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Exploring Reaction Dynamics in Lithium-sulfur Batteries by Time-
resolved Operando Sulfur K-edge X-ray Absorption Spectroscopy 
Enyue Zhao,a, b, f Junyang Wang,a, b, f Feng Li,*c Zheng Jiang,e Xiao-Qing Yang,d Fangwei Wang,*a, b, f  
Hong Lia, b, f and Xiqian Yu*a, b, f  

A time-resolved operando X-ray absorption spectroscopy 
experiment was successfully designed to explore the sulfur 
reaction dynamics in lithium-sulfur (Li-S) batteries. It presents 
directly real-time experiment evidence for the distinct sulfur 
dynamics at different discharging rates, deepening the 
understanding of reaction mechanisms for Li-S batteries.

Lithium-sulfur (Li-S) batteries have attracted remarkable 
attention due to their numerous desirable characteristics for 
energy storage, such as low cost, high gravimetric energy 
density (2600 Wh/kg).1-3 However, the charging efficiency, 
energy density, rate capability and cycle life of current Li-S 
batteries can still not meet the requirements for large-scale 
practical application.4-6 The issues on Li-S systems are mainly 
focused on (1) the poor electrical conductivity of S cathode as 
well as its large volume expansion upon cycling,7,8 and (2) side-
effects (e.g., “shuttle effect”,9,10 lithium corrosion,11) 
originated from the soluble Li polysulfides (i.e., Li2Sx, 2 < x < 8). 
The former challenges have been basically solved by designing 
electroconductive composite electrodes and suitable cell 
structures.12-15 For the latter issues, although strategies by 
optimizing electrolyte, separator and Li anode have been 
proved effective, they have not been solved fundamentally 
due to their intrinsic complexity.16-21 In-depth understanding 
the evolution of Li polysulfide and conversion of S cathode 
upon electrochemical cycling process is significant for tackling 
the root cause and further advancing the development of Li-S 
batteries.

Considering the continuity of electrochemical reactions and 
high sensitivity of S products to moisture, in-situ/operando 
characterization techniques are suitable for studying the S 
redox reactions and evolution of S products in Li-S batteries.22-

30 Over the past decades, various in situ/operando techniques, 
such as X-ray diffraction (XRD),  scanning electron microscopy 
(SEM), transmission X-ray microscopy (TXM), X-ray 
fluorescence (XRF), Raman, nuclear magnetic resonance 
(NMR), electron paramagnetic resonance (EPR), resonant 
inelastic X-ray scattering (RIXS), Fourier transform infrared 
spectroscopy (FTIR), ultraviolet-visible spectroscopy (UV-vis) 
and X-ray absorption spectroscopy (XAS), have tremendously 
promoted the understanding of basic mechanisms in Li-S 
systems.22-30 Specifically, the determination of S species, 
understanding of the S redox chemistry, elucidation of the 
charging-discharging mechanism, and etc., have been made 
great progress.7,31,32 However, most of these in situ/operando 
techniques provided the insightful mechanism understanding 
for Li-S batteries simultaneously with electrochemical cycling 
at a relative low rate (Fig. S2, ESI†).24 It is well known that the 
polysulfide reaction dynamics at high charging/discharging 
rates is different from that at low rates.11 Take an example of 
research conducted by Zheng et al., they found that the 
Coulombic efficiency (CE) of S/C cathode significantly increase 
with the elevation of charging/discharging rates.33 They 
suggested that this phenomenon should be ascribed to the 
formation of reduced amount of irreversible Li2S on the 
cathode at elevated current densities. In addition, the 
mechanism information with directly experimental evidences 
for Li-S systems at high charging/discharging rates, till now, are 
rarely reported. Nevertheless, it should be noted that 
understanding the S redox chemistry at high 
charging/discharging rates is of importance for the in-depth 
understanding of Li-S mechanisms, especially for the design of 
cells with high-rate capability.

In this work, we explore the Li-S mechanisms, mainly 
focusing on the S dynamic behaviours, at various rates (1/8 C, 
1/2 C and 2 C, 1 C = 1672 mA g-1) by a time-resolved operando 
XAS technique. It was found that the electrochemical reaction 
depth of the S cathode is obviously affected by the 
charging/discharging rates. The formation of Li polysulfides 
and Li2S are kinetic-determining reaction steps upon the 
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discharging process in Li-S batteries. This directly real-time 
experiment evidence for the distinct sulfur reaction dynamics 
at different rates in Li-S systems was for the first time 
provided. The research, on the one hand, deepens and 
enriches the understanding of the S behaviours in Li-S 
batteries at different rates, especially at high rates, providing 
guidance for the design of Li-S cells with high-rate capability; 
On the other hand, it emphasizes the importance and opens 
the way to develop highly time-resolved in situ/operando 
characterization techniques.

