissolution of LiPSs. Herein, by using in situ liquid-cell electrochemical transmission electron 30 

microscopy, we directly visualized the transformation of LiPSs over electrode surfaces at atomic 31 

scale. Strikingly, an unexpected gathering-induced collective charge transfer of LiPSs was 32 

captured on nanocluster active center immobilized surface. It further induced an instantaneous 33 

deposition of nonequilibrium Li2S nanocrystals from LiPSs dense liquid phase. Without mediation 34 

of active centers, the reactions followed a classical single-molecular pathway, LiPSs transforming 35 

into Li2S2 and Li2S step by step. Molecular dynamics simulation indicated that the long-range 36 

electrostatic interaction between active centers and LiPSs promoted the formation of dense phase 37 

consisting of Li+ and Sn2– (2<n≤6), and the collective charge transfer in dense phase was further 38 

verified by ab initio molecular dynamics simulation. The collective interfacial reaction pathway 39 

unveils a new transformation mechanism and deepens the fundamental understanding for Li-S 40 

batteries. 41 

  42 
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Main 43 

Lithium-sulfur (Li-S) batteries undergo a 16-electron reaction that converts sulfur into a series 44 

of lithium polysulfides (LiPSs) with variable chain length. Among them, three-quarters of the 45 

capacity is mainly contributed by the reaction from soluble Li2S6 to solid Li2S (Fig. 1a). During 46 

this process, the high solubility of LiPSs species and insulating properties of Li2S2/Li2S would lead 47 

to continuous loss of active materials and severe capacity degradation11. Many strategies have been 48 

proposed to increase the energy density and cycling stability, such as structural tailoring of sulfur 49 

hosts12, separators13, electrolytes14, etc. However, the fundamental principles underlying these 50 

material designs remain poorly understood. For example, what’s the rate-limiting step of sluggish 51 

reaction kinetics that prevents development of fast-charging Li-S batteries? How does active center 52 

keep active to catalyse LiPSs at electrode/electrolyte interfaces? 53 

To study the electrochemical reactions of Li-S batteries, in situ characterization techniques, 54 

including X-ray diffraction (XRD)15, X-ray absorption near edge structure (XANES)16,17, nuclear 55 

magnetic resonance (NMR)18 and Raman spectra19, are employed. These techniques can provide 56 

specific chemical/structural information of reaction intermediates/products; however, they mainly 57 

acquire statistical information of mixed signals from both electrolyte and electrode, resulting in 58 

the limited understanding of interfacial reaction dynamics of LiPSs. Benefited from the high 59 

temporal-spatial resolution, in situ transmission electron microscopy (TEM) can track dynamic 60 

reactions at atomic/single molecular scale20,21. Currently, the open-cell configuration can hardly 61 

avoid the spontaneous sublimation of sulfur under high-vacuum environment22,23, and the 62 

previously reported liquid-cell configuration is driven by electron beam (e-beam) instead of 63 

electric field24,25, suffering from the unavoidable susceptibility to beam damage during 64 

investigation. The aforementioned in situ TEM studies have not yet uncovered the realistic 65 

electrochemical redox reactions in liquid electrolytes. 66 

Herein, we constructed a Li-S nanobattery within a liquid cell, and combining with 67 

electrochemical TEM (EC-TEM), we achieved high-resolution and real-time observation of LiPSs 68 

evolution at electrode surfaces in the ether-based electrolyte (Fig. 1b-d). Our study revealed that 69 

active centers gathered soluble LiPSs into a droplet-like dense phase and induced an instantaneous 70 

deposition of nonequilibrium nanocrystalline/amorphous Li2S, rather than a traditional step-by-71 

step transformation. Density functional theory (DFT) calculations and molecular dynamics (MD) 72 
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simulations pointed out that gathering-induced crystallization was resulted from the long-range 73 

electrostatic interaction and collective charge transfer behaviour between active centers and LiPSs 74 

droplet-like dense phase. 75 

Configurations of EC-TEM 76 

An electrochemical liquid cell using Ti as electrodes was assembled for Li2S6 electrolyte 77 

injection, before mounted in an EC-TEM holder (Fig. 1c, Extended Data Fig. 1a-d, and 78 

Supplementary Fig. 1). To enhance the spatial resolution in liquid cells, we applied a 100 nm-thick 79 

spacer and a ~10 nm SiNx observation window (more details of instrumental advancements see 80 

Supplementary Discussion 1, Extended Data Fig. 1e, f, and Supplementary Figs. 2–4). Cyclic 81 

voltammetry (CV) profile acquired in an electrochemical liquid-cell reflected a pair of redox peaks 82 

(Fig. 1b), corresponding to the typical liquid-solid transformation of LiPSs. The liquid cell was 83 

potentiostatically discharged at –0.5 V for the deposition of Li2S from soluble Li2Sn (Li2Sn + e– → 84 

Li2S, 2<n≤6). TEM images revealed two distinct forms of deposited Li2S - ultra-small 85 

nanocrystalline (with active centers) and rod-like/plate-like structures (without active centers) - 86 

indicating a strong correlation between electrode surfaces and the thermodynamics/kinetics of Li2S 87 

deposition (Fig. 1d). 88 

Single-molecular pathway 89 

High-resolution in situ EC-TEM studies were conducted to investigate electrochemical 90 

reactions at different electrode surfaces. Since LiPSs intermediates and pure Li2S were highly 91 

susceptible to e-beam damage, all electrochemical processes in liquid cells were conducted with 92 

e-beam dose rates below 1.5 e Å–2 s–1 (more details of e-beam effects see Supplementary 93 

Discussion 2 and Supplementary Figs. 5–10). Time-series TEM images and projection area 94 

variation revealed the morphology evolution of Li2S deposition/dissolution without mediation of 95 

active centers (Fig. 2a, b and Supplementary Video 1). During potentiostatic discharge at –0.5 V, 96 

two types of nucleation-growth pathways were observed: one was a single-step deposition of rod-97 

like/plate-like Li2S, and the other was a two-step deposition via metastable Li2S2. For the two-step 98 

pathway, solid nano-nuclei were formed at electrode/electrolyte interface during initial nucleation 99 

(marked as particles #1 and #2 in Fig. 2b), which acted as preferred seeds for the subsequent grain 100 

growth (25 s). After about 70 s of discharge, the growth rate of primary Li2S2 particles slowed 101 

down. Then, metastable particle #2 (smaller size) quickly dissolved, while particle #1 (larger size) 102 
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elongated along its longitudinal orientation (116.2 s). After the complete dissolution of particle #2 103 

and mass redistribution, rod-like Li2S was formed (137.6 s). During potentiostatic charge (+0.5 V), 104 

rod-like Li2S shortened gradually (201.6 s), and then it decomposed rapidly (219.8 s). The 105 

variation in dissolution rate (before/after ~240 s) should be attributed to the insulating property of 106 

Li2S, leading to a large energy barrier at initial stages26. Besides, rod-like Li2S could also be 107 

directly deposited through a single-step pathway (Supplementary Fig. 11 and Supplementary 108 

Video 2). We also found that the reduced Sn2– (n≤2) ions were diffusible, resulting in the 109 

precipitation of solid Li2Sn (n≤2) near the electrode surface (Supplementary Fig. 12). 110 

In situ EC-TEM results indicated that granular Li2S2 appeared as a metastable intermediate 111 

phase during discharge, making it hard to be captured. By simulating Li2S2 candidates with 112 

different crystal structures, we found that the tetragonal Li2S2 had the lowest formation energy (Ef) 113 

compared with that of multiple hexagonal Li2S2 (Fig. 2c and Extended Data Fig. 2a-c). The 114 

simulated and experimental selected area electron diffraction (SAED) patterns were also highly 115 

consistent with the tetragonal Li2S2 structure along [001] and [111] directions (Fig. 2d, Extended 116 

Data Fig. 2d, e, and Supplementary Fig. 13). The above studies have resolved the controversial 117 

structure of Li2S2 intermediate from both calculation and experiment16,27-30. For rod-like Li2S, 118 

SAED patterns indicated the [111], [011], and [100] directions of face-center-cubic (FCC) 119 

structure (Fig. 2e and Extended Data Fig. 2f). High-angle annular dark field scanning TEM 120 

(HAADF-STEM) image and linear element distributions of energy dispersive X-ray spectrometry 121 

(EDS) confirmed the uniform S distribution in the rod-like structure (Fig. 2f and Extended Data 122 

Fig. 2g). 123 

We investigated various electrolyte concentrations and discharge potentials to understand the 124 

mechanism behind different deposition pathways. Our results indicated that increasing the 125 

concentration of Li2S6 electrolyte (20 and 50 mM) did not affect the nucleation-growth pathway 126 

