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ABSTRACT: Targeting high-energy-density batteries, lithium-rich
manganese oxide (LMO), with its merits of high working voltage
(~4.8 V vs Li/Li*) and high capacity (~250 mAh g'), was
considered a promising cathode for a 500 Wh kg™ project.
However, the practical application of LMO was hindered by the
parasitic reaction between the electrolyte and the electrode, such as
dissolution of surface lattice oxygen. Herein, N-methyl-N-
trimethylsilyl trifluoroacetamide (MSTFA) is introduced as an
additive in a common carbonate ester electrolyte to modify the
cathode-electrolyte interphase (CEI) for blocking the undesirable
side reaction. The preferential decomposition of MSTFA results in
silicon and NO,-containing CEI, which greatly enhances the high-
voltage stability of the LMO cathode. Moreover, the designed CEI
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enables providing a homogeneous interphase within S nm, which is responsible for the long-time stability of the cathode. Herein, the
assembled LMOIILi battery yields a high-capacity retention of 93.1% after 200 cycles at a current density of 100 mA g~'.

KEYWORDS: electrolyte additive, cathode-electrolyte interphase, high-voltage condition, lithium-rich manganese oxide, Li-ion battery

1. INTRODUCTION

Nowadays, lithium-ion batteries (LIBs) are being widely
employed as energy storage systems for electric vehicles,
portable electronic devices, etc.' > Nevertheless, the energy
density and life span performance of electrochemical energy
storage equipment cannot satisfy both the economic and
environmental requirements.” ® Specifically, the cathode
material is currently one of the main limiting factors for
LIBs. Among those candidate materials,®” the lithium-rich
manganese oxide cathode shows an ultrahigh specific capacity
of 250 mAh g~' and an average discharge voltage of above 3.5
V. Notably, the lithium-rich manganese oxide (LMO) cathode
alleviates the reliance on the costly cobalt, offering also more
advantages such as environmental friendliness and excellent
thermal stability." However, such high capacity of LMO is
accompanied by structural instability.”~"'' In general, LMO can
be represented as x Li,MnO;-(1 — x) LIMO, (M denotes Mn,
Co, and Ni),'” wherein Li,MnO; provides an extra capacity via
redox of the lattice oxygen at high voltage (>4.5 V).
Unfortunately, such oxygen redox reactions tend to release
highly active compounds that lead to severe side reactions on
the LMO surface.'*™'* In detail, the oxygen extracted from the
lattice reacted easily with the ring-structure solvents (such as
EC or other carbonate solvents). Then, the byproducts like
CO, and H,0 are formed."” What’s worse, these byproducts
accelerate the hydrolysis of LiPF, resulting in the production

© XXXX American Chemical Society

WACS Publications A

of HF acid, which in turn severely corrodes LMO and
promotes the dissolution of transition metals."®'’ Many
strategies have been employed to alleviate this challenge.
Besides modifying LMO itself, surface modification has been
employed to minimize the undesired reactions.”””' A stable
cathode-electrolyte interphase constructed during material
synthesis can effectively suppress irreversible structural trans-
formations and interface side reactions.””** The formation of
the cathode-electrolyte interphase (CEI) has received exten-
sive attention, but there are no reports concerning the precise
formation mechanism. For the LMO cathode, nucleophilic
reaction is probably the key mechanism to induce the CEI
film.”**° Nevertheless, regulating CEI by introducing electro-
lyte additives has been regarded as a convenient and efficient
strategy to harvest a long-life LMO cathode.”””® The
components and structure of additives were found to affect
the formation of CEI For example, amide compounds have
been utilized because of their superior stability compared to
organic carbonates and a range of linear and cyclic ethers.””
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Figure 1. (a) LUMO—HOMO level of various molecules in MS-E. (b) Oxidation potential of Baseline and MS-E characterized by LSV at a scan

rate of 0.1 mV s™! from 3 to 6.5 V.

