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Electrochemical impedance spectroscopy (EIS) was used to study the initial discharge/charge process in

a sulfur cathode with different potentials. In the second discharge region (2.00–1.70 V), where soluble

polysulfides are reduced to Li2S, the EIS spectra exhibit three semicircles/arcs as the frequency

decreased. An appropriate equivalent circuit is proposed to fit the experimental EIS data. Based on

detailed analysis of the change in kinetic parameters obtained from simulating the experimental EIS data

as functions of potential, the high-frequency, middle-frequency and low-frequency semicircles/arcs can

be attributed to the Schottky contact reflecting the electronic properties of materials, the charge transfer

step and the formation of Li2S respectively. The inclined line arises from the diffusion process in the

detectable potentials and frequency range. Several important electrochemical reactions also have been

verified by cyclic voltammetry curves.
1. Introduction

With the rapid development of electronic vehicles and large-scale
power transfer installations, the demand for sustainable
batteries with high energy density is increasing. Lithium–sulfur
(Li–S) batteries have become a hot topic due to their excellent
specic capacity (1675 mA h g�1) and theoretical energy density
(2600 W h kg�1).1–5 Nevertheless, performances of Li–S batteries
are not satisfactory as in theory. Typical weaknesses include poor
cycle stability, unimpressive rate performance and unsatisfactory
energy production due to the dissolved polysulde intermediates
(Li2Sx, 4 # x # 8) in the electrolyte, and the low electrical and
ionic conductivity of elemental sulfur and its nal discharge
product.6–11 To overcome these problems, the primary task is to
better understand the electrochemical behaviors that cover
electronic/ionic transport properties and the charge transfer
reaction at the electrode/electrolyte interface, since they govern
the rate capability and cyclic stability, and would undoubtedly
facilitate further electrode optimization.

Electrochemical impedance spectroscopy (EIS) is one of the
most powerful tools for the analysis of electrochemical processes
that occur at electrode/electrolyte interfaces,12 and has been
widely used to study the electrochemical lithium intercalation in
carbonaceous materials,13,14 layer materials,15–17 transition metal
oxides,18,19 special reaction mechanism materials20,21 and sulfur
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cathodes.22–26 In previous literature,22–24,26,27 the Nyquist plots of
electrochemical reactions from sulfur cathodes commonly
consist of three parts, namely two semicircles in the high- and
middle-frequency range and an inclined line at low frequency.
However, a debate related to EIS is still open as to the assign-
ments of the semicircles. It was accepted in some reports that the
high-frequency semicircle is related to the charge-transfer resis-
tance and the middle-frequency semicircle is caused by forma-
tion of a solid lm of Li2S.22,27 Other authors suggested the
middle-frequency semicircle should be associated with the
charge-transfer resistance, but disagreement has arisen again
over the origin of the high-frequency semicircle, including
surface layer resistance,23 the ionic mobility of the electrolyte
inside the sulfur electrode pores,24 and the interphase contract
resistance.26 Moreover, Canas et al.25 proposed that the rst loop
at high frequency might be associated with the charge transfer
occurring at the anode surface. Hence, the reconsideration of the
EIS model for the Li–S battery becomes necessary.

In order to make sure that the working point is stationary or
at least quasi-stationary at the time of measurement and to
eliminate the contribution of the lithium auxiliary electrode/
electrolyte interface and then to study the working electrode/
electrolyte interface only,28–30 the detailed electrochemical
kinetic characteristics of a sulfur cathode have been investi-
gated by EIS in a three-electrode cell in this paper. Kinetic
parameters obtained from tting the experimental impedance
spectra in the rst discharge–charge process have been
analyzed in detail. And based on the verication of important
electrochemical reaction regions by cyclic voltammetry, we give
a redistribution of the different parts of Nyquist plots
accordingly.
RSC Adv., 2020, 10, 5283–5293 | 5283
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2. Experimental