(Supplementary Fig. 14). However, changing the discharge potential resulted in distinct outcomes. 127 

At –0.5 V, granular and rod-like structures formed simultaneously (Supplementary Fig. 15), while 128 

at –0.1 V, solid discharge products primarily nucleated in granular structures, which transformed 129 

into rod-like/plate-like Li2S as the deposition progressed (Extended Data Fig. 3 and Supplementary 130 

Video 3). The reaction at –0.1 V corresponds to a typical two-step deposition, which is also the 131 

main pathway of Li2S deposition without active centers. According to the Lifshitz-Slyozov-132 

Wagner model (LSW, Area ∝ tn), the initial deposition at both –0.1 and –0.5 V followed a reaction-133 
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limited stage31-33 (Supplementary Fig. 16). This indicated that Li2S deposition was predominantly 134 

controlled by the charge transfer at the electrode surface (Supplementary Fig. 17). 135 

Collective pathway 136 

To investigate the effect of metallic active centers in LiPSs redox reactions, Mo 137 

nanoclusters/N-doped graphene (Mo NCs/N-G) was rationally designed (more details of structure 138 

characterization of Mo NCs/N-G see Methods, Fig. 3a-c, and Supplementary Figs. 18–20). During 139 

potentiostatic discharge at −0.5 V (Fig. 3d and Supplementary Video 4), no nucleation-growth of 140 

rod-like Li2S was observed (Extended Data Fig. 4a, 65/125 s), while Mo NCs/N-G nanosheet 141 

gradually spread out instead (185 s). Subsequent observation under a higher resolution revealed 142 

that many dark areas formed on the edge and surface of graphene during discharge (Extended Data 143 

Fig. 4b, and Supplementary Video 5), corresponding to Li2S deposition on Mo NCs/N-G nanosheet. 144 

Such a preferential reactivity of active centers was further confirmed in a higher concentration 145 

electrolyte (100 mM Li2S6, Supplementary Video 6). Compared with bare electrode surface and 146 

Mo NCs/N-G nanosheet located at bottom left without electronic contact, a distinct contrast 147 

variation was observed due to the Li2S deposition on Mo NCs/N-G nanosheet that was in direct 148 

contact with Ti electrode (highlighted by red frame in Extended Data Fig. 4c). 149 

The structure of Li2S was investigated at atomic-scale after the electrochemical deposition on 150 

Mo NCs/N-G nanosheet in liquid cells (more details see Supplementary Discussion 3, Extended 151 

Data Fig. 5, and Supplementary Fig. 21). High-resolution transmission electron microscopy 152 

(HRTEM) image revealed that Li2S was deposited in a nonequilibrium crystal form on Mo NCs/N-153 

G nanosheet (Fig. 3e). The deposited areas were composed of both nanocrystalline and amorphous 154 

Li2S (Fig. 3f and Supplementary Fig. 22), in contrast to the single-crystalline FCC Li2S deposited 155 

on bare electrode surface. The spatial distribution of crystallized Li2S domains was extracted by 156 

the inversed fast Fourier transform (FFT) frequencies of HRTEM image (Fig. 3g and 157 

Supplementary Fig. 23), which revealed the randomly exposed crystal planes of Li2S 158 

nanocrystalline. It was further confirmed by the poly-crystalline diffraction rings of SAED pattern 159 

(Fig. 3h). By comparing crystal structures between HRTEM images and simulated images (Fig. 3i 160 

and Supplementary Figs. 24 and 25), we could index the zone axis of FCC Li2S nanocrystalline 161 

mainly along [111], [100], and [011] directions (more details of image acquiring and processing 162 

see Supplementary Discussion 4). 163 
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The interfacial reactions and reversibility of LiPSs mediated by active centers were further 164 

investigated under potentiostatic conditions at ±0.5 V (Fig. 4a). Multiple droplet-like structures 165 

were formed during the first discharge at –0.5 V, and Li2S deposition at active center-mediated 166 

surface underwent gathering, conversion, and crystallization (marked as droplets #1, #2, and #3, 167 

Fig. 4b, Extended Data Fig. 6a, and Supplementary Video 7). Typically, for liquid droplet #1 168 

(Extended Data Fig. 6b), it underwent continuous gathering and growth (40 s to 45.2 s). 169 

Subsequently, the droplet moved vigorously as it grew further (53.4 s to 59.2 s), but remained 170 

anchored on active center due to the strong binding affinity towards LiPSs, rather than diffusing 171 

into electrolyte. According to the LSW model (Fig. 4a and Extended Data Fig. 6c), the gathering 172 

of liquid droplets #1, #2, and #3 followed a reaction-limited process, indicating that the charge 173 

transfer was the rate-limiting step. After that, rapid deposition of Li2S from LiPSs droplets 174 

occurred within five seconds, a similar spreading and edge-roughening of Mo NCs/N-G nanosheet 175 

was observed (Extended Data Fig. 6c). During redox reactions, the surface of Mo NCs/N-G was 176 

observed to periodically get clear and blurry (239.2 s and 319.4 s, Fig. 4b), corresponding to the 177 

reversible solid-liquid phase transformation of LiPSs mediated by active centers. 178 

The droplet-like structures were analyzed. The irregular and ever-changing edges, along with 179 

low contrast, indicate that these structures are not crystallized or nucleated Li2S2/Li2S but highly 180 

concentrated Li2Sn (2<n≤6) gathered by active centers. According to literatures, a dense liquid 181 

phase could form through a liquid-liquid phase segregation, triggered by concentration 182 

difference34,35. This phenomenon is thermodynamically favourable and can considerably reduce 183 

the surface free energy relative to the solution-crystal interfaces36,37. HRTEM images along with 184 

their FFT and SAED patterns revealed the structures of droplet-like dense phase and Li2S 185 

nanoparticles (Extended Data Fig. 7a, b), while HAADF-STEM images and EDS mappings 186 

confirmed a high concentration of sulfur in the dense phase. In electron energy loss spectra (EELS, 187 

Fig. 4c), the sulfur L2,3 and L1 edge peaks should be located at 162–185 eV and 238 eV 188 

respectively23,24. These peaks were absent in the bulk electrolyte, but were found in the dense phase 189 

with two peaks at 173.5 eV and 180.7 eV. The sulfur-L edge peaks in Li2S nanocrystalline were 190 

significantly stronger and showed a chemical redshift compared with the dense phase, which 191 

should be attributed to the electrochemical reduction from Sn2– (2<n≤6) to S2–. The formation of 192 

multiple droplets on the surface of Mo NCs/N-G nanosheets was further confirmed by HRTEM 193 
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images and Z-contrast analysis of HAADF-STEM images (Extended Data Fig. 7c-f and 194 

Supplementary Figs. 26 and 27). 195 

Interaction of active centers with LiPSs was commonly attributed to the chemical bonding2,3. 196 

However, the interaction could be more complex at the nano/micro scale, likely involving 197 

electrostatic force, van der Waals force, and surface molecular force38,39. To quantitatively analysis 198 

the interfacial reaction of LiPSs dense phase, we tracked the centroid motion of droplet #1 and 199 

used the Einstein-Stokes equation to calculate the interaction force (F, pN) and velocity (v, nm s–200 
1) of droplet #1 towards active centers over time (Fig. 4d and Extended Data Fig. 6b, d). Our results 201 

revealed that the strong interaction between active centers and LiPSs stabilized the droplet-like 202 

dense phase during initial gathering (overlapped in red). Subsequently, droplet #1 experienced a 203 

continuous waggle on the surface, which should be ascribed to the simultaneous gathering and 204 

electrochemical reduction of Sn2– (2<n≤6, overlapped in red-blue gradient). Finally, the drift 205 

velocity decreased gradually before reaching the threshold for instantaneous crystallization. In situ 206 

observation revealed that droplet-like dense phase was grabbed by active centers, and the size 207 

could reach a diameter of ~30 nm, indicating a long-range and strong interaction. 208 

Simulations and calculations 209 

To understand the formation and transformation mechanism of droplet-like dense phase, we 210 

established MD models to study the reaction dynamics of LiPSs. Comparing the electrode surfaces 211 

of Mo NCs/N-G and Ti, our simulations revealed that Mo active centers were able to attract S62–212 

from the bulk solution, independent of electrolyte concentration (Extended Data Fig. 8a-c, 213 

Supplementary Figs. 28–30, and Supplementary Video 8). Statistical analysis indicated a stronger 214 

long-range attraction towards S62– ions of Mo active centers than the Ti surface (Extended Data 215 

Fig. 8d). MD simulation and Z-axis position analysis revealed that the dense phase composed of 216 

S62– and Li+ ion-complex continuously approached to Mo NCs/N-G surface (Fig. 4e, Extended 217 