Subsequent studies have further elucidated that amide
compounds can facilitate constructing a highly conductive
and stable solid electrolyte interface (SEI) in lithium-ion
battery systems.’® Fluorine-containing compounds can en-
hance the electrolyte’s cathodic compatibility at high voltage,
as well as improve CEI ionic conductivity and stability.’!
Additionally, silicon-based additives can enhance the interface
conductance and stability via building an Si—O—R interphase
cathode.” In general, additives in electrolyte systems have
attracted wide attention. However, as the operating voltage
expands, the related working condition becomes more complex
and challenging to control.>*** Therefore, multifunctional
additives are needed to adapt to the high-voltage condition.
For example, combining the unsaturated bonds and Si-based
functional groups can enhance the electrochemical reaction
activity and facilitate building interface surface passivation
layers.” N,O-bis(trimethylsilyl) trifluoroacetamide as an
electrolyte additive shows gratified performance on sodium
metal batteries (SMBs) by stabilizing the electrol;ﬂ(e and
fabricating a highly conductive interface in SMBs.***" N-tert-
butyl-2-thiophenesulfonamide helps to realize a wide-temper-
ature LIBs via building a stable CEL*®

In this work, a multifunctional organic molecule (MSTFA)
is introduced as an additive in a common carbonate electrolyte
(1 M LiPF4 in ethylene carbonate (EC)/ethyl methyl
carbonate (EMC) 3:7 vol %, named Baseline, and the
electrolyte with MSTFA, named MS-E) for LIBs. The
transmission electron microscopy (TEM) and X-ray photo-
electron spectroscopy (XPS) results demonstrate that the
addition of MSTFA is conducive to build a silicon-base, NO,-
contained, thinner, and stable CEI. Benefiting from the
modified CEI, the capacity retention of the LMO cathode
increases from 81.2 to 92.0% at 250 mA g~' after 100 cycles
and improves from 62.4 to 93.1% after 200 cycles at 100 mA
g.”" In short, by introducing the additive to construct a stable
CEI at high voltage, we architected a stabilized lithium-rich
manganese-based oxide cathode for LIBs.

2. EXPERIMENTAL PART

2.1. Preparation of the Electrolyte and Electrode. LMO
material was purchased from the Youyan platform; MSTFA was
supplied by Sigma-Aldrich, and the basic solvent was purchased
online from Duoduo Reagent. The binder poly(vinylidene fluoride)
(PVDF900) was produced by ARKEMA. Conductive carbon black
(Super P), metal Li-negative electrodes, and diaphragm were
purchased from Canrd Mall.

The LMO cathode was prepared with the active LMO:conductive
agent (Super P):binder (PVDF) amount ratio of 8:1:1. Initially, the

active material binder and conductive agent were placed in a 60° oven
to dry for 48 h. After completely drying, uniformly ground LMO and
Super P were placed in the mortar according to the proportion, and
then the appropriate amount of N-methylpyrrolidone (NMP) was
added. The mixtures were transferred to an automatic homogenizer
for stirring in 20 min at a speed of 2000 r min~". Then, the uniform
conductive paste was coated at a thickness of 100 gm on an Al foil.
The LMO cathode was obtained after drying overnight. The baseline
was 1 M LiPF, in EC and EMC (3:7 in vol). MS-E was separated by
adding different amounts of MSTFA (1, 2, and 4 wt %) into the
baseline. The button battery was assembled according to the order
positive shell, positive electrode, electrolyte, diaphragm, electrolyte,
gasket, shrapnel, and negative shell. The electrolyte deployment and
battery packaging process were both carried out in a glovebox with
water and oxygen contents of <0.01 ppm.

2.2. Electrochemical Measurement. All electrochemical per-
formances without separate mention were tested in LillLMO cells
with a working window of 2—4.8 V. Cycling performances were
analyzed at a current density of 100 and 250 mA g '. Rate
performance was measured at 0.1, 0.5, 1, and 1.5 C (1 C = 200 mAh
g™"). The galvanostatic charge/discharge (GCD) tests and galvano-
static intermittent titration technique (GITT) tests were carried out
using the Neware Battery test system (CT-4008T) at 25 °C. Cyclic
voltammetry (CV) curves were recorded with scan rates of 0.1, 0.3,
0.5, 0.7, and 1 mV s™! on an electrochemical workstation (ivium-
vertex. ONE). Electrochemical impedance spectroscopy (EIS)
measurements were carried out from 100,000 to 0.01 Hz with an
alternate current amplitude of 10 mV using the Admiral electro-
chemical workstation (Squidstat Plus). Linear sweep voltammetry was
performed in a three-electrode system with an electric potential range
of 3—6.5 V (Pt foil used as the working electrode and lithium—metal
electrode used as the reference electrode and counter electrode) on a
CHIG60E electrochemical workstation in a glovebox filled with Ar gas
at room temperature.

