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a b s t r a c t

Lithium–sulfur (Li–S) batteries with the high theoretical capacity of 1675 mAh/g have attracted attention

as next-generation energy storage systems. Understanding the dynamic evolution and reaction mecha-

nisms at the interface between sulfur cathodes and the electrolyte is crucial to achieve a high reversible

capacity of Li−S batteries. However, due to the challenges in probing the complex Li–S redox reaction,

the structural and morphological changes from active sulfur to insoluble lithium sulfide (Li2S) under op-

erating conditions remain poorly understood. Here, the behaviors during sulfur dissolution and Li2S de-

position/decomposition under realistic conditions were investigated via in situ atomic force microscopy

(AFM). Direct visualizations revealed that tightly stacked sulfur particles hinder essential electronic path-

ways within the cathode. Furthermore constructing a conductive framework promotes more uniform Li2S

deposition, which was previously dispersed across the electrode surface, thus accelerating Li2S conver-

sion kinetics during the subsequent charge process. PeakForce tunneling atomic force microscopy (TUNA)

measurements effectively elucidated the correlation between nanoscale structural features and electrical

conductivity under varying potentials. Real-time observations reveal the dynamic evolution and reaction

mechanisms of sulfur cathodes, offering profound insights into the Li−S redox processes and guiding the

rational design of advanced cathodes.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium–sulfur (Li–S) batteries have been regarded as one of the

promising candidates for next-generation energy storage systems

because of the high theoretical specific capacity (1675 mAh/g), nat-

urally abundant and environmental friendliness [1–5]. However,

the practical applications of Li–S batteries still face several funda-

mental challenges, including the low conductivity of sulfur and its

reduction product lithium sulfide (Li2S), the shuttle effect of solu-

ble lithium polysulfides (LiPSs) and the large volume change dur-

ing cycling [6–9]. Since the pioneering work by Nazar′s group em-

ploying a nanostructured mesoporous carbon host to encapsulate

sulfur, which enhanced specific capacity and cycling stability [10],

substantial progress has been achieved in developing innovative

host materials for rationally designed sulfur cathodes to simulta-

neously confine solid sulfur species and soluble LiPSs [11–16]. The

electrochemical performance of Li–S batteries is critically depen-

dent on the redox reactions of sulfur species [17–19]. However, a

comprehensive understanding of the mechanism of Li–S batteries,
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particularly the internal morphological and chemical evolution of

sulfur cathodes during battery operation, remains unclear. There-

fore, understanding the evolution and reaction mechanisms at the

interface between sulfur cathode and the electrolyte is essential to

enhance the development of high energy density batteries.

Various in situ techniques have been developed to investigate

the reaction mechanisms of Li–S batteries [20–22]. Previous X-ray

characterization enabled the observation of the dissolution and

reformation of solid sulfur species at varying current densities and

temperatures [23]. Using in situ transmission electron microscopy

(TEM), Zhou et al. showed that active centers gathered LiPSs into

droplet-like dense phases, leading to instantaneous crystallization

instead of a classical step-by-step transformation [24]. However,

the morphological changes of sulfur cathodes under practical

conditions remain unclear, which can be attributed to the closed

system of the battery and the difficulty of compatibility with

characterization devices [25]. The Development of effective in situ

characterization techniques is essential to elucidate Li–S redox

reactions during operation. Atomic force microscopy (AFM) pos-

sesses the outstanding advantages as it provides the high spatial

resolution, low intrusion and the ability to directly monitor in
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liquid electrolytes, which has broad application prospects in the

interfacial analysis [26,27].

Here, we explore the dynamic evolution of sulfur cathodes via

in situ AFM, achieving real-time insights under realistic conditions

in Li–S batteries. Interfacial morphology and chemical composi-

tion during sulfur dissolution and Li2S deposition/decomposition

at the sulfur electrode/electrolyte interface were revealed. Direct

visualizations revealed that aggregated sulfur nanoparticles com-

promised conductive pathways within the electrode, hindering ef-

ficient electron transport. Constructing conductive frameworks fa-

cilitated uniform deposition of Li2S by providing electron-transport

pathways. This uniform deposited Li2S notably exhibited acceler-

ated dissolution kinetics during the charge process. We employed

PeakForce tunneling atomic force microscopy (TUNA) to investigate

the conductivity distribution on sulfur cathodes. The incorporation

of a conductive carbon nanotube (CNT) network into the sulfur

cathode enhanced electrical conductivity through continuous elec-

tron transport pathways, thereby improving sulfur reaction kinet-

ics. Our work offers in-depth insight in dynamic evolution and re-

action mechanism of sulfur cathodes via in situ characterizations,

facilitating the establishment of the interfacial engineering and op-

timizing the design for practical Li–S batteries.