Data Fig. 8e, and Supplementary Video 9). In contrast, Ti surface showed no interaction to LiPSs 218 

(Supplementary Fig. 31a and Supplementary Video 10), despite DFT calculations indicating that 219 

Ti (001) had a higher adsorption energy towards Li2Sn than Mo active centers (Supplementary Fig. 220 

31b). This suggests that Ti surface can only provide the strong chemical bonding but poor long-221 

range interaction towards LiPSs. By analyzing mean square displacement (MSD) curves along the 222 

Z-axis (Extended Data Fig. 8f), we found that the diffusion coefficient of droplet-like dense phase 223 
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at Mo NCs/N-G surface was enhanced by two orders of magnitude compared with that of Ti 224 

surface. DFT calculations revealed that the charge of metallic Mo center was +7.37 e 225 

(Supplementary Fig. 31c). Therefore, the strong interaction between Mo active centers and LiPSs 226 

droplet should be attributed to electrostatic force. Analysis of the charge of S62– ions in the dense 227 

ion-complex phase revealed a dynamic variation over time and became more concentrated from 228 

bulk to surface along Z-axis (Fig. 4f and Supplementary Fig. 31d). The charge transfer between 229 

Mo active centers and Li2S6 was investigated by ab initio molecular dynamics (AIMD) 230 

simulations. By comparing the charge distribution of multiple Li2S6 molecules in the dense phase 231 

before and after applying an electrode potential, we found that electrons were transferred and 232 

shared from Mo active centers to polysulfide ions in the dense phase, from internal to external 233 

layers, rather than only the Li2S6 molecules close to the active centers (Extended Data Fig. 8g, 234 

more details of simulations see Supplementary Discussion 5). The investigations confirm that the 235 

long-range gathering effect of Mo active centers induces the formation of droplet-like dense 236 

phases, and then these droplets work as integral reaction units, allowing charge transfer among 237 

S62– ions. 238 

Electrochemical investigations 239 

To validate LiPSs reactions over different surfaces, we conducted parallel investigation on 240 

the discharge products in coin-type cells, the gathering of soluble LiPSs and their fast conversion 241 

into solid Li2S were confirmed by ex situ characterizations (more details see Supplementary 242 

Discussion 6 and Supplementary Figs. 32–34). Potentiostatic discharge coin-type cells showed 243 

faster reaction kinetics and higher Li2S deposition capacity with the mediation of active centers 244 

(Extended Data Fig. 9a), which were 1410 s ahead of peak current and 2.4 times higher in capacity. 245 

Electrochemical impedance spectroscopy (EIS) revealed a much smaller charge transfer resistance 246 

after Li2S deposition (6.9 ohm versus 132.7 ohm, Extended Data Fig. 9b and Supplementary Fig. 247 

35a) and higher reversibility in the subsequent Li2S dissolution with active centers (Extended Data 248 

Fig. 9c). The activation energy (Ea) was significantly reduced during the liquid-solid 249 

transformation of LiPSs (Extended Data Fig. 9d, e and Supplementary Fig. 36). In symmetric cells 250 

(Extended Data Fig. 9f and Supplementary Fig. 35b), Mo NCs/N-G demonstrated a smaller 251 

potential gap of the redox peaks (0.67 V versus 0.82 V) and ten times higher current density. 252 

Galvanostatic tests of Mo NCs/N-G and Ti electrode showed a 2.07 times higher capacity retention 253 

rate with active centers (Extended Data Fig. 9g). Specifically, the initial redox reaction of LiPSs 254 



10 
 

revealed a much lower nucleation/dissolution barrier and voltage polarization, and the potential 255 

barrier of Li2S dissolution almost vanished starting from the 2nd cycle (Extended Data Fig. 9h, i). 256 

Furthermore, the application potential of Mo active centers in Li-S full cells was demonstrated 257 

under realistic working conditions, including high mass loading, fast charging, and lean electrolyte 258 

conditions (more details of electrochemical performance see Methods, Extended Data Fig. 10). 259 

Discussion 260 

During multi-electron reactions of Li-S batteries, the adsorption, catalysis, and conversion 261 

between LiPSs intermediates and active centers are involved, and the complexity of reaction 262 

kinetics governing Li2S deposition/dissolution leads to the diverse and ambiguous pathways. In 263 

this work, by using high temporal-spatial resolution in situ EC-TEM, we revealed that active 264 

centers gathered soluble LiPSs into droplet-like dense phase and thus induced an instantaneous 265 

crystallization, rather than a classical step-by-step transformation. Besides, our preliminary results 266 

suggest that the collective reaction mechanism seems to be universal to other metal active centers, 267 

which needs more systematic investigations. Previous studies of material/surface modification 268 

mainly focused on clarifying the adsorption and catalysis mechanism from single-molecular aspect. 269 

Our experiment and simulation results indicated that the aggregation state and collective behaviour 270 

of ions and molecules played a critical role in the kinetics of electrochemical interfacial reactions. 271 

The collective mechanism provides new insight into constructing next-generation high-energy, 272 

long-life, and fast-charging Li-S batteries. 273 
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Figure Legends 350 

Fig. 1 | Design of liquid-cell EC-TEM to investigate LiPSs interfacial reactions. (a) 351 
Comparison of charge/discharge profiles of desirable and undesirable Li2S6–Li2S reactions in Li-352 
S batteries. (b) CV profile obtained in an electrochemical liquid cell at a scan rate of 10 mV s–1 353 
showing the reduction of Li2S6 and oxidation of Li2S. (c) Configuration of liquid-cell EC-TEM 354 
and schematic illustration of electrochemical reactions of LiPSs at different electrode/electrolyte 355 
interfaces. WE = working electrode, CE/RE = counter/reference electrodes. (d) Typical (HR)TEM 356 
images of deposited Li2S at different electrode surfaces (with/without active centers) after 357 
potentiostatic discharge at –0.5 V for 300 s in an electrochemical liquid cell. 10 mM Li2S6 was 358 
used as the electrolyte. 359 
 360 
Fig. 2 | Interfacial reactions and structures of LiPSs without mediation of active centers. (a) 361 
The applied electric field and the corresponding projection area variation as a function of time of 362 
particles #1 and #2. The electrochemical liquid cell was first potentiostatically discharged at –0.5 363 
V, and then potentiostatically charged at +0.5 V for 150 s, respectively. 10 mM Li2S6 was used as 364 
the electrolyte. Error bars represent standard deviations of the measurement. (b) Time-series TEM 365 
images from Supplementary Video 1 of Li2S deposition (red frame) and dissolution (blue frame) 366 
in an electrochemical liquid cell. The white and orange arrows indicate the directions of charge 367 
transfer and LiPSs diffusion, respectively. (c) The energy comparison between tetragonal 368 

P42/mnm Li2S2 and hexagonal P6ത2m and P63/mmc Li2S2. The inset is the crystal structure of 369 
tetragonal Li2S2 unit cell with the lowest Ef, where Li and S atoms are represented by red and blue 370 
balls. (d) SAED pattern of granular Li2S2 (tetragonal, P42/mnm) along [001] direction. (e) SAED 371 
pattern of rod-like Li2S (cubic, Fm-3m) along [111] direction. (f) EDS spectrum, STEM image, 372 
and S element mapping of Li2S. The corresponding TEM images of the SAED patterns of Li2S2 373 
and Li2S are provided in Supplementary Fig. 13. 374 
 375 
Fig. 3 | Structure of deposited Li2S with mediation of active centers. (a, b) HRTEM and STEM 376 
images of Mo NCs/N-G showing the isolated Mo nanoclusters. (c) Fourier transform of extended 377 
X-ray absorption fine structure (FT-EXAFS) in R space for Mo NCs/N-G and reference samples 378 
of Mo foil, MoO2, and MoO3. (d) The applied electric field to the observing area with potentiostatic 379 
discharge at –0.5 V. The inset TEM image was from Supplementary Video 4 using 10 mM Li2S6 380 
as the electrolyte. (e, f) HRTEM images of deposited Li2S on Mo NCs/N-G after potentiostatic 381 
discharge at –0.5 V in an electrochemical liquid cell. Insets are the corresponding FFT patterns 382 
showing the amorphous and crystallized Li2S at different areas. (g) An inversed FFT patterns from 383 
HRTEM image in Supplementary Fig. 23, showing that Li2S nanocrystalline was mainly 384 
composed of (111), (200), and (220) crystal planes, overlapped in red, blue, and green colours, 385 
respectively. (h) SAED pattern and the corresponding intensity integration, showing the diffraction 386 
peaks of poly-crystalline Li2S. Q is the scattering vector calculated by 2π/d, where d is the layer 387 
spacing. (i) Radial Weiner filtered HRTEM images and FFT patterns of deposited Li2S 388 
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nanocrystalline along [111], [100], and [011] directions. The corresponding simulated HRTEM 389 
images and models of Li2S supercell are presented alongside. Raw HRTEM images are provided 390 
in Supplementary Figs. 24 and 25. 391 
 392 
Fig. 4 | Interfacial redox reactions of LiPSs with mediation of active centers. (a) The applied 393 
electric field and the corresponding projection area variation as a function of time of droplet #1 in 394 
Fig. 4b. The liquid cell underwent potentiostatic discharge/charge at ±0.5 V with 120 s for each 395 
step. 10 mM Li2S6 was used as the electrolyte. A power function was used to fit the area variation 396 

over time (Area ∝ tn) according to LSW model, where n≥1 represents reaction-limited growth. 397 