2.3. Material Characterization. Field emission scanning electron
microscopy (SEM) (SU-8010) and HRTEM (JEM-2100F) were used
to observe the material morphology, sample size, and lattice fringe.
The element composition of the sample was observed by energy
dispersive X-ray spectroscopy equipped with FESEM and HRTEM. A
Bruker D8X was used to conduct X-ray diffraction (XRD) analysis of
the powder samples and electrodes. Cu Ko with a wavelength of 0.15
nm was used as the ray source, and the powder samples and
electrodes were tested at the rate of 4° min™" in the range of 10—80°.
The XPS instrument used was ESCALAB250 of Thermo Fisher
Scientific Company: Al Ka X-ray was used as the ray source; the
vacuum was <107° Pa; the working voltage was 12 kV; the working
current was 20 mA; and the energy of the detector was 0.1 eV. Finally,
the corresponding software was used to fit the results. The time-of-
flight secondary ion mass spectrometry (TOF-SIMS) was done using
TESCAN S9000G equipped with a TESCAN C-TOF. An atomic
force microscope (AFM, Bruker-Dimension Fast Scan) was used to
characterize the surface morphology of the electrode.
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Figure 2. XPS characterization of the cycled LMO cathode in MSTFA and Baseline; XPS fitting peak of C 1s (a), O 1s (b), and F 1s (c); XPS peak
of N 1s (d) and Si 2p (e). Quantitative results of C 1s, O 1s, and F 1s (f).

2.4. Computational Details. The geometry of an isolated
molecule and complexes was optimized at the B3LYP-D3(BJ)/6-
311++G (d, p) level** using the Gaussian 09 software package. To
simulate the solvent environment, the polarizable continuum model
(PCM) was employed in all calculations with a dielectric constant of
46, representing the mixed solvent of EC and EMC (1:1, v/v).

3. RESULTS AND DISCUSSION

The frontier molecular orbital energy levels can be used to
assess the redox stability of materials. Therefore, the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of all electrolyte
compounds were calculated using density functional theory
(DFT). As shown in Figure la, MSTFA has the highest
HOMO energy level at —7.45 eV, indicating the tendency of
preferential oxidation decomposition. The linear sweep
voltammetry (LSV) measurement was employed to further
evaluate the redox stability of Baseline and MS-E using a three-
electrode system (Li as the counter and reference electrode, Pt
as the working electrode). Figure 1b shows a lower oxidation
potential (4.974 V) in MS-E, demonstrating that prior
oxidative decomposition actually occurs. Meanwhile, LSV
toward the negative side is shown in Figure S1; the electrolyte
with MSTFA added has an obvious reduction peak at 1.039 V,
while the reduction peak of baseline above 0.5 V is unobvious.
The results of LSV tie well with the calculations described
above. The initial CV is shown in Figure S2, and a strong
oxidation peak above 4.5 V can be seen in both MS-E and
Baseline. The current intensity caused by the oxygen oxidation
reaction of Li,MnO; in MS-E is smaller. This means the

