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Abstract

Lithium cobalt oxide (LiCoO,) and graphite-based Li-ion batteries have been widely applied for consumer electronics
because of the long cycle life and easy preparation. However, the limited capacity for traditional materials hampers the
practical application for high energy-density battery. Conventional electrolyte system could not satisfy the need for high-
capacity materials. Here, methylene methanedisulfonate (MMDS) was chosen as electrolyte additive for enhancing the
available capacity for LiCoO, and graphite-based battery. The effect of MMDS on the LiCoO, cathode and graphite anode
was investigated via multi electrochemical methods. It was found that the capacity for cells with MMDS electrolyte additive
increases (from 142.6 mAh g~! for pristine to 193.4 mAh g~! on LiCoO,/Li battery, from 275.5 mAh g~! for pristine to
407.0 mAh g~! on graphite/Li battery). The experimental results indicate that improved capacity by MMDS electrolyte
additive can be attributable to the stabilized interface on both cathode and anode sides, leading to superior interfacial Li*
kinetics and mitigated bulk structural degradation, which was further confirmed by the ex-situ electrochemical and structural

characterization.
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1 Introduction

Benefits from high energy density and excellent cyclabil-
ity, lithium-ion batteries (LIBs) have been widely applied
in portable mobile devices and electric vehicles [1, 2]. For
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lithium-ion batteries, the energy density mainly depends on
the practical capacity and working voltage of active materi-
als [3]. Lithium cobalt oxide (LiCoO,, LCO) cathode and
graphite (C) anode have been used for lithium-ion batter-
ies in commercial based on the suitable capacity and excel-
lent cyclability [4, 5]. Generally, LCO presents an available
capacity of around 130 mAh g~! when charged to 4.2 V (vs.
Li/Lit*), which could be further enhanced with increased cut-
off voltage (4.5 V vs. Li/Li") [6, 7]. However, the utilization
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of LCO cathode at high voltage remains a tough challenge
since it would lead to side reactions at the electrode/electro-
lyte interface and severe structural degradation [6, 8]. The
currently available electrolyte based on the LiPF salt is
unstable and decomposes to HF, and induces transition metal
dissolution, leading to cell failure. Therefore, the alternative
electrolytes with much-improved stability and capacity are
urgently needed.

Considering the cost and procedures, modifying
electrolyte has been applied as a promising approach to
control the electrode/electrolyte interface film, such as
electrolyte additive [6, 7, 9, 10], dual-salt and dual-solvent
electrolytes [11, 12]. The electrolyte should be stable enough
at the high voltage, the surface electrode should be protected
by some kind of protective layers that prevent undesirable
side reactions [11]. In the dual-salt electrolyte system, the
synergistic effect between the salts and/or the solvents helps
to form a protective layer on the electrode [11, 13]. Some
well-known electrolyte additives (such as fluoroethylene
carbonate (FEC)), which can prolong the lifetime of cells,
have been studied by many researchers [14]. Among
various electrolyte additives, methylene methanedisulfonate
(MMDS) has been studied as a functional additive to
improve the electrochemical performance of cells [15-20],
providing enhanced capacity, high Coulombic efficiency,
low impedance, and long cycling life in electrochemical
performance. Ex situ characterization results confirmed
that MMDS has a positive effect on forming a stabilized
solid electrolyte interphase (SEI) film, which could mitigate
capacity fading and enhance cycle life [18, 21].

Although it has been studied by many researchers, the
role of MMDS on the cathode and anode materials has
not been clearly investigated. Here, we conducted a study
on the effect of MMDS electrolyte additive for both LCO
cathode and graphite anode electrodes. Figure 1 shows the
structure of MMDS molecular used in this work. MMDS is
composed of two SO; units with carbon atoms attached to
each sulfur atom to form a six-atom symmetric ring structure
[19]. According to previous work [16], MMDS modified
electrolyte has a lower oxidation potential than conventional

Fig. 1 a The molecule structure and b configuration for the electro-
lyte additive methylene methanedisulfonate (MMDS)
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carbonate-based electrolyte, and participates in the
formation process of interface film. With this modification,
the capacity, cycling performance, and impedance behaviors
for LCO/Li and graphite/Li batteries are improved. The
X-ray diffraction (XRD), and electrochemical impedance
spectroscopy (EIS) characterization results reveal that these
improvements benefit from the stabilized bulk and interfacial
structure. The effect of MMDS on electronic/ionic transport
properties was investigated via electrochemical impedance
spectroscopy (EIS) and cyclic voltammograms (CV), the
modified battery delivers enhanced kinetics on the charge
transfer reaction at the electrode/electrolyte interface.

