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A B S T R A C T

The effects of a small amount of fluoroethylene carbonate (C3H3FO3 or FEC) on the electrochemical
performance of lithium-rich layered oxide cathode Li1.16[Mn0.75Ni0.25]0.84O2 have been focused herein.
When 1 vol.% or 2 vol.% FEC was introduced into the electrolyte, cycling performance and rate capability
of Li1.16[Mn0.75Ni0.25]0.84O2 have been improved, and the initial irreversible capacity (Cirr) loss has been
lessened by suppressing the parasitic side reactions between cathode and electrolyte. However, excess
FEC (5% in volume) will lead to the decreased lithium transference number (tLi+), large concentration
polarization and the reduced discharge capacity especially at high current. DFT calculations indicate that
FEC enhances the anti-oxidation ability of the electrolyte system, and the preferential accumulation and
reaction of FEC near cathode during charging due to the strong coordination between FEC and PF6� anion.
The results from electrochemical impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS)
and differential scanning calorimetry (DSC) measures indicate that a more stable SEI film has been
formed on the cathode surface with FEC as additive, which leads to the suppression of the electrolyte
aggressive decomposition and the enhancement of thermal stability.
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1. Introduction

Lithium ion batteries have been applied as a power source for
electric vehicles (EVs) and hybrid electric vehicles (HEVs).
However, the energy/power density of the current lithium ion
batteries is limited by cathode materials. Therefore, research
interest has been stimulated for advanced cathodes with high
specific capacity or operating voltage. Lithium-rich manganese-
based layered material Li1+x[NiyMn1-y]1-xO2 is believed to be a
promising next generation cathode material due to its high specific
capacity (>250 mAh/g) and low cost compared to the conventional
LiCoO2 [1–4].

Nevertheless, unsatisfied cycle stability of Li1+x[NiyMn1-y]1-xO2

material is still one of the main problems limiting their application
[5]. To deliver large discharge capacity, Li1+x[NiyMn1-y]1-xO2 is
charged to high potential (above 4.4 V) initially which
* Corresponding author. Tel.: +86 10 82377985; fax: +86 10 82377985.
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accompanied with irreversibly release of Li+ and O2� (net loss of
Li2O). The removal of Li2O also results in rearrangement of the
transition metal ions on the surface and gradually in the crystal
lattice, which leads to instability of surface and structure of the
material [6,7]. Moreover, our previous studies showed that the
capacity degradation is derived from drastic increase of the
interfacial and charge transfer resistance of the cathode upon
cycling [8]. Its poor electrode/electrolyte interphase is primarily
related to the aggressive oxidization of the commercial liquid
electrolyte 1 M LiPF6 in EC/DMC at high discharge voltage up to
4.8 V and under the existence of active oxygen [9,10]. In order to
solve the problem, strategies have been proposed to stabilize the
cathode crystal structure and the cathode/electrolyte interface.
Coating the material with AlF3, FePO4 or ZnO is an approach to
enhance structural stability of the cathode material and prevent
direct contact between the active material and the electrolyte
[11–14]. In addition, a native surface film mainly composed of
Li2CO3 appears on the transition metal oxide cathode during
electrode manufacturing/ processing. During the initial charging,
chemical reactions occur on the interface between cathode and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.04.030&domain=pdf
mailto:lianfang@mater.ustb.edu.cn
http://dx.doi.org/10.1016/j.electacta.2015.04.030
http://dx.doi.org/10.1016/j.electacta.2015.04.030
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta


262 Y. Li et al. / Electrochimica Acta 168 (2015) 261–270
electrolyte to form SEI film consisting of the oxidation products of
the electrolyte and chemical species in the native film [15].
Therefore, the stabilization of electrode/electrolyte interface by in
situ forming the stabilized SEI film is also an effective route to
improve the cycling performance of lithium-rich cathode
Li1+x[NiyMn1-y]1-xO2.