To investigate the evolution behavior of active element sul-

fur, we prepare the S@CNT electrode to eliminate interference

from other substances to active sulfur. The CNT slurry was coated

onto aluminium (Al) current collector, and then the sulfur slurry

was coated onto the surface of CNT (Fig. S1 in Supporting infor-

mation). The scanning electron microscopy (SEM) and the corre-

sponding energy dispersive X-ray spectroscopy (EDS) images show

the surface (Fig. S2 in Supporting information) and cross-section

(Fig. S3 in Supporting information) of the S@CNT electrode. Sur-

face morphology shows a tightly stacked sulfur structure, while

cross-sectional analysis indicates a coating thickness of approx-

imately 32 μm. Fig. 1a presents the schematic of the in situ

AFM experimental setup. The three-electrode model cell was em-

ployed, with the S@CNT electrode as the working electrode (WE)

and Li wires as the counter and reference electrodes (CE and

RE). 0.5 mol/L lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)

in 1,3-dioxolane/1,2-dimethosyethane (DOL/DME, 1:1 by volume)

Fig. 1. (a) Schematic illustration of in situ AFM cell under electrochemical controls.

(b) The cyclic voltammetry profile of S@CNT electrode with a scan rate of 1 mV/s.

In situ AFM images obtained on S@CNT electrode at different potentials of (c) OCP,

cathodic (d) 2.52–2.31V, (e) 2.31V, (f–h) 1.93V and anodic (i) 1.5V, (j–l) 2.53V. The

white arrows in the images represent the scanning direction.

was used as the electrolyte. The model cell was placed in the Ar-

filled glove box (H2O < 0.1 ppm and O2 < 0.1 ppm), combining

AFM with an electrochemical workstation to track the Li−S re-

actions and control the potential, respectively. Fig. 1b shows the

cyclic voltammetry (CV) curve obtained in the in situ AFM cell with

a scan rate of 1 mV/s. Two reduction peaks at 2.2V and 1.89V

represent the conversion process from solid sulfur to soluble LiPSs

and further to solid Li2S, respectively. The anodic peak at 2.59V

corresponds to the oxidation of the discharge products to LiPSs

[28,29].

In situ AFM was performed to observe the morphological and

structural evolution of sulfur cathodes in real-time during elec-

trochemical cell operation. The AFM image in Fig. 1c displays the

morphology of sulfur with stacked nanostructures on S@CNT elec-

trode at open circuit potential (OCP). During the cathodic poten-

tial sweep from 2.52V to 2.31V (Fig. 1d), sulfur particles start to

dissolve, and holes appear on the surface of the electrode. Hold-

ing the potential of cathodic 2.31V for 2400 s (Fig. 1e), it can

be observed that carbon is exposed on the electrode due to the

dissolution of sulfur particles. This corresponds to the solid-liquid

conversion process of Li–S batteries. When decreasing the poten-

tial to 1.93V (Fig. 1f), the nanoparticle with the height of 91.6 ±
5.0 nm (marked by the yellow arrows) start to deposit and expand

(Fig. 1g) on the electrode. To gain more spatial details, the AFM

PeakForce error image of the deposited nanoparticle is shown in

Fig. S4 (Supporting information), which exhibits the morphology as

nanoparticle clusters. As depicted in Fig. 1h, the AFM image with

a larger scale of 6×6 μm2 shows that non-uniform nanoparticles

(indicated by the white dotted circles) sporadically dispersed on

the electrode, indicating poor transformation kinetics.