2 Experimental section
2.1 Preparation of electrolyte

The base electrolyte consists of 1 M LiPF in ethylene
carbonate (EC), diethyl carbonate (DEC), and ethyl
methyl carbonate (EMC) (1:1:1 by vol%). The MMDS was
purchased from Shanghai Macklin Biochemical Technology
Co., Ltd. The MMDS modified electrolyte was prepared via
adding a certain mass fraction (0.0, 0.2, 0.5, and 1.0%) of
MMDS to the base electrolyte, and named as 0.0% MMDS,
0.2% MMDS, 0.5% MMDS, and 1.0% MMDS.

2.2 Electrochemical measurements

The LCO/Li CR2025 coin type half cells were assembled
with LCO as cathode active material, celgard 2325 as
separator, and Li metal as counter electrode, along with
100 pL electrolyte. The loading mass for the cathode active
material is 3.0-5.0 mg. The cells were assembled in Ar-gas
filled glove box. The graphite/Li CR2025 coin type half cells
were assembled with graphite as anode active material, Li
metal as counter electrode, and the others were the same as
LiCoO,/Li half cells.

The assembled half cells were tested via a Neware
CT-4008T test chamber (Shenzhen, China) at room
temperature. For the LCO/Li half cells, the cells were cycled
at 0.1, 0.2, and 0.5 C (1 C=200 mA g‘l) for three cycles,
respectively, then cycled at 1 C for the following cycling
in the voltage range of 3.2—4.3 V. The cyclic voltammetry
(CV) tests were conducted at the voltage region of 3.2-4.3 V
at scan rate of 0.1 mV s~'. For the graphite/Li half cells,
the cells were cycled at 0.2 C, 0.4 C, and 1.0 C (1 C=100
mA g~ for three cycles, respectively, and then cycled at
2 C for the following cycling in the voltage range of 0.005-
1.5 V. The CV tests were conducted at the voltage region of
0.005-1.5 V at different scan rates (0.3, 0.4, 0.5, 0.6, and 0.7
mV s~1). The electrochemical impedance spectroscopy (EIS)
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measurements were conducted under a voltage amplitude
of +5 mV and frequency range between 102 and 10° Hz.

2.3 Physical characterizations

The morphology of electrode materials was probed via
scanning electron microscopy (SEM, Tescan). X-ray
diffraction (XRD, Rigaku Ultima IV) technique was used
to probe the structural evolution during the cycling process,
using a Cu K, radiation (4=1.5406 A) source with a scan
rate of 15°/min between 10° and 90°.

3 Results and discussion

3.1 Characterization of LiCoO, and graphite
materials

The morphology of the pristine LCO and graphite material
was probed by scanning electron microscopy (SEM).
As shown in Fig. 2a, the cathode active material of LCO
consists of micron-sized particles with well-defined surfaces.
Besides, the anode active material of graphite presents a
clean surface with sharp edges (Fig. 2b). The bulk structure
for the pristine LCO and C materials was probed via the
XRD technique. Figure 2c presents the XRD patterns for
pristine LCO powder. The diffraction peaks can be ascribed
to the typical layered structure of a-NaFeO, (PDF#77-
1370) with a space group of R3m [22]. The diffraction
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Fig.2 The SEM images for a the pristine LCO oxide powder and b graphite powder. XRD patterns for ¢ the pristine LCO oxide and d graphite

powder
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peaks are sharp without residual peaks, which indicates the
formed structure is well-crystallized without impure phase.
Figure 2d shows the XRD patterns of pristine graphite
material, the major diffraction peaks can be indexed to the
intercalated graphite structure (PDF#41-1487).