Error bars represent standard deviations of the measurement. (b) Time-series TEM images from 398 
Supplementary Video 7 showing the consecutive potentiostatic discharge/charge with mediation 399 
of active centers. (c) EELS of the sulfur-L edge peaks of blank LiPSs electrolyte, droplet-like 400 
dense phase (area Ⅰ, Extended Data Fig. 7a), and Li2S nanocrystalline (area Ⅱ, Extended Data Fig. 401 
7b). (d) Variation of interaction force and velocity of droplet #1. The overlapped areas in red and 402 
red-blue gradient colours are based on error bars showing the standard deviation. The display point 403 
is selected every three data. (e) Time-series MD simulations showing the gathering of LiPSs by 404 
Mo active centers into dense ion-complex phase consisting of Li+ and S62– with Li2S6 concentration 405 
of 17.93 wt%. DFT calculated the charge quantity of Mo active centers (Q = +7.37 e). Z-axis 406 
distance between Mo active centers and dense ion-complex phase decreased continuously during 407 
the simulation from 42 to 82 ns. The corresponding statistics are provided in Extended Data Fig. 408 
8e. (f) The charge density variation of S62– ions along Z-axis as a function of time. The charge 409 
distribution of S62– ions in dense ion-complex phase was continuously enhanced from bulk to 410 
surface. (g) Schematic illustration of interfacial reactions mediated by active centers, showing a 411 
gathering-induced collective charge transfer for Li2S deposition. 412 
  413 
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Methods 414 

Sample synthesis 415 

Synthesis of (NH4)42[MoVI72MoV60O372(CH3COO)30·(H2O)72] polyoxometalates (Mo132 POMs). 416 

(NH4)42[MoVI
72MoV

60O372(CH3COO)30· (H2O)72] was synthesized following the reported method40. Specifically, 417 

4.5 mmol (NH4)6Mo7O24· 4H2O and 162.2 mmol CH3COONH4 was dissolved in 250 mL deionized water under 418 

stirring. 6.1 mmol N2H6· SO4 was add to the above solution followed by further stirring for 10 min. Then, 83 419 

mL CH3COOH (50%, v/v) was added. The obtained solution was transferred to an Erlenmeyer flask and left to 420 

stand at 20°C for 4 days. The product was washed by ethanol and diethyl ether for several times, followed by 421 

subsequent drying to obtain reddish-brown crystals. 422 

Synthesis of ethylenediamine-functionalized reduced graphene oxide (EDA-rGO). GO was chemically 423 

exfoliated from graphite according to the modified Hummers method41. First, the nucleophilic ring-opening 424 

reaction of epoxy groups was used to immobilize the amino group on it, and at the same time, rGO was obtained 425 

due to the removal of oxygen-containing groups. Specifically, 60 mg GO nanosheets was uniformly dispersed 426 

in 60 mL deionized water, and 120 μL EDA was added under vigorous stirring. The homogeneous solution was 427 

transferred into a Teflon-lined stainless-steel autoclave, heating at 75°C for 6 h. After cooling to room 428 

temperature naturally, the product was washed by deionized water for several times followed by subsequent 429 

freeze-drying, and EDA-rGO was obtained. 430 

Synthesis of Mo NCs/N-G and N-G. Mo NCs/N-G was mainly prepared by the electrostatic interaction between 431 

negatively charged Mo132 POMs and positively charged EDA-rGO (protonated), which were strongly coupled 432 

to form the Mo132 POMs/EDA-rGO. The steric confinement and monomolecular dispersion properties of POMs 433 

in the Mo132 POMs/EDA-rGO composite favoured the formation of atomically dispersed active sites during 434 

thermal annealing. Specifically, 30 mg EDA-rGO was ultrasonically dispersed in 30 mL deionized water for 0.5 435 

h followed by vigorous stirring. Then, the pH value of EDA-rGO solution was adjusted to 4.0 with the addition 436 

of 120 μL 1 M HCl solution. Meanwhile, 3 mg Mo132 POMs were uniformly dispersed in 30 mL deionized water 437 

and dropwise added into EDA-rGO solution. After continuous stirring for 12 h, the product was washed by 438 

deionized water for several times followed by subsequent freeze-drying, and Mo132 POMs/EDA-rGO was 439 

obtained. Mo132 POMs/EDA-rGO was annealed at 750°C for 1 h under Ar atmosphere with a heating rate of 440 

10°C min–1, and Mo NCs/N-G was finally obtained. 441 

Synthesis of Mo NCs/N-G/S. Mo NCs/N-G/S was prepared through a sulfur melt-diffusing process. Specifically, 442 

Mo NCs/N-G was mixed with sulfur at the weight ratio of 1:4 by sufficient grinding. The homogeneous mixture 443 

was heated at 155°C under Ar atmosphere for 12 h. After natural cooling to room temperature, it was taken out 444 

and ground, followed by reheating under the same conditions to uniformly composite with sulfur. 445 

Structure characterization 446 
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The morphology and element distribution of Mo NCs/N-G was characterized by FEI Talos F200S equipped with 447 

a Super-X EDS system, and FEI Themis Z G2 30–300 with both image and probe correctors. Dual-EELS were 448 

acquired for the electrolyte, droplet-like dense phase, and Li2S nanocrystalline in electrochemical liquid cells 449 

using a Titan G2 (S)TEM operated at 60–300 kV with an energy resolution of 0.8 eV. The raw EELS were 450 

processed by background removement (power law) and plural scattering removement (Fourier-ratio). The 451 

chemical environment and bonding information were detected by X-ray photoelectron spectroscopy (XPS, 452 

PHOIBOS150, Germany). The powder crystalline structure of Mo NCs/N-G and Li2S deposited electrodes was 453 

investigated by XRD with Cu-Kα radiation (Bruker D8 A25, Germany, λ = 1.5418 Å). X-ray absorption fine-454 

structure spectra at the Mo K edge were acquired by a Si (111) monochromator at beamline 20-BM of the 455 

Advanced Photon Source. The beamline energy resolution was about ΔE/E = 1.3 × 10–4. X-ray absorption 456 

spectroscopy data was processed using Athena and Artemis software packages. The weight ratio of metallic Mo 457 

nanoclusters was measured by Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES, Agilent, 458 

720ES, USA). After the disassembly of the coin-type cells in an argon-filled glovebox and transferring into 459 

tailor-made device to prevent air pollution, ex situ characterizations were conducted. Laser confocal Raman 460 

spectra were collected on a Nanophoton spectrometer (Laser source: 532 nm, 600 gr mm–1, ND = 180, Exposure 461 

time = 5 s). The optical absorbance spectra were analyzed by Ultraviolet-visible spectroscopy (UV-Vis, 462 

Shimadzu UV-3600). The morphology was characterized by field emission scanning electron microscope (SEM, 463 

ZEISS, Germany). 464 

In situ liquid-cell EC-TEM experiment setup and observation 465 

In situ EC-TEM holder was purchased from Chip-Nova (Xiamen, China), and liquid cells were customized 466 

made. Two silicon wafers were used as bottom and top chips, on which an observation window of 10 nm-thick 467 

low-stress SiNx membrane was constructed. Ti WE and CE/RE were deposited on the bottom chip with a face-468 

to-face distance of 200 μm. Before the assembly of bottom and top chips, Mo NCs/N-G was transferred onto the 469 

Ti electrodes of bottom chip. The bare chips were also assembled to study LiPSs transformation without 470 

mediation of active centers. Electrolyte was prepared by mixing 10/20/50/100 mM Li2S6 (S and Li2S, molar 471 

ration: 5:1) in 1 M lithium bis(trifluoromethanesulphonyl)imide (LiTFSI) in 1,3-dioxolane (DOL)/1,2-472 

dimethoxyethane (DME) (v/v = 1:1) electrolyte, followed by stirring overnight. The entire processes of 473 

electrolyte injection and chip sealing were performed in the Ar-filled glovebox (H2O<0.01 ppm, O2<0.01 ppm). 474 