Electrolyte additives for stabilizing SEI film are widely accepted
as the most effective and economic route to reduce the interactions
between active material and electrolyte [16]. Xiang et al. [17]
reported that 1% trimethyl phosphite (TMP) enhanced capacity
retention and rate capability of lithium-rich cathode Li1.2Mn0.54-

Ni0.13Co0.13O2, since the catalyzing effect of some dissolved
transition metal ions on the surface was effectively deactivated
by forming the passivating interphase. Kang et al. [18] proposed
1,3,5-trihydroxybenzene (THB) as an additive to form a protective
film on the cathode, and graphite/Li1.10Mn0.43Ni0.23Co0.23O2 full
cells could obtain a very high coulombic efficiency of greater than
99.5% after 200 cycles at 60 �C. Another additive Tris(trimethylsilyl)
phosphate (TMSP) [19] can decompose at the potential 4.1 V vs. Li/
Li+, lower than that of electrolyte solvent, resulting in an artificial
SEI layer tightly covered on cathode particle, leading to the
improved electrochemical performances of Li1.2Ni0.13Mn0.54-

Co0.13O2. Yang et al. [20] have used tris(hexafluoro-iso-propyl)
phosphate (HFiP) as a cathode SEI former to improve the cycle and
rate performances of Li1.2Mn0.56Ni0.16Co0.08O2. Interestingly,
LiODFB and LiBOB, which have been intensively investigated as
SEI film-formation additives for anode, also showed positive
impact on lithium-rich layered oxide cathodes. LiODFB
Fig. 1. XRD pattern of as-synthesized Li1.16[Mn0.75Ni0.25]0.84O2 sample (a) and charge/d
Li1.16[Mn0.75Ni0.25]0.84O2 cells at 25 �C, 2.5-4.7 V, 0.5C.
electrochemically oxidized at 4.35 V vs. Li/Li+ [21] to form
passivation layers mainly containing polymerization products,
which inhibited further decomposition of the electrolyte and
reduced metal ions dissolution from cathode, thus depressed cell
capacity loss and impedance rise [22]. Choi et al. [23] confirmed
that the LiBOB-derived SEI film effectively prevented the undesir-
able decomposition of the electrolyte on the surface of
Li1.17Ni0.17Mn0.5Co0.17O2 cathodes in half and full cells with graphite
anodes.

As an potential candidate of difunctional electrolyte additive for
anode and cathode, fluoroethylene carbonate (FEC) has recently
attracted excessive attentions due to its effective film-forming
ability in improving cycle performance of the graphite and Si
anodes [24–27]. Furthermore, FEC was used as SEI film-formation
additive to improve the low-temperature cycle performance of
cathode LiFePO4 [28,29]. FEC exhibited a positive effect on cycling
stability of cathode LiCoO2 when charged to 4.5 V vs. Li/Li+, which
was related to the SEI film with abundant polycarbonate
components formed on the cathode surface [30]. Although FEC
was employed as anti-oxidative co-solvent to improve the stability
of the electrolyte in 5 V cathode system [31,32], the effect of FEC on
the performance of Li-rich cathode Li1+x[NiyMn1-y]1-xO2 has still
been significantly less reported to our knowledge.

In order to optimize the electrode/electrolyte interfacial
behavior, FEC as an electrolyte additive was introduced in
lithium-rich cathode Li1.16[Mn0.75Ni0.25]0.84O2 system, and the
effect of FEC on its performance was investigated using the basic
electrolyte 1 mol/L LiPF6 dissolved in the mixture of ethylene
ischarge profiles of the 1st (b), 100th (c) cycle and cycling performance (d) of Li/



Table 1
The initial cycle data of Li/ Li1.16[Mn0.75Ni0.25]0.84O2 cells in the electrolytes with various contents of FEC: at 25 �C, 2.5-4.7 V, 0.5C.