3.2 Electrochemical performance of LiCoO, cathode

Figure 3 presents the initial charge—discharge curves of
LiCoO,/Li cell without and with variable concentrations of
MMDS with the voltage window of 3.2-4.3 V. All curves
deliver a characterization of LCO material without large
change, which means the MMDS additive does not affect
the lithium (de) intercalation process [6]. As shown in
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Fig.3 Electrochemical performance for LiCoO,/Li half cell.
a Charge—discharge curves under the voltage window of 3.2-4.3 V
and current density of 20 mA g~!, and b corresponding differential
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Fig. 3a, under a current density of 20 mA g~!, the available
capacity of the LiCoO,/Li cell with base electrolyte is 142.6
mAh g~! with Coulombic efficiency of 73.9%. It suggests a
large amount of irreversible lithium consumption during the
charging process [23]. After MMDS additive modification,
the available capacity was enhanced. The initial discharge
capacity with 0.2, 0.5, and 1.0% MMDS is 175.8, 194.3,
and 179.4 mAh g™, respectively. It suggests that the CEI
(Cathode electrolyte interface) film was optimized with
MMDS electrolyte additive modification. However, the
available capacity decreases upon the content of MMDS
increased to 1.0%. This indicates that an excessive amount
of MMDS additive would lead to a thicker CEI film [16, 21],
which hinders the Li ions diffusion [23].
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voltage window of 3.2—4.3 V and current density of 100 mA g~ and
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Figure 3b delivers the differential capacity versus volt-
age (dQ/dV) curves of LiCoO,/Li cells. The dQ/dV curves
show the main peaks at potentials of 3.9 V vs. Li/Li*. For
the MMDS modified cells, the oxidation peak (3.9 V vs.
Li/Li™) shifts to a higher voltage, and the reduction peak
at (3.9 V vs. Li/Li") shifts to a lower voltage. It indicates
that the increased polarization, which might be due to the
CEI film formed on the electrode surface, hinders reversible
lithium ions (de) intercalation [24]. Figure 3c and d shows
the cycling performance of the LiCoO,/Li cells using the
electrolyte without/with MMDS additive. During 100 cycles
charge—discharge process, the LCO with electrolyte additive
has a higher capacity than those of cells with base electrolyte
(185.9 mAh g~! for 0.5% MMDS additive vs. 140.8 mAh
g~! for base electrolyte at the 100th cycle). Figure S1 shows
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Fig.4 Electrochemical performance for graphite/Li battery. a The
charge—discharge curves with the voltage window of 0.001-1.5 V and
current density of 20 mA g~! and b corresponding differential capac-

cells with 0.5% MMDS additive deliver higher capacity at
different rates than that of cells with base electrolyte.

3.3 Electrochemical performance of graphite anode

The role of MMDS additive on the electrochemical
performance for graphite anode was also studied. Figure 4a
delivers the charge—discharge curves for graphite/Li cell
with voltage window between 0.001 and 1.5 V. All curves
deliver a characterization of graphite material without
large change, which means the MMDS additive does not
affect the lithium (de)intercalation process. During the
charge process, the plateau at 0.75 V suggests irreversible
electrolyte decomposition. Pristine graphite/Li cell delivers
an available capacity of 275.5 mAh g~!. After 0.5% MMDS
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electrolyte additive was added, the discharge capacity
increased to 407.0 mAh g~!. Figure 4b shows the dQ/dV
curves based on Fig. 4a data. For the oxidation peaks, cell
with MMDS shifts to a higher voltage. For comparison,
the reduction peaks shift to a lower voltage with MMDS
additive. During the cycling process, the MMDS additive
modified cell exhibits higher reversible capacities than
those cells with base electrolyte, indicating its improved
cycling performance (Fig. 4c). It is worth noting that the
capacity decrease in around the initial ten cycles might be
related to the side reaction [25], which needs further study.
After 100 cycles, the available capacity for 0.0, 0.2, 0.5,
and 1.0% MMDS is 285.7, 280.4, 349.6, and 340.7 mAh
g~ !, respectively. Figure 4d shows the Coulombic efficiency
during cycling for graphite/Li cells using base and MMDS
additive modified electrolyte. The MMDS modified cells
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deliver higher Coulombic efficiency than that of cells with
base electrolyte. The Coulombic efficiency of cells with
0.0, 0.2, 0.5, and 1.0% MMDS is 68, 72, 74, and 74%,
respectively. These results suggest that the MMDS additive
could facilitate the formation of SEI, which improves the
cycling stability by preventing the graphite exploration.