Ether-based electrolyte was added into a reservoir using a syringe, which would flow into the observation 475 

window by capillary force, and then epoxy was used to seal the liquid cell. The sealed liquid cell needed to stand 476 

for 12 h to stabilize the internal solution environment. Then, the liquid cell was placed into a custom-made EC-477 

TEM holder and applying an electric field by an electrochemical workstation (CHI 660E). In situ EC-TEM 478 

experiment was performed in a FEI Talos with an acceleration voltage of 200 kV. To avoid the influence of e-479 

beam effect, the e-beam dose rate was controlled below 1.5 e– Å–2 s–1 for in situ electrochemical experiments. 480 

Multislice simulation was conducted to simulate HRTEM images of Li2S nanocrystalline acquired in an 481 
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electrochemical liquid cell42,43. A self-written MATLAB script was used to build the crystal models of Li2S 482 

along [111], [100], and [011] directions. HRTEM images were simulated based on the following parameters: 483 

accelerating voltage (200 kV), spherical aberration coefficient (Cs = 1.2 mm), chromatic aberration coefficient 484 

(Cc = 1.5 mm), sample thickness (around 5 nm), and defocus (Δf = 40 nm). 485 

Electrochemical measurements 486 

Potentiostatic deposition and dissolution of Li2S. 100 mM Li2S6 prepared as above was used as the electrolyte 487 

for Li2S potentiostatic nucleation. Slurry was prepared by ball milling the mixture of 80 wt% sulfur-free electrode 488 

material (Mo NCs/N-G) and 20 wt% LA133 aqueous binder, which was then coated on Ti mesh disks (16 mm 489 

in diameter). The areal loading of active material was controlled at around 0.5 mg cm–2. For cell assembly, 20 490 

μL 100 mM Li2S6 electrolyte was added to the cathode side, and 20 μL of regular electrolyte (1 M LiTFSI in 1:1 491 

(v/v) DOL/DME) was added to the Li anode side. The assembled cells were galvanostatically discharged to 2.06 492 

V at 0.112 mA and then kept potentiostatically at 2.05 V for the nucleation and growth of Li2S until the current 493 

was below 0.01 mA. For Li2S dissolution, the cells were further galvanostatically discharged to 1.8 V at 0.01 494 

mA and then kept potentiostatically at 2.4 V until the current was below 0.01 mA. The capacity of deposited 495 

Li2S was calculated according to Faraday's law. 496 

Activation energy. The coin-type cells were galvanostatically discharged to specific discharge potentials at 16 497 

μA cm–2 with 100 mM Li2S6 electrolyte. The cells were held at the same potential, using chronoamperometry, 498 

until a stable output current was achieved. EIS was tested at the frequency range from 100 kHz to 10 mHz from 499 

2.0 to 1.7 V using Multi Autolab electrochemical workstation (M204, Netherlands). 500 

Symmetry cells. CV symmetric cells, both with and without active centers, were collected and compared at a 501 

scan rate of 0.1 mV s−1, ranging from −1.0 to 1.0 V. The electrodes decorated with Mo NCs/N-G nanosheets 502 

were further tested at increasing scan rates from 0.1 to 1 mV s−1. 503 

Li-S batteries. The slurry was prepared by ball milling the mixture of 80 wt% electrode material (Mo NCs/N-504 

G/S), 10 wt% acetylene black, and 10 wt% LA133 aqueous binder (15 wt%, aqueous dispersion of acrylonitrile 505 

copolymer). The uniform slurry was coated on aluminium foil, drying at 60°C for 10 hours in vacuum. The 506 

cathode was cut into disc with an areal loading of 1.13 cm2 (12 mm in diameter). The sulfur areal loading was 507 

controlled at around 2 mg cm–2 for cycling performance at 1/2/3 C and rate performance. For high sulfur loading 508 

test at 0.2 C, the slurry was coated on the self-standing carbon-nanofiber-based electrode prepared by 509 

electrospinning, with sulfur areal loading of 2, 3.5, 5.4, and 7 mg cm–2. The electrolyte is about 17.7 (2 mg cm–510 
2) and 10.1 (3.5 mg cm–2) μl mg–1

S for regular cells, and 4.3 (5.4 mg cm–2) and 5.1 (7 mg cm–2) for high-loading 511 

cells. Coin-type cells were used for electrochemical performance (CR2032). Mo NCs/N-G/S cathode was 512 

assembled with Li anode, ether-based electrolyte and polypropylene separators (Celgard 2325) in an argon-filled 513 

glovebox. 1 M LiTFSI in 1:1 (v/v) DOL/DME with 2 wt% LiNO3 was used as the electrolyte. The 514 
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electrochemical tests were carried out on a Neware battery cycler (CT-4008T-5V20mA-164, Shenzhen, China) 515 

with a voltage window of 1.8–2.8 V versus Li/Li+. All electrochemical tests were carried out at room temperature. 516 

Interaction force between active centers and droplet-like dense phase 517 

The MSD of a randomly diffusing molecular is proportional to its diffusing time (MSD = nDt). D is the diffusion 518 

coefficient. For in situ EC-TEM study in a liquid cell, the molecular diffusion is considered in a two-dimensional 519 

space (three-dimensional space n = 6, two-dimensional space n = 4), so the MSD relation gives44,45: 520 

MSD = 4Dt (Eq. S1) 521 

The diffusion coefficient of droplet-like dense phase was estimated by tracking its centroid movement in Fig. 522 

4b. The two-dimensional moving trajectory and edge variation profile were shown in Extended Data Fig. 6b. 523 

According to the MSD as a function of time (Eq. S1 and Extended Data Fig. 6d), the diffusion coefficient (D = 524 

4.71 nm2 s–1) of droplet #1 was obtained by a linear fit, which was similar to other reported in situ TEM studies 525 

of Li-S batteries32,34. The difference of diffusion coefficient calculated from MSD curves between in situ TEM 526 

results and MD simulations should be attributed to the following reasons: (1) The observed droplets from in situ 527 

TEM was in dozens of nanometer scale. In contrast, MD simulation focused on ion-complex groups with few 528 

nanometer scale, so the diffusion and movement were intensified. (2) The thin liquid layer in electrochemical 529 

liquid cells also limited the motion rate of LiPSs droplets. 530 

In the limit of low Reynolds number, we measured the velocity and interaction force of the droplet-like structure. 531 

For a nearly spherical droplet with a constant radius R, the interaction force F is proportional to the drag 532 

coefficient γ, and the Stokes’ law gives: 533 

F = γv = (6πηR)v (Eq. S2) 534 

where ŋ is the viscosity of electrolyte (s m–2), and v is the velocity of droplet-like structure (nm s–1). The mobility 535 

μ is the inverse of the drag coefficient γ. According to Einstein relation (D = μkBT/q), diffusion coefficient is 536 

proportional to its mobility constant. The Einstein-Stokes equation can be given: 537 

D = kBT/6πηR (Eq. S3) 538 

where kB is Boltzmann constant (1.38 × 10–23 J K–1), and T is temperature (300 K). Substituting in the drag 539 

coefficient γ of a nearly spherical droplet-like structure from Stokes’ law, the interaction force F can be 540 

calculated: 541 

F = (kBT/D)v (Eq. S4) 542 

The calculated interaction force and velocity between active centers and droplet #1 was shown in Fig. 4d. 543 

Methods of DFT calculation 544 
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In order to determine the experimentally observed Li2S2 crystal structure, tetragonal Li2S2 structure and 545 

various hexagonal Li2S2 structures were constructed for stability analysis. Hexagonal Li2S2 were constructed 546 

based on hexagonal A2B2 candidates, including Li2O2, Na2O2, Na2S2, Na2Se2, K2O2, K2S2, Rb2S2 (Extended Data 547 

Fig. 2a-d). N-doped graphene containing Mo nanoclusters with different sizes (unit cell size: 17.09 Å×17.22 548 

Å×22 Å) was considered as the theoretical model for the calculation of monomer adsorption strength. The model 549 

contained 106 C atoms and 4 N atoms (with a 2-atom defect site for anchoring the Mo nanoclusters in Mo 550 

NCs/N-G), where the Mo nanoclusters contained 1, 4, and 9 Mo atoms, respectively. The spin-polarized DFT 551 

calculations were carried out by using Vienna Ab initio Simulation Package (VASP.5.4.4)46. The correlation 552 

energy and exchange energy were calculated by using the PBE form of the generalized gradient approximation47. 553 

The cut-off energy of plane wave was 500 eV. The number of k-points in the Brillouin zone multiplied by the 554 

lattice parameter in each dimension was approximately 20. The structural optimization was carried out at a 555 

convergence of 0.01 eV Å–1 on the force. Additionally, the semiempirical van der Waals correction method of 556 