Amount of
FEC (v%)

First charge capacity(mAh/g) First discharge capacity(mAh/g) Cirr

(mAh/g)
Coulombic
efficiency (%)

0 293.6 196.8 96.8 67.0
1 275.5 192.8 82.7 70.0
2 284.3 198.7 85.6 70.0
5 278.5 195.8 82.7 70.3
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carbonate (EC)/ dimethyl carbonate(DMC)/ diethyl carbonate
(DEC).

2. Experimental

The blank electrolyte is 1 M LiPF6 in 1:1:1 (vol. %) EC/ DMC/ DEC
solution. The electrolyte with various FEC contents (1%, 2% and 5%
in volume) in the above blank solution were prepared in a dry
argon filled glove box(MBraun, LABmaster glove box workstation)
with mass fractions of water and oxygen below 0.5 ppm. Fluoro-
ethylene carbonate (FEC, Adamas, >99% pure) was purchased and
used without any further purification. The lithium transference
number (tLi+) data were estimated by chronoamperometry method
using Li/Li symmetric cells on electrochemical work station
(VersaSTAT3, Princeton Applied Research). The impedances were
measured in the frequency range of 0.01Hz-10000 Hz, and the
potentiostatic polarization experiments were done with an applied
voltage of 5 mV for 1000 s.

Powder X-ray diffraction (XRD, Rigaku D/max) using Cu K
radiation was used to identify the as-prepared Li1.16[Mn0.75-

Ni0.25]0.84O2 sample. Coin cells (2032) were fabricated to charac-
terize the electrochemical performance of the electrolyte. The
cathode was prepared from 85 wt.% active material, 5 wt.%
polyvinylidene difluoride (PVDF) and 10 wt.% carbon black
dissolved in N-methyl-2-pyrrolidone. The slurry was coated on
Al foil, and then heated at 120 �C in vacuum for 24 h. The cells were
cycled between 2.5 V and 4.7 V at a constant current density of
100 mA/g (0.5C) using battery test system (Land CT 2001) at 25 �C.
The cells for rate performances tests were cycled between 2.5 V
and 4.7 V at 0.5C for 10 cycles to avoid the influences of capacity
increase on the evaluation of rate capability. And then rate tests
were carried out between 2.5 V and 4.7 V at 25 �C: charged and
discharged at 0.2C for the first and last 5 cycles, charged at 0.5C and
Fig. 2. Rate capability of Li/ Li1.16[Mn0.75Ni0.25]0.84O2 cells in the electrolytes with
various contents of FEC: at 25 �C, 2.5-4.7 V, charge and discharge at 0.2C for the first
and last 5 cycles, charge at 0.5C and discharge at 0.5C-5C respectively for other
cycles.
subsequently discharged at various rate (0.2C, 0.5C, 1C, 2C, 3C and
5C) respectively for other cycles.

Linear sweep voltammetry (LSV) and electrochemical imped-
ance spectroscopy (EIS) were carried out on the electrochemical
work station (VersaSTAT3, Princeton Applied Research). LSV was
conducted from open circle voltage OCV to 6 V (vs. Li/Li+) at the rate
of 2 mV/s at 25 �C and equipped with three-electrode cells
(working electrode: stainless steel (K = 1.6 mm), counter elec-
trode: stainless steel, and reference electrode: Li). EIS of the cells
was investigated at charged state of 4.0 V at the 3rd, 15th, 30th,
50th, and 100th cycles at frequency ranging from 100 kHz to
0.01 Hz under amplitude of 5 mV, and the obtained impedance
spectra were fitted by Zview program.

The surface chemical components of the cycled Li1.16[Mn0.75-

Ni0.25]0.84O2 electrodes were analyzed by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD) with Al Ka line as an X-
ray source. The discharged electrodes were detached from the cells
and then washed by dimethyl carbonate (DMC) solvent to remove
the residual electrolyte, finally dried under vacuum.