The re-oxidation process of the as-formed deposit and the de-

tailed morphological variations of the electrode were shown in

Figs. 1i–k and Fig. S5 (Supporting information), respectively. With

the potential maintaining at anodic 2.53V (Fig. 1j), the volume of

nanoparticles has partially shrunk. With time increasing (Fig. 1k),

nanoparticles gradually decompose. At the end of the re-oxidation

process, deposits with the height of 45.0 ± 3.1 nm remain on the

electrode surface (Fig. 1l, marked by the white dotted circles), re-

sulting in capacity loss and interfacial passivation. To better illus-

trate the variation of sulfur species, the corresponding optical win-

dow images of the S@CNT electrode/electrolyte interface are shown

in Fig. S6 (Supporting information). The color change of the elec-

trolyte aligns with the reaction.

To further explore the evolution behavior of sulfur under the

realistic condition, the S/CNT electrode was prepared by mixing

sulfur nanoparticles and carbon nanotubes (Fig. S7 in Sup-

porting information). The S/CNT electrode exhibits a mixed

electronic framework (Fig. S8 in Supporting information). Fur-

thermore, a thickness of approximately 34 μm was observed in

cross-sectional images of the electrode (Fig. S9 in Supporting

information). In situ AFM monitoring of interfacial evolution at

S/CNT electrode/electrolyte interface was further performed, and

the corresponding CV curve was shown in Fig. 2a. The CV curve

displays two typical reduction peaks at 2.29V and 1.91V, and

oxidation peaks at 2.5V and 2.56V, indicating reversible redox

reactions. The redox peak potentials are all enhanced compared

with S@CNT electrode, implying the accelerated kinetics of Li–S

redox reaction. Fig. 2b displays the morphology of sulfur at OCP.

When discharging to 2.34V (Fig. 2c), the edges of sulfur parti-

cles (marked by the blue arrows) begin to dissolve, resulting in

a significant volume change. Holding the potential of cathodic

2.34V for 840 s (Fig. 2d), the electrode exhibits a structure of

porous fibrous carbon nanotubes. Decreasing the potential to

2.08V, irregular products as indicated by the yellow arrows

(Fig. 2e) appear and cover the electrode (Fig. 2f). Holding the

potential of cathodic 2.08V for 630 s (Fig. 2g), the electrode was
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Fig. 2. (a) The cyclic voltammetry profile of S/CNT electrode with a scan rate of

1 mV/s. In situ AFM images obtained on S/CNT electrode at different potentials of

(b) OCP, cathodic (c, d) 2.34V, (e–h) 2.08V and anodic (i) 1.5V, (j) 2.34–2.51V, (k)

2.51V. The white arrows in the images represent the scanning direction. (l) Plots

of the volume changes versus time during the decomposition process of discharged

products on S@CNT and S/CNT electrode, respectively.

completely covered by lamellar products (marked by the yellow

arrows). Focusing on the enlarged area of 10×10 μm2 (Fig. 2h),

the electrode is entirely covered by uniform particles formed

with stacked lamellar structure at the end of the deposition

process.

Figs. 2i–k show the re-oxidation process of sulfur species. No

evident morphological changes can be observed during the an-

odic sweep from 1.5V to 2.34V (Fig. 2i and Fig. S10 in Support-

ing information). As the potential sweeps positively from 2.34V to

2.51V (Fig. 2j), the surface of lamellar products becomes smooth.

Holding the potential of anodic 2.51V, lamellar products dis-

solves, exposing fibrous CNT at the end of the dissolution process

(Fig. 2k). The corresponding optical window images of the S/CNT

electrode/electrolyte interface are shown in Fig. S11 (Supporting

information). Furthermore, the high-resolution, three-dimensional

(3D) AFM images allow for the precise quantification of volume

changes. Based on image analysis, Fig. 2l presents plots of the vol-

ume changes versus time during the decomposition process of de-

posit on S@CNT and S/CNT electrodes, providing critical insights

into structural dynamics during operation. The decomposition rates

of discharged products on S@CNT and S/CNT electrode were calcu-

lated to be 4.21×10-4 μm3/s and 1.23×10-3 μm3/s, respectively.

The deposit on S@CNT electrode dissolves more slowly than that

on S/CNT electrode, indicating slower kinetics of conversion to

LiPSs and potentially exacerbating the shuttle effect.