Grimme (DFT-D3) was used to describe the dispersion interaction48.  557 

The formation energy (Ef) of different Li2S2 structures was calculated by:  558 

Ef = Ecrystal/n (Eq. S5) 559 

where Ecrystal is the total energy of Li2S2 cell and n is the total atoms of the unit cell. The adsorption energy of 560 

monomers (Eads-monomer) on each graphene slab was calculated by: 561 

Eads-monomer = Etotal-Emonomer–Eslab (Eq. S6) 562 

where Etotal is the total energy of the (Mo NCs/) N-G slab with one adsorbed monomer molecule. Emonomer is the 563 

energy of an isolated monomer molecule, and Eslab is the energy of the (Mo NCs/) N-G slab. 564 

Mo NCs/N-G model with a 4-atom Mo nanocluster was used to investigate the charge transfer between the 565 

electrodes and LiPSs (Extended Data Fig. 8g). A solution layer containing 3 Li2S6, 3 LiTFSI, 12 DOL and 12 566 

DME molecules was constructed on the surface of Mo NCs/N-G electrode. As reported by Le et al.49, the 567 

electrode potential was simulated by adding 6 Li atoms under the Mo NCs/N-G, and these Li atoms would not 568 

diffuse into the vacuum layer or solution during the simulation. All models were charge neutral and the charges 569 

of ions were provided by bader charge analysis. The electronic structure of the interface was analysed after a 570 

relaxation of 20 ps in the NVT ensemble, and after applying the electrode potential for 8 ps (Extended Data Fig. 571 

8g). The hybrid Gaussian and plane waves method as implemented in the Quickstep module of the CP2K 572 

package50 was employed for AIMD simulations. The PBE functional with the Grimme D3 van der Waals 573 

correction method was used to calculate the Li diffusion. The GTH pseudopotentials combined with DZVP-574 

MOLOPT-SR-GTH basis set was utilized for all atoms51. In order to speed up the structure relaxation, the H 575 

atoms in the system were changed to D atoms, and the time step was set as 1 fs. Due to the large cell size, only 576 

the Γ point in Brillouin zone was used for calculations. The second-generation Car-Parinello molecular dynamics 577 

(SGCPMD)52,53 was used for model optimization sampling, and the system temperature was set at 350 K. The 578 
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Langevin friction coefficient (γL) was set to 0.001 fs–1, and the region friction coefficients (γD) of Mo and other 579 

atoms were set to 5 × 105 fs–1 and 2.1 × 104 fs–1, respectively. 580 

Methods and models of MD simulation  581 

To investigate the diffusion and aggregation behaviours of Li2S6 in the bulk solution, random filling models 582 

were constructed with different Li2S6 concentrations of 2.51 wt%, 5.28 wt%, 9.68 wt%, and 17.93 wt% 583 

(Extended Data Fig. 8a and Supplementary Figs. 24 and 25). The solution was filled with 255 LiTFSI, 1020 584 

DOL, and 1020 DME molecules. To study the interaction between Li2S6 molecules and various electrodes (Mo 585 

NCs/N-G and Ti), MD models of a solution layer on the electrode surface were constructed (Extended Data Fig. 586 

8c and Supplementary Fig. 26). The Mo NCs/N-G model, which consisted of defective N-doped graphene 587 

supported nanoclusters containing 40 Mo atoms and had a box size of 98.4 Å×76.695 Å×200 Å, was constructed 588 

from the optimized unit cell shown in Supplementary Fig. 27c. The Ti model was a 6-layer Ti (001) slab of the 589 

hcp phase, possessing a lattice parameter of 2.93 Å, and was constructed with a box size similar to that of the 590 

Mo NCs/N-G model. In order to simulate different concentrations of Li2S6 on the electrode surfaces, 65, 125, 591 

and 255 Li2S6 molecules were randomly introduced into a solution composed of 255 LiTFSI, 1020 DOL, and 592 

1020 DME. These quantities corresponded to the Li2S6 concentrations of 5.28 wt%, 9.68 wt%, and 17.93 wt%, 593 

respectively. To investigate the interaction mechanism between dense ion-complex phases composed of Li+ and 594 

S6
2– and various electrodes of Mo NCs/N-G and Ti (Fig. 4e and Supplementary Fig. 27a), MD models were 595 

further expanded by increasing the simulation box size to 172.2 Å x 153.39 Å x 250 Å. The models comprised 596 

of 3060 Li2S6 molecules in a solution consisting of 1020 LiTFSI, 4080 DOL, and 4080 DME in a layered 597 

compact state. The models were developed to simulate the high-concentration Li2S6-enriched region on the 598 

electrode surface. 599 

All MD simulations were performed using the Large-scale Atomic/Molecular Massively Parallel Simulator 600 

(LAMMPS) software package54. Lennard-Jones 12-6 (LJ 12-6) potential and electrostatic potential were used to 601 

describe the non-bonded interactions between particles in the system: 602 

Uij(rij) = 4εij[ ൬σij

rij
൰12

- ൬σij

rij
൰6

+ 1
4πε0

qiqj

rij
] (Eq. S7) 603 

where the subscript ij represents the interaction between particles i and j, Uij represents the potential energy 604 

generated by the interaction, rij represents the distance between the particles and qi is the charge on atom i. The 605 

LJ interaction parameters were calculated using the Lorentz-Berthelot combining rules (ߪ௜௝ = ௜ߪ) + ௝)/2; ε௜௝ߪ =606 ඥε௜ε௝). Periodic boundary conditions in the x and y directions and non-periodic boundary conditions in the z 607 

direction were used in all interfacial simulations. Furthermore, the non-bonded parameters and force constants 608 

of bonds, angles and dihedrals of DME and DOL molecules were derived from OPLS-AA force field55, while 609 

that of LiTFSI was extracted from literatures56. Meanwhile, we employed the force field parameters reported by 610 

Hu et al. for Li2S6 molecules57. The parameters of Mo NCs/N-G used for the LJ interaction were referred to the 611 
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work of Bernardes et al. (for Mo) and Abbaspour et al. (for N and C), respectively58,59. As for the atomic charges 612 

of Mo NCs/N-G model, it followed the bader charge analysis of the unit cell optimized by the above DFT 613 

calculations. The LJ interaction parameters of Ti were referred to the report by David et al60. 614 

In all simulations, the equations of motion were integrated using a time step of 1 fs, and temperature control 615 

was achieved by coupling LiTFSI, Li2S6, DOL, and DME molecules to a Nosé Hoover thermostat with a time 616 

constant of 0.1 ps60,61, respectively. All atoms of the electrode slabs were fixed throughout the simulations. 617 

To investigate the diffusion and aggregation behaviors of Li2S6 molecules in the bulk solution at various 618 

concentrations, the simulation program involved a relaxation phase of 2 ns at a pressure of 1 bar in the NPT 619 

ensemble, followed by a 90 ns NVT ensemble simulation for sampling. The clusters of S atoms whose distance 620 

from each other in the solution was less than 3.5 Å were identified and counted every 10 ps to obtain the cluster 621 

size (Extended Data Fig. 8b). The five largest S6
2– clusters in the simulated system were selected, and their sizes 622 

were averaged to evaluate the aggregation of S6
2– ions. To investigate the interaction between the different 623 

electrode surfaces (Mo NCs/N-G and Ti) and Li2S6 molecules, the simulation program involved an initial 624 

relaxation phase in the NVT ensemble for 2 ns to fully optimize the randomly constructed solution layer. This 625 

was then followed by a 90 ns simulation for sampling. The number of S atoms on different electrode surfaces 626 

was counted every 10 ps within the area of z coordinate 0–15 Å (Extended Data Fig. 8d). The high-concentration 627 

interface layers were initially relaxed at 500 K for 2 ns in the canonical ensemble. Subsequently, the temperatures 628 

were gradually lowered to 300 K to continue the simulations for 40 ns over the Mo NCs/N-G (Fig. 4e) and Ti 629 

(Supplementary Fig. 27a) surfaces. To facilitate a better comparison of interfacial diffusion, relevant statistics 630 

were gathered during the subsequent 40 ns simulations at a temperature of 350 K (specifically, between 42-82 631 

ns, Extended Data Fig. 8e). To compare the difference in S6
2– migration across different electrode interfaces, we 632 

calculated the MSD of Li2S6 along the Z axis (Extended Data Fig. 8f): 633 

MSD-Z = 〈(z-z0)2〉 = 1
N
∑ (zn(t)-zn(0))2N

n=1  (Eq. S8) 634 

where N is the number of S atoms of Li2S6 in the simulation box, zn(t) is the z position of each S atom at time t, 635 

zn(0) is the reference z position of each S atom. 636 

To investigate the redistribution of S6
2– ions near the electrode induced by the Mo active centers, the 637 

simulation box was divided into slices of 0.5 Å thickness. The number of S6
2– ions in each slice was computed 638 

every 10 ps, and the average number of S6
2– ions in each slice was recorded every 1 ns to calculate the charge 639 

density of S6
2– ions, as shown in Fig. 4f and Supplementary Fig. 27d: 640 

ρQ = qS6×∑ nS6
z+0.5
z

Vslice
 (Eq. S9) 641 

where qS6 is charge of one S6
2– ion (i.e., 2), nS6 is the total number of S6

2– ions in the slice with a thickness of 642 

0.5 Å in the z direction and Vslice is the volume of the slice. 643 
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Structure characterization of Mo NCs/N-G 644 