For differential scanning calorimetry (DSC, TA Q2000) tests, all
the cells were cycled for 100th at a rate of 0.5C, followed by fully
charged to 4.7 V at 0.2C. After disassembling the cells, the cathode
was gently scraped from Al current collector (nearly 5 mg each),
and then sealed in Al pans. All the procedure was operated in the
glove box to prevent the substance oxidizing. The measurements
were carried out at a heating rate of 5 �C/min.

The quantum chemistry calculations were performed on Dmol3

package in Material Studio software. The geometry optimizations
were carried out with GGA/BLYP method with DNP basis set. The
frequency calculations were performed to confirm that each
optimized geometry corresponded to a stationary one. The solvent
effect was considered by using conductor-like screening model
(COSMO). The dielectric constant of methanol (dielectric
Fig. 3. DC polarization current responses of the Li/Li symmetric cells with different
electrolytes.



Table 2
The measured parameters in Eq. (1) and as-calculated lithium transference numbers.

ID I(1)/mA I(0)/mA Rbulk(0)/V Rlithium(0)/V Rbulk(1)/V Rlithium(1)/V DV/mV tLi+

0%FEC 53.287 67.745 5.332 54.048 4.471 59.559 5 0.483
1%FEC 44.858 60.396 3.270 62.190 3.781 57.949 5 0.445
2%FEC 39.448 49.962 2.357 85.723 2.407 92.413 5 0.427
5%FEC 33.584 45.361 2.937 90.153 2.862 98.038 5 0.385
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constant = 32.63) was utilized for the mixture of EC, DMC and DEC
in volume ratio of 1:1:1 in the work.

3. Results and discussion

3.1. Cycle performance

Fig. 1 displays the XRD pattern of as-synthesized Li1.16[Mn0.75-

Ni0.25]0.84O2 sample and the charge/discharge profiles of Li/
Li1.16[Mn0.75Ni0.25]0.84O2 cells with and without FEC additive.
Li1.16[Mn0.75Ni0.25]0.84O2 was prepared through a co-precipitation
process [8]. All of the peaks in the XRD pattern (Fig. 1a) can be
indexed based on a hexagonal a-NaFeO2 structure (space group:R-
3m, No.166), except for a weak reflection peak between 20� and 25�

[2]. This peak is corresponded to the superlattice ordering of Li, Ni
and Mn atoms in the transition metal layers for the Li-rich layered
solid solution materials. The clear splitting of (0 0 6), (10 2) and
(0 18), (110) peaks indicates high degree of crystallization for the
as-synthesized Li1.16[Mn0.75Ni0.25]0.84O2.

The charge-discharge profiles with and without FEC shown in
Fig. 1b and c, appear to be similar, revealing that the lithium
intercalation/de-intercalation mechanism is not altered by the FEC
additive. The initial charging profiles could be divided into two
stages: a smooth voltage slope in the range OCV-4.5 V, which is
associated to the oxidation of Ni2+ to Ni4+; and the voltage plateau
above 4.5 V which is related to the activation of Li2MnO3