To elucidate the chemical composition of sulfur species dur-

ing the electrochemical process, X-ray photoelectron spectroscopy

(XPS) characterizations were performed. The S 2p spectra shows

the chemical components at various potentials during the first

discharging process on S/CNT (Fig. 3a) and S@CNT electrodes

(Fig. S12a in Supporting information). In the pristine S/CNT elec-

trode, the peak at approximately 164.1 eV in the S 2p spectrum

was ascribed to S8. When discharging to 2.34V, the peaks of 169.1,

167.1 and 163.3 eV were related to sulfate, thiosulfate, and polysul-

fides, respectively. When discharging to 2.08V, the additional peak

at 161.0 eV could be attributed to Li2S [30,31]. The S@CNT electrode

gave similar XPS results according to the S 2p spectra in Fig. S12a.

Additionally, SEM measurements and the corresponding EDS map-

Fig. 3. Characterizations of S/CNT electrode disassembled from the cell. (a) XPS S

2p spectra of S/CNT electrode in the pristine stage and when discharging to 2.34V

and 2.08V. (b) SEM and the corresponding EDS images of S/CNT electrode in the

pristine stage and when discharging to 2.34V and 2.08V, respectively.

ping of S and C element distribution on S/CNT (Fig. 3b) and S@CNT

electrode (Fig. S12b in Supporting information) were performed. In

the pristine stage, it can be observed that bulk sulfur accumulates

on S@CNT electrode, while it exhibits a mixed framework with sul-

fur and CNT on S/CNT electrode. When discharging to about 2.3V,

both electrodes display a porous fibrous structure, but partially

undissolved sulfur remains on the surface of S@CNT electrode.

Besides, Li2S nanoparticles remain isolated on S@CNT electrode,

while continuous Li2S nanoparticles cover the surface of S/CNT

electrode. The above results were in agreement with in situ AFM

observations, further illustrating the morphology and composition

changes of sulfur cathodes during the electrochemical process.

To evaluate the interfacial charge transfer characteristics of dif-

ferent electrodes, electrochemical impedance spectroscopy (EIS)

measurements were conducted before cycling, and the results are

presented in Fig. S13 (Supporting information). The fitted results

show that the charge transfer resistance (Rct) of the S/CNT elec-

trode (143.5 �) was lower than that of the S@CNT electrode (312.1

�), indicating accelerated charge transfer at the electrode surface.

This acceleration can be attributed to the mixed network structure

of the S/CNT electrode, which facilitates electron conduction. To in-

vestigate the relationship between the local surface conductivity

and the morphology at nanoscale, AFM PeakForce TUNA measure-

ments were performed on S@CNT and S/CNT electrodes at vary-

ing stages of the Li−S redox process. The tip current measured

during the scanning process was resulting from contact conduc-

tion through the direct contact between the tip apex and the sam-

ple surface [32]. A constant DC sample bias (0.5V) was applied.

The higher current presents a better local conductivity [33]. The

AFM topography and the corresponding TUNA current images on

S@CNT and S/CNT electrode are shown in Figs. 4a and b, respec-

tively. The current section profiles along the white dotted lines in

Figs. 4a and b are compared in Figs. 4c–e, quantitatively revealing

the distribution of the current. In the pristine stage, the TUNA cur-

rent of the S@CNT electrode is ∼5 pA (Fig. 4a1), which indicates

a low surface conductivity and can be attributed to the insulated

sulfur particles. In comparison, the TUNA current image (Fig. 4b1)

reveals a dense CNT conductive network (the purple region) with a

current of ∼5 nA, forming a continuous percolation network over

sulfur (the yellow region) on pristine S/CNT electrode. Notably,

the addition of CNT to the active sulfur serves as charge path-
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Fig. 4. AFM PeakForce TUNA measurements obtained on (a) S@CNT and (b) S/CNT electrodes, respectively. (a1-3) AFM topography and TUNA current images obtained on

S@CNT electrode in the pristine stage and when discharging to 2.31V and 1.93V, respectively. (b1-3) AFM topography and TUNA current images obtained on S/CNT electrode

in the pristine stage and when discharging to 2.34V and 2.08V, respectively. The scale bars are 200nm in (a) and (b). All AFM images were scanned from bottom to top.

(c–e) TUNA current section profiles of electrodes along the white dotted lines in (a) and (b).