introduction of MSTFA may have an effect on the reactive
oxygen species on the LMO surface. Consequently, MSTFA is
preferentially oxidized to participate in the formation of CEL
To further exploit the effect of MSTFA, a gradient
electrolyte was generated by introducing 1, 2, and 4 wt %
MSTFA into Baseline. The initial impedance demonstrates a
decrease with an increasing additive concentration. With 2 and
4 wt % MSTFA addition, the R, of LMO decreases to 42.7%
and 73.0%, respectively (Figure S3). The sample in the 2 wt %
MSTFA electrolyte exhibits the best cycling performance
(Figure S4), which was selected for further verification.
Cycled LMO cathodes were disassembled to further
investigate the cyclic failure caused by structural evolution.
X-ray diffraction (XRD) tests were performed to analyze the
structure of the cathode first. Generally, LMO is expressed as x
Li,MnO;-(1 — x) LiMO,. Due to the similar structure of two
constituting phases, the patterns of LMO can be indexed to a-
NaFeO, hexagonal structure (R3m) except for the weak
reflections at 20—25°, ascribed to Li,MnO; (C2/m).* Figure
SS shows the standard XRD pattern of LMO, which could be
well fitted by monoclinic (C2/m for Li,MnO;, JCPDS No.
24—0734) or trigonal structure (R3m for LIMO,, JCPDS No.
09—0063).">*" The close-packed layers in each of these
compounds ((001) monoclinic and (003) trigonal) have an
interlayer with the spacing close to 4.7 A (corresponding to
18.7°). After 200 cycles, the main peaks of LMO remain in
terms of both MS-E and Baseline; that is, no obvious phase
transition reaction has occurred during cycling (Figure S6).
Subsequently, scanning electron microscopy (SEM) was
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Figure 3. TOF-SIMS profiling of several ions on the LMO surface in MS-E and Baseline, respectively. TOF-SIMS results of (a, d) F ion and (b, e)
O ion in the depth direction. (c, f) Focused Ion Beam (FIB)-SEM image with a range of 40 ym X 40 um.

employed to observe the surface morphology of the cycled
LMO cathode in different electrolytes. The detailed results
reveal that the MSTFA additive maintained the spherical
morphology of LMO, in contrast to the fractured and
pulverized surface in Baseline that appeared (Figure S7).
This is also consistent with the results of the AFM data (Figure
S8). Meanwhile, the energy dispersive spectroscopy (EDS)
elemental maps (Figure S9) indicate that the surface
composition of LMO has changed due to the addition of
MSTFA.

The surface chemical composition and proportions of the
LMO cathode in different electrolytes were probed by X-ray
photoelectron spectroscopy (XPS). Figure 2a—c shows the
XPS fitting peaks of C 1s, O 1s, and F Is, respectively. There
are four peaks in the C 1s spectrum, as the C—C bond at
284.8, C—O at 285.9, COOR at 288.2, and C—F/COQ,*” bond
at 290.4 eV.">~** O 1s spectra can be found to hold four main
peaks in Figure 2b, with the one at 530 eV attributed to Li,O
bonding from the oxygenated surface species; at 532.6 eV C=
0, and at 531.3 eV Li,CO; and C—O bonding are found."' As
a matter of fact, the unstable interphase of Li,COj in the LMO
cathode is less in MS-E, while Li,COj; is regarded as an
unstable component in cycling. The quantitative results of O
1s peak show that the content of Li,CO; in MS-E was 36%,
lower than that in Baseline (57%), which is also demonstrated
by the quantitative results of the C 1s peak (Figure 2f). The
mass ratio of carbon to oxygen also decreased with the MSTFA
addition, which indicates that the decomposition components
of the electrolyte solvent are reduced for participating in the
CEI architecture.”” The LiF peak at 684.7 eV is contributed by
the broken scenarios of C—F in MS-E and anion decom-
position. The higher binding energy of 687.8 eV comes from
P—F in Li,PO, and PVDF. The quantitative results of F 1s and

the mass ratio of F content (28% in MS-E and 16% in Baseline,
respectively, Figure S10) indicate that the LMO in MS-E
contains almost double the LiF content on the surface.
Commonly, LiF is considered a beneficial inorganic
component in the CEI, which can promote the Li-ion
interfacial transportation.”” On the other hand, Figures 2d
and S11 show that LMO has an additional 2p peak of Si in MS-
E, indicating that the silicon-base component from the
decomposition of MSTFA participated in the construction of
CEL Silicon-based components are regarded as a booster to
enhance the interface conductance and stability via building
the Si—O—R bond. In addition, the N 1s signal in MS-E
demonstrates that the CEI contains Li;N (398.9 eV) and
LiN,O, (400.3 eV) in MS-E. Li;N appearing in Baseline is
considered as the product formed by the Li ion in the cathode
reacting with the N, in air during testing.”* The mass
quantitative ratio of elements also shows that the sample in
MS-E has a higher N content (3%, corresponding to 1% in
Baseline). LiN, O, and silicon-based components are confirmed
to have lower Li" diffusion energy barriers. Additionally, the
results of rich F and N in CEI for MS-E are consistent with the
energy dispersive spectroscopy (EDS) results (Figure S12).
Generally, the CEI formed in MS-E has the characteristics of
being LiF-rich and containing Si/N functional groups, which is
beneficial to cathode stability.