component along with the removal of Li2O. During the discharge
process, the reduction of Ni4+ to Ni2+ occurs before 3.5 V, and the
reaction in the low voltage region (< 3.5 V) can be attributed to the
reduction of Mn4+ ions [33,34]. After 100 cycles at 0.5C, the
discharge capacity of the cells with 0%, 1%, 2% and 5% FEC are
196.4 mAh/g, 206.3 mAh/g, 209.5 mAh/g and 207.7 mAh/g, corre-
sponding to capacity retention of 88%, 92.68%, 92.53% and 93.85%
(versus the maximum discharge capacity), respectively. FEC as
electrolyte additive improves the capacity retention of
Fig. 4. The oxidation potential measurements using linear sweep voltammetry
(LSV) of the electrolytes with and without FEC: at 25 �C, at the rate of 5 mV/s [Li//
electrolyte//stainless steel].
Li1.16[Mn0.75Ni0.25]0.84O2 cells obviously and causes decrease of
the cell polarization. The capacity and coulombic efficiency of the
initial cycle at the current rate of 0.5C have been listed in Table 1. It
can be seen that the irreversible capacity (Cirr) of the initial cycle
reduces in the cells with FEC additive. As shown in Fig. 1d,
Li1.16[Mn0.75Ni0.25]0.84O2 shows the increasing discharge capacity
in the early cycles. The discharge capacity increase is concentrated
in the 3.5–3.0 V range. The discharge capacities delivered between
3.5 V and 3.0 V increase from 50.1 mAh/g, 48.3 mAh/g, 50 mAh/g
and 53.4 mAh/g of the 1st cycle to 80.1 mAh/g, 78.3 mAh/g,
85.1 mAh/g and 78.4 mAh/g of the 10th cycle for the cathode
cycled with 0%, 1%, 2% and 5% FEC, respectively. This phenomenon
is attributed to the increasing available sites for the lithium
insertion to the MnO2 host structure due to the gradual activation
of Li2MnO3 component, which was discussed deeply in our
previous report [33].

3.2. Rate capability

Poor rate capability, one of the main drawbacks of lithium-rich
cathode, is usually attributed to the excessive oxidation of the
electrolyte at high voltage and the complicated side reaction on the
cathode surface. Fig. 2 shows the rate capability of Li1.16[Mn0.75-

Ni0.25]0.84O2 cells with and without FEC additive. Li1.16[Mn0.75-

Ni0.25]0.84O2 cells with 1% and 2% FEC deliver high capacity of
�200 mAh/g even at 1C, while the discharge capacities of
121.6 mAh/g and 124.1 mAh/g are also achieved at 5C rate,
respectively. However, cell with 5% FEC deliver only 102.8 mAh/g
at 5C rate, which is lower than 109.7 mAh/g of the system without
FEC. The result implies that the rate capability of the electrode
Li1.16[Mn0.75Ni0.25]0.84O2 can be improved with 1% and 2% FEC
additive, while the increased amount (5%) of FEC reduces the
discharge capacity of the cathode especially at high current
density. Besides, the discharge capacities of the cells can be
restored well as the low current density of 0.2C was used again.

3.3. Lithium transference number measurement (tLi+)

The lithium transference number (tLi+) was estimated by
chronoamperometry method using Li/Li symmetric cells. Applying
a small constant potential to a solution by non-blocking electrodes
leads to a decrease of the initial current value until a steady-state
value is reached. The contribution of electrode surfaces or resistive
layers variation over time can be taken into account by impedance
measurements shortly before and after potentiostatic polarization
[34,35]. Therefore, the lithium transference number, tLi+, is
calculated by Eq. (1):
Table 3
Frontier molecular orbital energy of the neutral solvent molecules and the
thermodynamic properties for the solvent oxidation in gas phase.

Solvent FEC EC DMC DEC

E(S, HOMO)/eV �7.43 �6.90 �6.59 �6.41
DH/kJ/mol 1030.27 979.27 942.32 879.45
DG/kJ/mol 1026.36 976.65 940.49 874.88
DEAIE/eV 10.77 10.27 9.92 9.31



Table 5
Binding energy of the formation of the ion-solvent complex.

Vacuum FEC + PF6� EC + PF6� DMC + PF6� DEC + PF6�

EB (eV) �0.71 �0.63 �0.25 �0.22

EB+ DZPE(eV) �0.69 �0.60 �0.23 �0.21

Table 4
Calculated oxidation potentials of FEC, EC, DMC, and DEC.

FEC EC DMC DEC

in gas 9.28 8.77 8.38 7.80
e = 32.63 6.94 6.35 6.24 5.97

Scheme 1. Thermodynamic cycle for the oxidation of solvated molecules.
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tLiþ ¼ Ið1ÞRbulkð1Þ½DV � Ið0ÞRlithium 0ð Þ�
Ið0ÞRbulkð0Þ½DV � Ið1ÞRlithium 1ð Þ� (1)

Where DV is the applied polarization voltage (5 mV in this study), I
is the current, Rbulk and Rlithium represent the respective resistances
of electrolyte and the electrolyte/Li metal electrode interface, and
0 and 1 refer to the respective initial and steady states.