Fig. 5. (a, b) Schematic diagrams of Li–S redox reactions on sulfur cathodes. (a1)

Pristine S@CNT. (a2) Sulfur dissolution process on S@CNT. (a3) Radom Li2S depo-

sition process on S@CNT. (a4) Sluggish Li2S decomposition process on S@CNT. (b1)

Pristine S/CNT. (b2) Sulfur dissolution process on S/CNT. (b3) Uniform Li2S deposi-

tion process on S/CNT. (b4) Rapid Li2S decomposition process on S/CNT.

ways to the electrodes. When discharging to about 2.3V, TUNA cur-

rent images of both electrodes reveal localized regions exhibiting

a peak current of ∼4 nA. However, compared to the S@CNT elec-

trode (Fig. 4a2), the S/CNT electrode covers a larger area with high

current (Fig. 4b2), which suggests a more complete dissolution of

sulfur. For electrodes with as-formed Li2S, TUNA current images

show a similar yellow region with a current of ∼20 pA on both

the S@CNT (Fig. 4a3) and S/CNT electrodes (Fig. 4b3). These results

indicate no significant differences in conductivity between the two

electrodes, likely due to the presence of an insulating Li2S deposit-

ing on the electrode surfaces. The evolution of electrical conduc-

tivity in sulfur cathodes at varying potentials, specifically through

revealing charge transfer characteristics, provides critical insights

into the Li–S redox reaction kinetics.

To further clarify the dynamic evolution and interfacial mecha-

nisms of sulfur cathodes, Fig. 5 presents a schematic illustration of

S@CNT and S/CNT systems at various stages of the electrochemical

process. For S@CNT electrode with tightly packed sulfur nanopar-

ticles (Fig. 5a1), sulfur nanoparticles dissolve partially during the

discharge process due to the poor electronic conductivity, resulting

in poor solid-liquid conversion kinetics (Fig. 5a2). Besides, Li2S de-

posits tend to nucleate unevenly in the shape of nanoparticle clus-

ters on the electrode surface (Fig. 5a3). The subsequent dissolution

process of Li2S exhibits sluggish kinetics (Fig. 5a4). In contrast, in-

troducing CNT into the sulfur cathode enhances electrical conduc-

tivity by constructing a mixed framework structure that provides

a conductive pathway within the sulfur particles (Fig. 5b1). Con-

sequently, this structural modification not only enhances the elec-

trical conductivity of the cathode but also reflects a more com-

plete solid-liquid phase transformation of sulfur into soluble LiPSs

(Fig. 5b2), potentially by accelerating charge transfer and facilitat-

ing LiPSs dissolution. The overpotential is efficiently reduced dur-

ing the liquid-solid transformation process. Uniform and tightly

deposited Li2S covers the electrode (Fig. 5b3). During the charg-

ing process, the dissolution process of Li2S (Fig. 5b4) is acceler-

ated compared to that of S@CNT due to the CNT network. It can

maintain the electrical conductivity by direct contact of the de-

posited products with the CNT network. Therefore, it is of great

significance for sulfur cathodes to create intimate contact with the

porous conductive host to enhance the electronic conductivity of

the electrode.

In summary, the interfacial morphology and chemical composi-

tion of sulfur cathodes in Li–S batteries were directly detected in

real time via in situ AFM. We effectively observed the behaviors

of sulfur dissolution and Li2S deposition/decomposition at the

sulfur electrode/electrolyte interfaces under realistic conditions.

Direct visualizations showed that tightly packed sulfur particles

hinder the necessary electronic connection in the electrode. Be-

sides, with the construction of conductive network, Li2S on the

electrode transformed from a dispersed distribution to a uniform

deposition. Quantitative analysis of Li2S volume changes during

charging revealed that Li2S deposited uniformly on the S/CNT

composite exhibits accelerated dissolution kinetics, enhancing

cycling reversibility compared with randomly distributed Li2S. The

electrical conductivity measurements obtained via PeakForce TUNA

revealed the relationship between the local surface charge and

the nanostructure. The conductive CNT network furnishes rapid

and continuous electron-transport pathways, thereby promoting

the electrochemical reaction kinetics, enhancing sulfur dissolution,

and ensuring a more uniform Li2S distribution. These results

expand the mechanistic insight into the dynamic evolution of

sulfur cathodes under realistic conditions, which can provide more

valuable nanoscale understandings and inspire rational design of

advanced cathodes for practical Li–S batteries.
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