Compared with other characterization techniques, XAS is 
sensitive to the oxidation state, chemical environment, type of 
bonding and site symmetry of the probing element, and 
capable of detecting species no matter are crystallized or 
amorphous.31 Accordingly, XAS technique is a powerful tool to 
study the Li-S mechanisms, such as S redox chemistry, 
evolution of S species.24,28,30 Due to the low absorption energy 
of S K-edge (2472 eV), it is challenging to perform operando 
XAS measurement and the in situ cell has to be specially made. 
The operando experiment schematic is shown in Fig. 1a, in 
which a 2 × 1 mm2 hole sealed by a thin polyethylene film (8 
µm) on the cathode side is used to allow X-ray beam 
penetration. 

Fig. 1 (a) Schematic of the in situ coin cell for simultaneous electrochemical 

cycling and XAS measurement; (b) S K-edge XAS spectra of the S cathode 

collected simultaneously with electrochemical cycling at 1/8 C during the first 

discharging process; (c) PCA results of the S K-edge XAS spectra at the end of the 

discharged state, in which two (n=2), three (n=3), and four (n=4) principal 

components were used to fit the spectra, respectively.

Fig. 1b shows the operando S K-edge XAS spectra of the S 
cathode collected simultaneously with electrochemical cycling 
at 1/8 C rate during the first discharging process. A discharge 

capacity of ∼1500 mA h/g was achieved at this slower rate. 
According to the previous literature, the XAS feature peak of 
α-S8 is located at 2472.2 eV, which is assigned to the high-
intensity “white line” (1s to 3p transition) of element S.31,34 For 
the Li polysulfide, in addition to the main feature peak at 
2472.2 eV, the typical pre-edge located at 2470.5 eV also 
belongs to their feature peaks, which is ascribed to the 
terminal S atoms (at the end of polysulfide dianion chains). 
The main feature of Li2S XAS peak is usually located at ∼2473.2 
and ∼2475.7 eV, respectively.28,35 In the following analysis of 
the operando S K-edge XAS spectra, the evolution of Li 
polysulfide and Li2S will be identified by the variation of these 
pre-edge feature peaks. During the entire discharging process, 
the evolution results of α-S8 and Li polysulfide can be obtained 
according to the change of the relative peak intensity at 
2472.2 eV and 2470.5 eV (Fig. 1b). A sharp drop of α-S8 is 
observed in the high voltage plateau (∼2.3 V) concomitantly 
with the appearance of Li polysulfide. Next, the quantity of Li 
polysulfide drops gradually during the subsequent discharging 
process (∼2.1V) together with the formation of crystalline Li2S.

Limited by the lack of XAS spectra of reference materials 
(difficulties to obtain pure polysulfide LixS8 species), in 
principle, it is unable to quantitatively resolve the spectra.25,30 
Herein, a purely mathematic (regardless of the physical mode) 
analysis method, namely principal components analysis (PCA), 
was used to qualitatively identify the amounts of terminal S 
species during the discharging process. The PCA results of the 
S K-edge XAS spectra at the end of the discharging process was 
shown in Fig. 1c. It can be seen that the error bar was very 
uneven when two assumed principal components were used 
to fit the spectra, and the error bar levelled off with the 
increase of the principal components. Overall, it can be 
concluded that more than three or four S species with distinct 
XAS feature exist during the entire discharging process. 
Meanwhile, the complexity of the S cathode redox reactions 
can be reflected in this result.

In order to further explore the real-time S reaction dynamic 
behaviour at different rates, especially at high rates, time-
resolved operando XAS technique was performed at the 
discharge rate of 1/2 C and 2 C, respectively (Fig. S3 and S4, 
ESI†). As mentioned above, the variation of shoulder XAS peak 
located at 2470.5 eV (denoted as P1) and main XAS peak 
located at 2472.2 eV (denoted as P2) can be used to directly 
reveal the chemical-composition evolution of S cathode upon 
the electrochemical cycling process. For instance, as shown in 
Fig. 2a, from the electrochemical state “a” to “c” (i.e., at the 
high voltage plateau of about 2.3 V), the intensity of P1 and P2 
increases and decreases, respectively, which represents the 
conversion of α-S8 to long-chain Li polysulfides. From the 
electrochemical state “c” to “d” (i.e., at the low voltage 
plateau of about 2.1 V), the intensity of P1 decreases and the 
location of P2 shifts to higher energy, indicating the conversion 
of soluble Li polysulfides to insoluble Li2S2 and Li2S. The 
intensity and location evolution results of P1 and P2 upon the 
overall discharging process at different rates are shown in Fig. 
2b and Fig. S5, respectively. It can be seen that there is an 
obvious location shift of P1/P2 (highlighted by red and blue 
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shadow in Fig. S5, ESI†) and intensity decrease of P1 (indicated 
by blue arrow in Fig. 2b) from the state “c” to “d” at 1/8 C. The 
similar evolution results were not observed at 1/2 C and 2C. In 
the meantime, the feature peaks of Li2S located at ∼2473.2 
and ∼2475.7 eV are also difficult to detected at high rates 
(highlighted by yellow shadow in Fig. S5, ESI†). This discrepant 
evolution of P1 and P2 at different discharging rates suggests 
that the conversion process of long-chain Li polysulfides to 
insoluble Li2S2 and Li2S is a kinetic-determining reaction step. 