The nanocluster active center immobilized surface, Mo NCs/N-G nanosheet, was designed for the following 645 

considerations: high reactivity of atomically isolated metal sites, and easy integration on liquid-cell electrodes 646 

for high-resolution observation. Mo NCs/N-G was prepared by coupling the negatively charged POMs with 647 

positively charged amino groups of graphene, which ensured the monodispersed distribution and isolated 648 

anchoring of POMs (Supplementary Fig. 18). HRTEM image and XRD pattern revealed the amorphous structure 649 

of Mo NCs/N-G nanosheet (Fig. 3a and Supplementary Fig. 19a). HAADF-STEM image further confirmed the 650 

monodispersed Mo nanoclusters, with an average size of 1.1 nm and a content of 6.9 wt% (Fig. 3b and 651 

Supplementary Fig. 19b, c). In XANES, the absorption energy of Mo NCs/N-G was between MoO2/MoO3 and 652 

Mo foil, indicating a positively charged active center (Supplementary Fig. 19d). XPS detected three main peak 653 

regions corresponding to the valence states of Mo0, Mo+4, and Mo+6 (Supplementary Fig. 19e). The XANES 654 

linear combination fitting revealed that the percentage of these valence states were 10%, 57%, and 33%, 655 

respectively (Supplementary Fig. 20). FT-EXAFS showed that the strongest peak of Mo NCs/N-G was located 656 

at about 1.4 Å (Fig. 3c), which indicates that Mo atoms were mainly bonded to N atoms (Supplementary Fig. 657 

19f). 658 

Electrochemical performance of Li-S full cells 659 

Electrochemical performance of Mo NCs/N-G/S with high sulfur loading (80 wt%) was investigated under high 660 

mass loading, fast charging, and lean electrolyte conditions. Mo NCs/N-G/S exhibited a cycling performance of 661 

887 mA h g–1 at 1 C for 100 cycles and rate capability of 1525, 1127, 1018, 942, 879, 766, 639 mA h g–1 at 0.1, 662 

0.2, 0.5, 1, 2, 3, 4 C, respectively (Extended Data Fig. 10a-c). At the increasing sulfur areal loading of 2, 3.5, 5.4 663 

(E/S = 4.3 μL mg–1
S), and 7 mg cm–2 (5.1 μL mg–1

S), it delivered the areal capacities of 2.3, 3.9, 5.5, and 6.6 mA 664 

h cm–2 over 40 cycles (Extended Data Fig. 10d). At 2 and 3 C, it delivered discharge capacities of 645 and 573 665 

mA h g–1 after 500 cycles with low-capacity decay of 0.038% and 0.047% per cycle (Extended Data Fig. 10e). 666 

Data availability 667 

The data that support the findings of this study are available from the corresponding authors upon reasonable 668 

request. 669 
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Extended Data Legends 744 

Extended Data Fig. 1 | Configuration of the liquid-cell EC-TEM. (a) Schematic illustration of 745 
an electrochemical liquid cell from top and side views, composed of top/bottom chips with 10 nm 746 
SiNx observation windows, 100 nm spacers, and samples on electrodes. (b) Digital photographs of 747 
EC-TEM holder and electrochemical liquid cell. (c, d) Schematic process of liquid-cell preparation 748 
in an argon-filled glovebox. After liquid-cell assembly, the pre-prepared Li2S6 electrolyte with 749 
various concentrations was injected and filled by capillary force, before sealed with epoxy. (e) 750 
HRTEM image and corresponding FFT pattern of Li2S@graphene loaded on a single bottom chip 751 
with 11.2 nm SiNx layers. The thickness of the SiNx layers was measured using a spectroscopic 752 
ellipsometer with a spectral range of 193–1000 nm. (f) Time-series HRTEM images of 753 
Li2S@graphene (red frame) showing the high-spatial resolution and stable atomic structure at a 754 
dose rate of 18200 e Å–2 s–1. 755 
 756 
Extended Data Fig. 2 | Crystal structure of the simulated Li2S2. (a) The fixed lattice parameters 757 
of tetragonal Li2S2 and hexagonal Li2S2 simulated based on multiple hexagonal A2B2 structures. 758 
(b) The corresponding energy comparison between tetragonal Li2S2 and hexagonal Li2S2. The 759 
hexagonal Li2S2 structures were constructed based on Li2O2, Na2O2, Na2S2, Na2Se2, K2O2, K2S2, 760 
Rb2S2, arranged from left to right in the blue frame. (c) The simulated crystal structures of 761 

hexagonal Li2S2 with P63/mmc and P6ത2m space groups. (d) The crystal structures and simulated 762 
electron diffraction of tetragonal Li2S2 along [001] and [111] directions, respectively. The 763 
abnormal systematic extinction of electron diffraction in Fig. 2d, that was, the appearance of (100) 764 
and (300), should be attributed to the lattice defect of Li2S2, which led to the diffraction deviating 765 
from Bragg condition, and the secondary diffraction occurred. (e) SAED pattern of granular Li2S2 766 
(tetragonal, P42/mnm) along [111] direction. (f) SAED patterns of rod-like Li2S (cubic, Fm-3m) 767 
along [100] and [011] directions. (g) Elemental weight ratio according to EDS spectrum in Fig. 2f. 768 
The red and blue balls represent Li and S atoms, respectively. 769 
 770 
Extended Data Fig. 3 | Interfacial reactions of LiPSs at –0.1 V without mediation of active 771 
centers. (a) Comparison of output current during potentiostatic discharge at –0.1 and –0.5 V in 772 
electrochemical liquid cells. The current density was reduced by half at –0.1 V. (b) The projection 773 
area variation as a function of time of particles #5 and #6. Error bars represent standard deviations 774 
of the measurement. (c) Time-series TEM images from Supplementary Video 3 showing two-step 775 
Li2S deposition in an electrochemical liquid cell during potentiostatic discharge at –0.1 V. 10 mM 776 
Li2S6 was used as the electrolyte. (d) Statistics of rod and particle quantity at specific times 777 
corresponding to the white frame areas in the TEM image (0.6 s). (e) Time-series TEM images of 778 
typical two-step deposition of Li2S via metastable Li2S2 (marked by white dotted lines). TEM 779 
images of Ⅰ-Ⅳ correspond to the typical areas at 72.6 s. 780 
 781 
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Extended Data Fig. 4 | In situ EC-TEM studies of Li2S deposition with mediation of active 782 
centers. (a) The projection area variation as a function of time of Mo NCs/N-G and time-series 783 
TEM images from Supplementary Video 4. The electrochemical liquid cell was potentiostatically 784 
discharged at –0.5 V using 10 mM Li2S6 as the electrolyte. Error bars represent standard deviations 785 
of the measurement. (b) Time-series TEM images to further observe the red-square area of 786 
Extended Data Fig. 4a (185s) under a higher magnification (Supplementary Video 5). The 787 
electrochemical liquid cell was further potentiostatically discharged at –0.5 V. Many dark areas 788 
(marked with red circles) and deposited particles (marked with white arrows) were observed. (c) 789 
Time-series TEM images from Supplementary Video 6. The electrochemical liquid cell was 790 
potentiostatically discharged at –0.5 V using 100 mM Li2S6 as electrolyte. The imaging area was 791 
divided into electron inaccessible/accessible areas. Li2S deposition mainly proceeded on electron 792 
accessible areas of Mo NCs/N-G, while no change was observed on electron inaccessible area and 793 
bare Ti electrode surface. This indicated the high reaction activity of Mo NCs/N-G for 794 
electrochemical deposition of Li2S. 795 
 796 
Extended Data Fig. 5 | Method of HRTEM observation in an electrochemical liquid cell. (a) 797 
Schematic illustration of "e-beam bubble generation" method for HRTEM observation of Li2S 798 
nanocrystalline deposited on Mo NCs/N-G nanosheet. Following the electrochemical deposition 799 
of Li2S through a potentiostatic discharge at –0.5 V, the e-beam was focused on the bulk electrolyte 800 
for the generation of bubble. Once the bubble area stabilized, the atomic structure of Li2S 801 
nanocrystalline can be obtained, with the image resolution being mainly determined by the 802 
thickness of SiNx layers. (b) TEM images showing different areas of the LiPSs electrolyte, Li2S 803 
nanocrystalline deposited on Mo NCs/N-G, and the stabilized bubble area. (c, d) HRTEM images 804 
before and after the removal of the wetting layer of electrolyte. (e, f) Annular dark field scanning 805 
TEM (ADF-STEM) image and the corresponding EELS image for relative thickness measurement 806 
in liquid cells. (g) Typical low-loss EELS of Li2S nanocrystalline (Ⅰ), Mo NC/N-G nanosheets (Ⅱ), 807 
and SiNx layers (Ⅲ) as marked in the EELS image. (h) Average relative thickness obtained by the 808 
log-ratio method in Digital Micrograph software. Error bars represent standard deviations from 809 
multiple EELS curves. (i) Time-series HRTEM images, corresponding FFT patterns, and partial 810 
enlarged details of Li2S nanocrystalline deposited on Mo NCs/N-G obtained in an electrochemical 811 
liquid cell. 812 
 813 
Extended Data Fig. 6 | Analysis of in situ EC-TEM studies of LiPSs redox reactions with 814 
mediation of active centers. (a) Time-series TEM images from Supplementary Video 7 showing 815 
multiple droplets in different areas (highlighted in red). (b) Motion trajectory of the mass center of 816 
droplet #1 and the corresponding edge contour plots of droplet #1 in Fig. 4b. It included the typical 817 
processes of gathering, conversion, and crystallization. (c) Projection area variation of droplets #2 818 
and #3 (red), and Mo NCs/N-G (blue) as a function of time during potentiostatic discharge. A 819 
power function was used to fit the area variation of droplets #2 and #3 over time (Area ∝ tn) 820 
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according to LSW model, where n≥1 represents reaction-limited growth. After a rapid decrease 821 