The weight ratio of sulfur ($99.98%, Sigma-Aldrich), acetylene
black and polyvinylidene uoride was 70 : 20 : 10 and they were
mixed with N-methyl-2-pyrrolidinone to form a uniform slurry.
Then, the slurry was coated on aluminum foil using a roll press,
dried by vacuum at 60 �C overnight and cut into appropriate
sizes for three-electrode cells. The auxiliary and reference elec-
trodes were both composed of Li foil as previous used.16,17,20,21

The area and thickness of the sulfur cathode were around 4 cm2

and 65 mm respectively. The electrolyte was 1.0 mol L�1 LiTFSI,
1,2-dimethoxyethane and 1,3-dioxolane solvents (1 : 1 v/v) with
1 wt% lithium nitrate (LiNO3, additive).

A schematic diagram of the setup that allows impedance
measurements to be made in three-electrode congurations is
shown in Fig. 1. The working electrode, counter electrode and
reference electrode are positioned with stainless steel clamps.
The area of the counter electrode (composed of Li foil in this
study) is equivalent to that of the working electrode, and both are
parallel-opposed. A tiny piece of Li metal is used as a reference
electrode, which should be as close to the working electrode as
possible tomonitor the potential more accurately. An appropriate
amount of electrolyte is injected into the chamber but must not
reach the stainless steel clamps. The whole assembly process is
completed in a glove box lled with argon.

EIS and cyclic voltammetry were performed using an elec-
trochemical workstation (Zennium E4, Zahner, Germany). For
the EIS test, the alternating current amplitude was �5 mV, and
the applied frequency range was 0.01 to 1000 kHz. In order to
obtain more detailed evolution of impedance spectra during the
discharge/charge process, the test interval for each potential
was 0.05 V. The electrode was polarized to the desired potential
and then equilibrated for 1 h before the EIS measurements were
undertaken to make sure the system was quasi-stationary.
Impedance data were analyzed using Zview soware. The
Fig. 1 A schematic diagram of the three-electrode configuration.

5284 | RSC Adv., 2020, 10, 5283–5293
cyclic voltammetry measurements were performed at a scan rate
of 0.05 mV s�1.
3. Results and discussion

Fig. 2a displays a typical voltage prole of Li–S cells during the
rst discharge–charge process. The discharge curve shows two
obvious plateau potential regions based on the voltage prole.
These are the upper discharge region in the range of 2.50–
2.00 V and the lower discharge region in the range of 2.00–
1.50 V. As generally accepted from previous studies of Li–S
cells, the discharge process can be presumably described as
follows: the upper discharge region corresponds to the
formation of soluble long-chain polysuldes by the reduction
of elemental sulfur, which have a long chain length (such as
Li2S8 and Li2S6), which increase the viscosity and decrease the
ion conductivity. The lower voltage region corresponds to the
further reduction of the soluble polysuldes followed by
formation of solid reduction product on carbon matrix. Fig. 2b
shows the cyclic voltammetry curves. The two cathodic peaks
(2.22 V and 1.87 V) are in agreement with the discharge–charge
curve, displaying the typical double stage reduction reactions.
The relatively close anodic peaks (2.29 V and 2.39 V) are
ascribed to the oxidation of Li2S2/Li2S to Li2Sx and soluble
polysuldes to Li2S8/S.31