TOF-SIMS was performed to evaluate the compositional
distribution in the CEI on the cycled LMO. The LMO in MS-
E has a fluorine-rich surface (Figure 3a,d). In line with the XPS
results mentioned above, an LiF-rich CEI was formed on the
LMO in MS-E.

For further investigation of the characteristics of the cycled
LMO electrodes, transmission electron microscopy was
employed. As depicted in Figure 4a, the LMO cathode in
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Figure 4. HRTEM images of LMO particles in the baseline (a) and MS-E (b) electrolytes after 200 cycles. (c) Enlarged image from (b). (d) XRD
patterns of LMO after cycles. (e) Illustrating decomposition path of MSTFA. (f) Working mechanism of the MSTFA additive.

Baseline shows a thick and uneven CEI with thickness from 8.8
to 24.4 nm. Conversely, the introduction of additives yields a
uniform and dense CEI of ~4.3 nm (Figure 4b). What’s more,
Figure 4c shows (001) planes of Li,MnQ;, which is well in
correspondence with the above XRD data. Combined with the
analysis of XPS and the decomposition pathway, a possible
decomposition path of MSTFA is proposed (Figure 4e). The
calculation results indicate that MSTFA will undergo a series of
chemical bond breaks around the N atom.** MSTFA may react
with water to form trimethylsilanol and acetamide.

Then, trimethylsilanol and acetamide will further break
down into small molecules containing F, N, and Si. As shown
in Figure 4f, a dense and uniform CEI will be formed via the
participation of the small molecules. On the contrary, the
common electrolyte forms a nonuniform and unstable CEI
because of the side reaction between the electrolyte solvent
and the electrode.

Comprehensive electrochemical characterizations were
performed to evaluate the kinetics of Li ions migrating
beneath the CEIL Electrochemical impedance spectroscopy
(EIS) can achieve the in situ detection of the complex reaction
process inside a battery.* The EIS of the cycled LMO cathode

was tested first to evaluate the ability of charge transfer. As a
consequence, the impedance of the LMO cathode in MS-E
(R = 51.2 Q) electrolyte is much lower than that in Baseline
(136 Q) (Figure Sa). According to the Arrhenius formula, the
activation energy of the electrode can be obtained by
measuring the impedance at different temperatures. In this
work, EIS curves mainly contain two depressed semicircles at
high and medium frequencies and a diagonal line at low
frequency. It has been well accepted that the depressed
semicircle reveals the reaction resistance of the surface film
(Rcgr) and charge transfer (Rct).46 Therefore, the activation
energy for Li-ion diffusion through the CEI was further
investigated by temperature-dependent EIS in the range of
300—330 K (Figures Sb and S13). As a result, the activation
energy in MS-E is 14.68 kJ mol™’, less than that in Baseline
(16.91 kJ mol™"). The fast kinetics of Li-ion diffusion in the
CEI constructed in MS-E is due to the Si and N molecules
from the MSTFA decomposition. What” s more, the activation
energy for Li-ion diffusion through the whole cathode was
further investigated. The activation energy in MS-E is 19.29 kJ
mol ™!, less than that in Baseline (24.61 kJ mol ™', Figure S14).
Consequently, the faster kinetics of diffusion contributed to the
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higher Li-ion concentration beneath LMO under the same
reaction rate, thus improving the reversibility of the cathodic
redox reaction. The lithium chemical diffusion coefficient was
further calculated by the galvanostatic intermittent titration
technique (GITT).*” GITT is easy to implement and
universally accepted as the standard for solid-phase diffusivity
measurement. The GITT diffusivity formula is given by

S

4 (nMVM)2 INAY

z\ s Jlay

where ny and V), are the molar mass and molar volume of the
active material, respectively, S is the cell interfacial area, and 7
is the time duration of the pulse.