Fig. 2 (a) S K-edge XAS spectra of different discharged states at the discharging 

rate of 1/8 C; (b) The evolution of peak 1 (P1) and peak 2 (P2) upon the 

discharging process at different discharging rates, in which red arrows indicate 

the stopping of the intensity growth of P1. The high voltage plateau of the 

discharging curve is shown by blue bars; (c) The comparison of the growth of P1 

intensity and simulated electrochemical reaction process of Li polysulfides 

formation at different electrochemical rates. The deep colour in blue dots and 

red line represents the termination of Li polysulfides formation and 

electrochemical reaction of α-S8 into long-chain polysulfides, respectively.

In addition, the obviously different intensity evolution 
results of P2 at different rates at high voltage plateau (shown 
by olive block in Fig. 2b) indicates that the conversion process 
of α-S8 to Li polysulfides is closely correlated with the 
discharging rate. Considering P2 is the feature peak of both α-
S8 and Li polysulfides and its intensity variation would be 
disturbed by this factor, thus, we further focused on the 
detailed evolution of P1 to clarify the effect of discharging rate 
on the conversion process of α-S8 to Li polysulfides. It has been 
reported that the conversion of α-S8 to Li polysulfides mainly 
occurs at the high voltage plateau at 2.3 V, and the process of 
which will be accompanied by the intensity increase of P1. 
Obviously, the intensity growth of P1 stops later or earlier than 
the electrochemical reaction step at 2 C and 1/8 C, 
respectively, while the intensity growth of P1 and 
electrochemical reaction step almost simultaneously stop at 
the rate of 1/2 C (indicated by red arrows and blue bars in Fig. 
2b). This phenomenon undoubtedly revealed that the 
conversion of α-S8 to long-chain Li polysulfides is a kinetic-
determining process, even at a moderate discharge rate of 2C, 
which is usually not taken into consideration in previous 
researches.29,32,33,36 The quantitative analysis of this conversion 
process further demonstrates the above conclusion. 
Specifically, as shown in Fig. 2c, based on a simplified 
electrochemical reaction model, the formation step of Li 
polysulfides can be simulated with the specific electrochemical 
process at different discharging rates. The calculated 
formation reaction rate coefficients (k) are 0.0004/s, 0.005/s 
and 0.02/s at the discharging rate of 1/8 C, 1/2 C, and 2 C, 
respectively, demonstrating that the theoretical formation 
rate of Li polysulfides will enhance with the increase of 
discharging rate (Fig. S1, ESI†). After comparing the theoretical 
formation rate of Li polysulfides (red line in Fig. 2c) with its 
practical formation rate (blue dot in Fig. 2c), it can be 
summarized that the practical formation rate of Li polysulfides 
is lower or higher than the theoretical formation rate at 2 C 
and 1/8 C, respectively, while the practical formation rate of Li 
polysulfides is almost similar with its theoretical value at the 
rate of 1/2 C.

Fig. 3 Proposed multistep kinetic-determining reaction steps upon the first 

discharging process in Li-S batteries.

Overall, it can be concluded that the discharging rate can 
directly affect the dynamic behaviour of S cathode and 
electrochemical reaction depth. Li-S batteries show different 
electrochemical and chemical equilibrium states at high rate 
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compared with that at low rate. As shown in Fig. 3, the 
intermediate multistep conversion reactions from α-S8 to Li2S 
are kinetic-determining process. Specifically, the conversion 
process from α-S8 to long-chain soluble polysulfides Li2Sx, long-
chain soluble polysulfides Li2Sx to short-chain Li2S2 and Li2S are 
directly correlated with the discharging rates. The operando 
XAS experiment operated at different discharging rates 
provided directly real-time experiment evidence for the 
multistep kinetic-determining conversion reactions in Li-S 
batteries, especially for the reaction step of α-S8 to long-chain 
soluble polysulfides.

In conclusion, a time-resolved operando XAS experiment 
operated at different discharging rates was successfully 
designed. The experiment results suggest that the S dynamic 
behaviour and electrochemical reaction steps can be 
significantly affected by the discharging rate. The highly time-
resolved operando XAS provided directly real-time experiment 
evidence for the multistep kinetic-determining reaction steps 
in Li-S systems upon the first discharging process. This work 
highlights the importance of the highly time-resolved 
operando techniques in deepening the reaction mechanism for 
Li-S batteries. 
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