Fig. 3 shows the Nyquist plots of the sulfur electrode from 2.7
to 1.7 V during the rst discharge process. For the sake of
clarity, some plots are shied by a certain number of ohms
along the imaginary axis. The Nyquist plot at the open circuit
potential (2.70 V) shows a large semicircle in the high-frequency
range (HFS) and an inclined line in the low-frequency region
(LFL). With a decrease of electrode polarization potential to
2.40 V, there is no change in shape, but the diameter of HFS
changes. When discharged to 2.35 V, another semicircle
appeared in the middle-frequency range (MFS), and the LFL,
This journal is © The Royal Society of Chemistry 2020
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which is strongly dependent on potential, shows an increasing
tendency to move toward the real axis. Until 2.05 V, the Nyquist
plots are formed by the HFS, MFS and LFL. On further dis-
charging to 1.70 V, the feature of the Nyquist plots clearly
contains three separated parts: HFS, MFS and a huge arc in the
low-frequency region (LFA). The voltages of particular plot
changing points correspond very well with cyclic voltammetry
curves (shown in Fig. 2b). Fig. 4 shows the Nyquist plots of the
charging process. The plots are similar below 2.00 V, containing
two semicircles and an inclined line. On further charging, from
2.05 to 2.20 V, the inclined line involves bending, and then
comes back to an inclined line at 2.25 V. Beginning at 2.40 V, the
HFS and MFS overlap each other and merge into one single
semicircle until the end of charging, 2.60 V.

In order to clarify the contribution of each part in the
Nyquist plots and better understand the electrochemical
behaviors, reasonable equivalent circuits shown in Fig. 5 are
proposed to t the impedance spectra of the sulfur electrode
Fig. 2 Typical profiles of (a) discharge–charge and (b) cyclic voltammet

This journal is © The Royal Society of Chemistry 2020
recorded in the rst discharge–charge process. In the equivalent
circuits, R0 is the ohmic resistance; R1, R2 and R3 are the resis-
tance of the HFS, MFS and LFA respectively. The capacitances
and the double layer are represented by the constant phase
elements (CPE) Q1, Q2 and Q3, respectively. The inclined line in
the low-frequency region, however, cannot be properly
modelled with a nite Warburg element. Therefore, we replaced
the nite diffusion term with a CPE, i.e., QD. This approach was
successfully applied in our previous studies and gave a good t
to the experimental data.16,17,20,21 The expression for the admit-
tance response of the CPE (Q) is

Y ¼ Y0u
n cos

�np
2

�
þ jY0u

n sin
�np
2

�
(1)

where u is the angular frequency and j is the imaginary unit. A
CPE represents a resistor when n ¼ 0, a capacitor with capaci-
tance of C when n¼ 1, an inductor when n¼�1, and aWarburg
resistance when n ¼ 0.5.
ry of Li–S cells.

RSC Adv., 2020, 10, 5283–5293 | 5285
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Fig. 3 Nyquist plots of the sulfur electrode from 2.70 to 1.70 V during the first discharge process.
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Fig. 6 compares the simulated impedance spectra with the
experimental EIS data at 1.90 V (discharge process) and 2.00 V
(charge process), and the parameter values are listed in Tables 1
and 2. The relative standard deviations of most of the
5286 | RSC Adv., 2020, 10, 5283–5293
parameters that were obtained from tting the experimental
impedance spectra are less than 10%, which indicates that the
proposed model provides a satisfactory description of the
experimental data.
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Nyquist plots of the sulfur electrode from 1.75 to 2.60 V during the first charge process.
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Fig. 7 illustrates variations of R0 as a function of electrode
polarization potential, which was calculated by tting the
experimental impedance spectra of the sulfur electrode during
This journal is © The Royal Society of Chemistry 2020
the rst discharge–charge cycle. R0 represents the ohmic resis-
tance contribution resulting from the electrolyte resistance,
current collectors and cell connections. Changes observed in R0
RSC Adv., 2020, 10, 5283–5293 | 5287
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Fig. 5 The equivalent circuits proposed for the analysis of the discharge–charge process of the sulfur electrode.

Fig. 6 Comparison of EIS experimental data that were collected at 1.90 V (discharge) and 2.00 V (charge) with simulated data.