3.4 Interfacial and bulk structure evolution
during cycling

Electrochemical impedance spectroscopy (EIS) was applied
here to probe the electrochemical processes on the elec-
trode/electrolyte interface. Figure 5a and b; Table 1 present
Nyquist plots and the corresponding resistance evolution of
the LCO/Li cells at pristine and after long cycles at room
temperature. The Nyquist plots are consisted of semicircles
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Fig.5 Interfacial evolution probed via ex situ EIS test. The EIS data a before cycling, and b after cycling for LCO/Li battery with/without
MMDS additives. The EIS data ¢ before cycling, and d after cycling for graphite/Li battery with/without MMDS electrolyte additives
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Table 1 The fitted R; and R, values from EIS data for LCO/Li battery

Sample Pristine R,/Q 100 cycles R/ 100 cycles R /Q
0.0% MMDS  183.9 8.451 81.40
0.2% MMDS  367.5 6.296 42.49
0.5% MMDS  236.0 7.696 47.07
1.0% MMDS  205.1 3.683 67.09

Table2 The fitted R; and R, values from EIS data for graphite/Li
battery

Sample Pristine R,/Q 100 cycles R/ 100 cycles R/Q
0.0% MMDS  7.108 2.587 336.4

0.2% MMDS  8.567 2.488 138.9

0.5% MMDS  11.200 2.479 81.33

1.0% MMDS  9.236 2.327 168.8

and a slop line. According to the previous work [26], the
semicircle at high-frequency region can be attributed to lith-
ium ions diffusion through the electrode/electrolyte interface
film, and the semicircle at middle-frequency region can be
ascribed to the charge transfer process at the cathode/electro-
lyte interface, and the inclined line at low-frequency region
can be assigned to the lithium ions diffusion in the electrode
[17]. The equivalent circuit was applied to fit the Nyquist
spectra in Figure S2 [27]. Before cycling, the semicircles
for MMDS modified cell are larger than those with base
electrolyte, which indicates the cells with MMDS modifi-
cation deliver higher resistance, which suggests additive
decomposition (Fig. 5a). After cycling, the R, resistance
for cells with 0.0 (base), 0.2, 0.5, and 1.0% MMDS is 81.40,
42.49, 47.07, and 67.09 Q, respectively (Fig. 5b). Obviously,
the R, resistance for MMDS modified cells is smaller than
those for cells with base electrolyte. It indicates the unde-
sired electrode/electrolyte interface reaction in the LiCoO,/
Li cells can be mitigated with MMDS as an electrolyte addi-
tive, leading to a more stable interface [16, 21].
Electrochemical impedance spectroscopy (EIS) was
also applied to probe the interfacial reaction at anode
side. Figure 5c and d; Table 2 deliver Nyquist plots and
the resistance evolution of the graphite/Li cells at pristine
and after 100 cycles at room temperature. Before cycling,
the semicircles for MMDS modified cells are larger than
those for cells with base electrolyte, which indicates the cells
with MMDS modification deliver higher resistance, which
suggests additive decomposition (Fig. 5c). After cycling,
the R, resistance for cells with 0.0 (base), 0.2, 0.5, and 1.0%
MMDS is 336.4, 138.9, 81.33, and 168.8 Q, respectively
(Fig. 5d). Obviously, the R, resistance for cells with additive
is smaller than that of cells without additives. Combined
with previous reports [28], the MMDS additive modified

cell is suggested to deliver stabilized electrode/electrolyte
interface.

Figure 6a displays the cyclic voltammograms (CV) of
LCO/Li cells in electrolytes without and with 0.2, 0.5, and
1.0% MMDS additives. The cell without MMDS additive
delivers an oxidation peak at around 4.01 V and a reduction
peak at 3.86 V. Concerning the electrolyte with MMDS
added, the oxidation peaks deliver increased peak current
with higher voltage potential (4.054 V, 4.036 V, and 4.109 V
for 0.2, 0.5 and 1.0% MMDS, respectively). Meanwhile,
the cathodic peaks deliver increased peak current with
lower voltage potential. The CV profiles clearly show the
effect of MMDS additive, which effectively accelerates the
higher amount of lithium ions intercalation. The increased
polarization suggests that an excellent CEI film formed
with MMDS added electrolyte, which is consistent with
the increased R, in Fig. 5. The cyclic voltammograms of
graphite/Li cells are presented in Fig. 6b. The cell with base
electrolyte delivers an oxidation peak at around 0.34 V, and
a reduction peak at around 0.15 V. The current increased
with the MMDS electrolyte additive added, which indicates
the accelerated lithium ions intercalation process, consistent
with the charge—discharge curves.