As shown in Figures Sc and S1S, Dy; calculated based on
GITT data has little difference between MS-E and Baseline. It
means Li-ion diffusion in the inner phase of the LMO cathode
is not seriously modified, and the MSTFA mainly affects
LMO’s surface.*® Furthermore, a series of CV measurements
for the LMO cathode were collected at various scan rates
ranging from 0.1 to 1 mV s". The relevant kinetic information
was obtained from CV measurements (Figure S16). For a
redox reaction limited by semi-infinite diffusion, the peak
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current i varies as v'/> (v is the scan rate); for a capacitive
process,” it varies as v. This relation is expressed as i = av’. As
a result, both of the calculated b values in MS-E were near 1,
but the LMO in MS-E (0.989) is higher than in Baseline
(0.969). The higher b value indicates that the LMO in MS-E
exhibits more capacitor behavior. For a deeper investigation,
the current response (i) at a fixed potential (V) can be
described as the combination of two separate mechanisms,*
namely capacitive effects (k;v) and diffusion-controlled
insertion (k,v'/2), according to i(V) = kw + kw'/? (Figure
5d). As shown in Figure Se,f, this method is used to distinguish
the fraction of the current arising from Li" insertion from the
capacitive processes at specific potentials. As a result, the LMO
cathode in MS-E has a higher capacitive contribution, and at
the sweep rate of 0.1 mV s}, a maximum capacitive-controlled
ratio of 70.8% is achieved in MS-E, higher than that in Baseline
(68.4%). It reveals a faster ionic diffusion kinetics in the MS-E,
indicating that the LMO cathode has optimal dynamic
behavior in the MS-E.>" In short, our results demonstrated
that a CEI modified by MS-E has faster kinetics of diffusion.

To further validate the functionality of the MS-E, electro-
chemical performance testing was performed in MS-E and
Baseline. The introduction of MSTFA increases the capacity
retention of LMO from 62.4 to 93.1% after 200 cycles at a
density of 100 mA g~ (Figure 6a). The Coulomb efficiency
(C.E.) of MS-E can reach 99.2%, surpassing the baseline
(98.18%). Differential-capacity profiles (dQ/dV) of selected
cycles also show that MSTFA improves the redox reversibility
of LMO (Figure S17).

In addition, Figure S18 shows that the reversibility of LMO
is also improved at 250 mA g~'(with 2% MSTFA addition, the
capacity retention of the LMO cathode increases from 81.2 to
92.0% after 100 cycles), indicating that the designed CEI can
protect the surface of LMO at a larger current density. This is
consistent with the aforementioned characterization that LMO
in MS-E has faster kinetics of diffusion. Meanwhile, a
performance comparison and parallel test data are given in
Figures S19—S21. In short, MSTFA can boost the stability of
the LMO cathode at a wide-range working window and a high
cutoff potential (4.8 V). What s more, as shown in Figure 6d,
the rate performance is also excellent using MS-E; LMO
displays the capacities of 270.9, 248.5, 224.4, and 209.9 mAh
g 'at0.1,0.5, 1, and 1.5 C, respectively (1 C =200 mAh g™'),
higher than that in Baseline (264.77, 240.39, 216.51, and
202.19 mAh g, correspondingly). This corroborates the
kinetics enhancement mentioned above that CEI regulated by
MSTFA is more conducive to the transport of Li ions.
Generally, as MSTFA can induce a thin and homogeneous
CEIl, LMO can provide stable and high electrochemical
performance.

4. CONCLUSIONS

In conclusion, by inducing MSTFA into the electrolyte,
electrolyte oxidative decomposition at high voltage is
effectively mitigated, resulting in the preferential formation of
a thin and stable CEI film on the LMO cathode. First, we
proved the feasibility of MSTFA as a film-forming additive by
combining theoretical calculations with electrochemical experi-
ments. Then, a series of performance and characterization tests
were performed. The results of XPS and TOF-SIMS show that
there are LiF-rich, silicon, and nitrogen functional groups on
the LMO surface. Meanwhile, TEM shows that a thin and

uniform CEI is constructed on the LMO cathode in MS-E. In
addition, the dynamics tests show that the LMO cathode with
the designed CEI has an optimal kinetics, which is in line with
the results of rate performance. Moreover, at the current
density of 250 mA g, the capacity retention of LMO cathode
increased from 81.2 to 92.0% after 100 cycles, and improved
from 62.4 to 93.1% after 200 cycles at 100 mA g~'. Our study
highlights the potential for regulating CEI through the addition
of an additive in high-voltage systems.
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