5288 | RSC Adv., 2020, 10, 5283–5293 This journal is © The Royal Society of Chemistry 2020
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Table 1 The equivalent circuit parameters that were obtained from
a fit of the experimental impedance spectra of the first discharge
process at 1.90 V

Parameter Value Uncertainty (%)

R0 3.641 1.7
R1 7.316 4.8
Q1 � Y0 1.0 � 10�5 9.1
Q1 � n 0.802 2.8
R2 26.72 4.5
Q2 � Y0 3.3 � 10�3 9.9
Q2 � n 0.525 4.3
R3 233 7.4
Q3 � Y0 6.5 � 10�2 4.4
Q3 � n 0.863 2.4

Table 2 The equivalent circuit parameters that were obtained from
a fit of the experimental impedance spectra of the first charge process
at 2.00 V

Parameter Value Uncertainty (%)

R0 3.334 2.0
R1 6.606 4.5
Q1 � Y0 7.5 � 10�6 9.1
Q1 � n 0.827 2.9
R2 43.39 4.8
Q2 � Y0 4.1 � 10�3 9.5
Q2 � n 0.506 3.8
QD � Y0 5.0 � 10�2 2.7
QD � n 0.927 1.9
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are normally associated with variations in electrolyte properties
such as chemical composition or viscosity.25 The electrolyte in
Li–S batteries is considerably affected during cycling, because
solid reaction products dissolve partially (like sulfur) and
Fig. 7 Variations of R0 with electrode potential during the first discharg

This journal is © The Royal Society of Chemistry 2020
soluble polysuldes Li2Sx (with x¼ 3–8) are accumulated during
discharging and charging. The dissolution of polysuldes
increases the viscosity of the electrolyte and the resistance. In
the discharge process, R0 increases gradually with the dissolu-
tion of soluble polysuldes and maximizes at 2.10 V, which is
very close to the voltage of the beginning of Li2S formation,
meaning the maximum dissolution of soluble polysuldes.26

Aer that, R0 decreases drastically meaning the generation of
short-chain polysuldes and solid Li2S. And then, R0 keeps
almost constant. In the charging process, R0 increases gradually
from 2.00 V until the tested cut-off voltage, which indicates the
existence of a hybrid process: Li2S to Li2Sx and the dissolution of
sulfur product. Furthermore, it is well known that for full
charging aer the rst discharge, polysuldes do not transform
back into elemental sulfur even at 100% depth of charge.22,32,33

The variation of R1 during the rst discharge–charge process
as a function of the electrode polarization potential is plotted in
Fig. 8a. Because the insoluble discharge products would not be
generated before the appearance of lower voltage plateau, and
around the open potential (2.70 V) the electrolyte is electro-
chemically stable, the HFS could not be linked to the formation
of a solid lm of insoluble discharge products on the cathode.
As introduced in the experimental section, the sulfur electrode
consists of sulfur and acetylene black. To physically hold the
electrode together, a binder is also added. Since sulfur is an
insulator, the electron charge conduction through or out of the
particles of sulfur must take place as follows: the electrons are
transported via the conductive material to the points where they
meet the active material and then the electrons hop on the
surface of sulfur. It is well known that when a conductor is
brought into contact with a semiconductor, a Schottky contact
could be formed to contribute resistance.34–36

According to thermionic emission diffusion theory, Schottky
contact behaviour can be described by an equation which
considers the lattice defects, electric eld, tunnelling effects,
e–charge process.

RSC Adv., 2020, 10, 5283–5293 | 5289
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Fig. 8 Variations of (a) R1 and (b) ln R1 with electrode potential during the first discharge–charge process.
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the presence of an interfacial layer, and carrier recombination
in the space charge region of the metal–semiconductor contact.
Therefore, the Schottky contact resistance R, as deduced in our
previous studies,18,19 can be described in terms of the following
expression:

ln R ¼ ln C � qE

nkT
(2)

where C ¼
�
I0

q
nkT

��1
; q is the electronic charge, I0 is the

saturation current, E is the applied bias voltage, n is the ideality
factor, k is the Boltzmann constant, and T is the absolute
temperature. When the contact media do not change, n and I0
can be considered invariable, i.e. C is constant. That is to say,
a plot of ln R versus E should show a straight line with�q/nkT as
the slope and ln C as the y-intercept if there is no change in
contact media.