in the size of LiPSs droplets, there was an obvious increase in the projection area of Mo NCs/N-G 822 
nanosheet, similar to that in Extended Data Fig. 4a, b, which should be attributed to the deposition 823 
of Li2S. Error bars represent standard deviations of the measurement. (d) MSD analysis of droplet 824 
#1 as a function of time. The two-dimensional diffusion coefficient (D) was calculated to be 4.71 825 
nm2 s–1. The initial point of MSD corresponds to 34.4 s of droplet #1 in Fig. 4b. 826 
 827 
Extended Data Fig. 7 | Structure characterization of droplet-like dense phase. (a, b) 828 
Comparative characterization of LiPSs dense phase and Li2S nanocrystalline, including HRTEM 829 
images, the corresponding FFT and SAED patterns, HAADF-STEM images, EDS mappings, and 830 
the corresponding linear elemental analysis. (c) TEM and HAADF-STEM images of Mo NCs/N-831 
G nanosheet after the electrochemical deposition in a liquid cell, showing the LiPSs dense phase 832 
and Li2S nanocrystalline from a wider observation region. (d) Raw and post-processed HRTEM 833 
images using a Gaussian filter. To solve the scattering and artifacts in HRTEM images resulting 834 
from amorphous SiNx windows, disordered electrolyte, and the contrast transfer function of the 835 
electron microscope, a Gaussian filter was applied to suppress high-spatial frequency noise and 836 
enhance the boundary of dense phase areas. (e, f) Partial enlarged details of HAADF-STEM image 837 
and the corresponding linear HAADF intensity analysis. The areas of LiPSs dense phase were 838 
marked by the white dotted lines. The linear HAADF intensity analysis was marked by the white 839 
arrow. The contrast contribution of HAADF intensity can be attributed to Li2S nanocrystalline, 840 
LiPSs dense phase, electrolyte, and background, respectively. (g) Schematic illustration of the path 841 
of scattered electrons. 842 
 843 
Extended Data Fig. 8 | MD simulations and DFT calculations at different interfaces. (a) 844 
Snapshots of MD simulations with different Li2S6 concentrations of 5.28 wt% and 17.93 wt%. (b) 845 
Statistics of S atoms in aggregated clusters with different electrolyte concentration. The five largest 846 
clusters were used to calculate the average number of contained S atoms. (c) Snapshots of MD 847 
simulations on different surfaces of Mo NCs/N-G and Ti with Li2S6 concentration of 5.28 wt%. 848 
The right row was the enlarged view of the interface details, and the initial S62– and Li+ ions were 849 
randomly dispersed in the electrolyte. After the NVT relaxation of 2 ns, the sampling results 850 
indicated that Mo NCs/N-G had a strong long-range attraction with S62– ions. (d) Statistics of S 851 
atoms attracted to the electrode surfaces of Mo NCs/N-G and Ti with different electrolyte 852 
concentration. (e) Comparison of Z-axis position variation (Å) of dense ion-complex phase at 853 
different interfaces as a function of time corresponding to MD simulations in Fig. 4e with Li2S6 854 
concentration of 17.93 wt%. The Z-axis distance is defined from LiPSs droplet to the electrode 855 
surfaces (Ti or Mo NCs/N-G). (f) MSD analysis of Li2S6 movement along the Z-axis direction. 856 
The diffusion coefficients of S atoms in Li2S6 molecules over Mo NCs/N-G (D1) and Ti (D2) 857 
surfaces were 2.73×10–7 cm2 s–1 and 4.88×10–9 cm2 s–1, respectively. The initial point of MSD 858 
corresponds to 42 ns of the simulation. (g) AIMD simulation of charge variation of polysulfide 859 
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ions around Mo active centers from a top view and a side view. Considering the dynamic charge 860 
distribution, the polysulfide ions in the dense phase are defined as S6 ions in AIMD simulations. 861 
S6 ions in the dense phase are divided into internal, middle, and external layers according to the 862 
distances from Mo active centers when viewed from the top. The charge distribution diagrams, 863 
shown from left to right, include (Ⅰ) pristine structure relaxed for 20 ps before applying the 864 
electrode potential, simulations at (Ⅱ) 0 ps and (Ⅲ) 8 ps after applying the electrode potential. 865 
 866 
Extended Data Fig. 9 | Evaluation of electrochemical behaviour using Li2S6 electrolyte (100 867 
mM) in coin-type cells. (a) Potentiostatic discharge profiles of Li2S deposition at 2.05 V 868 
with/without active centers. The scale of y-axis is indicated by the bar. (b) Nyquist profiles of EIS 869 
after potentiostatic discharge. Re, Rs, and Rct indicate the resistance of electrolyte, surface layer, 870 
and charge transfer, respectively. The inset is the local magnification profiles. (c) Potentiostatic 871 
charge profiles of Li2S dissolution at 2.4 V with/without active centers. The scale of y-axis is 872 
indicated by the bar. (d) Arrhenius plots of the linear relationship between logarithmic values of 873 
the reciprocal of Rct and the reciprocal of absolute temperatures for 1.7, 1.8, 1.9, and 2.0 V, with 874 
(red)/without (blue) active centers. (e) Comparison of the corresponding Ea calculated based on 875 
the slope of linear fitting. The Ea values with/without active centers were 0.27/0.5, 0.23/0.5, 876 
0.17/0.49, and 0.19/0.49 eV, corresponding to the discharge potentials of 2.0, 1.9, 1.8, and 1.7 V, 877 
respectively. (f) CV profiles of symmetric cells with/without active centers at a scan rate of 0.1 878 
mV s−1. (g) Comparison of cycling performance with/without mediation of active centers at 16 μA 879 
cm–2. (h, i) Corresponding charge/discharge profiles at specific cycles, showing the energy barriers 880 
of Li2S nucleation and dissolution. 881 
 882 
Extended Data Fig. 10 | Evaluation of electrochemical performance in Li-S batteries. (a, b) 883 
Cycling performance (1 C, 100 cycles) and rate performance (0.2, 0.5, 1, 2, 3, 4, and 0.2 C) of Mo 884 
NCs/N-G/S, with the sulfur areal loading of 2 mg cm–2. A battery activation was performed at 0.2 885 
C for 2 cycles (cycling performance) and 0.1 C for 1 cycle (rate performance), respectively. (c) 886 
Charge/discharge profiles from rate performance of Mo NCs/N-G/S at 0.2, 0.5, 1, 2, 3, and 4 C, 887 
respectively. (d) Cycling performance of Mo NCs/N-G/S at 0.2 C for 40 cycles with different sulfur 888 
areal loading of 2, 3.5, 5.4, and 7 mg cm–2. A battery activation was performed at 0.05 C for 2 889 
cycles. (e) Long-term and high-rate cycling performance at 2 and 3 C for 500 cycles. A battery 890 
activation was performed at 0.2 C for 2 cycles. The capacity value is selected every five cycles. 891 
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