Figure 6¢, d and e, and f displays the cyclic
voltammograms (CV) of cycled LCO/Li cell in electrolyte
without and with 1.0% MMDS additives under different
scanning rates. As shown in Fig. 6¢ and e, the peak intensity
of anodic/cathodic peak increases with the enhanced
scanning rate. Based on the CV profiles with different
scanning rates, Ip—z/”2 profiles deliver the fitting slope
which correlated with the Li ions diffusion [29, 30]. For
cells without additives, the slope for the anodic peak and
the cathodic peak is 0.0021 and 0.0013, respectively (Fig. 6d
and f). For comparison, the cell with 0.5% MMDS additives
ensures higher slope for the anodic peak and cathodic peak
(0.036 and 0.0027). The CV profiles clearly show the
positive effect of MMDS additive on the kinetics of lithium
ions diffusion.

Besides, Fig. 7 displays the cyclic voltammograms (CV)
of graphite/Li cell in electrolyte without and with 1.0%
MMDS additives under different scanning rates. In Fig. 7a
and b, the peak intensity of anodic/cathodic peak increases
with the enhanced scanning rate. Based on the CV profiles
with different scanning rates, Ip—y” 2 profiles deliver the
fitting slope which correlated with the Li ions diffusion [29,
30]. For cells without additives, the slope for the anodic peak
and the cathodic peak is 0.1348 and 0.0939, respectively
(Fig. 7c and d). For comparison, the cell with 1.0% MMDS
additives ensures higher slope for anodic peak and cathodic
peak (0.1551 and 0.1196). The CV profiles clearly show the
positive effect of MMDS additive on the kinetics of lithium
ions diffusion.
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The effect of MMDS on the bulk structural stability of
the LCO electrode and graphite electrode is further probed
by the ex situ X-ray diffraction (XRD) technique (Fig. 8a,
S3). Compared to that in the base electrolyte, the diffraction
peak shift of (003) diffraction peak for LCO cathode (0.12°
for 0.5% MMDS, and 0.32° for 0.0% MMDS) decreases
with MMDS additive modification, revealing the positive
effect of electrolyte additive on structural stability for LCO
cathode material [31]. Figure 8b shows ex situ XRD pat-
terns of graphite anode with/without electrolyte additive.
For pristine graphite material, it delivers a (002) diffraction
peak at 26=26.5°, which could be ascribed to an interlayer
distance of 3.36 A for graphite [32]. After the discharge
process, the (002) diffraction peak shifts to lower diffrac-
tion angles because of lattice expansion [32]. Therefore, the
ex-situ XRD result on the graphite anode also reveals the

sustained structural evolution due to less peak shift of (002)
diffraction peak (0.12° for 0.5% MMDS, and 0.34° for 0.0%
MMDS) with MMDS additive modification (Fig. 8b, S4).

4 Conclusions

In summary, the role of MMDS electrolyte additive on the
LiCoO, cathode and graphite anode has been investigated.
The electrochemical performance of LiCoO, and graphite
electrodes could be improved with MMDS as an electrolyte
additive. According to the experimental results, the enhanced
capacity can be ascribed to the optimized SEI/CEI film for
both the anode and cathode sides, which could mitigate
the electrolyte decomposition, deliver superior interfacial
Li* kinetics, and protect the bulk structural degradation.
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Fig.8 Bulk evolution probed via ex situ XRD. XRD patterns of a LCO cathode, and b graphite anode at pristine and after 100 cycles with/with-

out MMDS electrolyte additive

Therefore, the MMDS modified LCO exhibits a high
capacity of 193.4 mAh g~!, and modified graphite delivers
a higher capacity of 407.0 mAh g~!. This work provides a
simple way to improve the electrochemical performance for
lithium ions battery materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10800-024-02107-x.
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