The graph of ln R1 against E is plotted in Fig. 8b, which is
well consistent with eqn (2). In the discharge–charge processes,
5290 | RSC Adv., 2020, 10, 5283–5293
there are several segments with different slopes and intercepts,
which indicate the alternation of contact media: intercept
between D1 and D2 means the main reaction of sulfur trans-
formed to long-chain polysuldes; intercept between D2 and D3
shows the main transformation from long-chain to short-chain
polysuldes; and intercept between D3 and D4 describes the
following reaction from polysuldes to Li2S2 or Li2S, which are
reversed in the charging process. The above transformations
cause the variation of the Schottky barrier height in I0 and the
ideality factor n. That means the transformation of intermedi-
ates can inuence the viscosity of the electrolyte, but also effect
the contact between reactive material and conductive agent.

Fig. 9 presents the variation of R2 with potential in the
discharge–charge process, where R2 should be attributable to
the charge transfer of sulfur intermediates. Note that R2 is
highest at initial discharge where the concentration of sulfur
intermediates is minimized. And then, the drastic decrease of
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Variations of R2 with the electrode potential during the first discharge–charge process.
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R2 during the rst stages of discharge may be caused by the
changes in composition and morphology occurring in the
cathode during this period. Because of the dissolution and
reaction of sulfur, the content of solid sulfur in the cathode
diminishes; a more porous structure remains, with a higher
surface area and greater conductivity. The charge transfer of
polysulde ions is enhanced as a result of these factors.25

Moreover, R2 stabilizes at the nal stages of discharge with the
progressive reduction of polysuldes. The charging process
shows a reverse effect.

The LFA, appearing below 2.00 V, should be attributed to the
formation of Li2S, which is in accordance with the voltage of
Li2S generation. Because of this, the diffusion process is
strongly inuenced and cannot be observed in the test
frequency range. Therefore, R3 (variations shown in Fig. 10) is
visible when the formation of Li2S starts, and increases
Fig. 10 Variations of R3 with the electrode potential during the first disc

This journal is © The Royal Society of Chemistry 2020
continuously with further generation of Li2S. On further
discharge from 1.80 to 1.70 V, R3 remains stable due to the main
generation of Li2S being nished. For the charge process, it is
difficult to observe the effective LFA due to the huge and
unsmooth charge transfer reaction, and one only observes the
inuence of the diffusion process from 2.00 to 2.20 V.

Based on the experimental results and analysis in this
study, a schematic model for the discharge process is
proposed, as shown in Fig. 11, to explain the physical/
chemical mechanism in the sulfur electrode: (1) ionic charge
conduction through the electrolyte in the pores of the active
material; (2) electronic charge conduction through the
conductive additives and the electrons hopping on the surface
of active particles through a Schottky contact; (3) electro-
chemical reaction on the interface of active particles including
charge transfer; (4) phase transfer.
harge process.
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Fig. 11 Schematic model for the discharge process in the sulfur electrode.
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4. Conclusions

EIS was used to characterize the electronic and ionic transport
properties of a sulfur electrode in a Li–S battery, as well as to
study the charge transfer reaction and Li2S lm generation at
the electrode/electrolyte interface. The EIS spectra were
collected as a function of electrode potential and the changes of
that were veried very well by cyclic voltammetry. The EIS
spectra exhibit two semicircles and an arc as the frequency
decreases in the later discharge process. The high-frequency
semicircle, the middle-frequency semicircle and the low-
frequency arc were attributed to the Schottky contact reect-
ing the electronic properties of the material, the charge transfer
step and the formation of Li2S respectively. Such results
advance the viewpoints of previous EIS reports. Based on the
experimental results and analysis in this study, a schematic
5292 | RSC Adv., 2020, 10, 5283–5293
model for the discharge process is proposed to explain the
physical/chemical mechanism in the sulfur electrode.
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