Table 2 has summarized the measurement results and the
calculated tLi+ of electrolytes. The dc polarization current responses
of the Li/Li symmetric cells with different electrolytes have been
displaced in Fig. 3. The values of tLi+ are 0.483, 0.445, 0.427 and
Fig. 5. Optimized geometry of the complex
0.385 for electrolytes with 0%, 1%, 2% and 5% FEC, respectively. tLi+
values of the electrolytes decrease with the increase of FEC content
in the electrolyte, which is attributed to the high viscosity of FEC
(FEC: 2.3cP at 40 �C vs. EC: 1.86cP at 40 �C[36]). The cells containing
5% FEC show lower lithium transference number (tLi+) and larger
polarization especially at high current rate. So it is reasonable to
show poorer rate capability in Fig. 2. However, the rate capability of
the cells with 1% or 2% FEC addition has been improved, especially
at high current density, which may be contributed to conductive
interfacial film induced by FEC additive.

3.4. Oxidative stability

The oxidative decomposition behavior of FEC has been
evaluated by linear sweep voltammetry (LSV). As shown in
Fig. 4, no distinct oxidation peaks are observed up to about 5.1 V
(versus Li/Li+) for the electrolytes containing FEC, while the
electrolyte system without FEC appears onset of current peaks near
4.8 V (versus Li/Li+). The oxidative potentials increase 0.3 V for the
electrolytes with FEC in contrast to the one without FEC. It implies
a good oxidative stability of the electrolytes with FEC which are
suitable for the operating voltage range for Li1.16[Mn0.75-

Ni0.25]0.84O2 cathode.

3.5. DFT calculations

To further study the oxidative stability, the oxidation potential
of EC, DMC, DEC, and FEC vs. Li/Li+ have been calculated by the first
principles method. Table 3 lists the frontier molecular orbital
energy of the neutral solvent molecules and the thermodynamic
properties for the solvent oxidation in gas phase. According to
Frontier molecular orbital theory, the energy level of highest
occupied molecular orbital (HOMO) determines the ability to lose
electron, so the solvent molecules with lower HOMO energy
always have higher oxidation voltage. The HOMO values of EC,
DMC, DEC, and FEC in Table 3 indicate that the oxidative stability is
in the order FEC>EC>DMC>DEC, which is further confirmed by the
thermodynamic data of DH and DG. The adiabatic ionization
energy can be defined as the energy discrepancy between the
es of EC, FEC, DMC and DEC with PF6�.



Fig. 6. EIS spectra of 50% DOC Li1.16[Mn0.75Ni0.25]0.84O2 cells without FEC and with 1% and
(e). The inset figure describes the equivalent circuit model.

Scheme 2. Decomposition path for FEC.
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optimized cation geometry and the neutral geometry: DEAIE = Ec-
En. FEC shows the largest calculated DEAIE in these four solvents,
illustrating the highest stability of FEC against oxidation.

The Gibbs free energy changes DG(solv) for the oxidation of
solvated molecules were determined using the thermodynamic
cycle [37,38] as shown in Scheme 1. In this cycle [39,40], DG(solv, S)
and DG(solv, S+) are the solvation free energies of molecule S and
its cation S+, respectively, and DG(gas) is the redox energy in the
gas phase. Based on these parameters, DG(solv) for the oxidation
reaction was calculated, as shown in Eq. (2). The oxidation
potential for the solvents (vs. Li/Li+) were calculated via Eq. (3), in
which the value obtained under the absolute electrochemical scale
(in vacuum) minus 1.46 V to approach the experimentally
measured potential vs. Li/Li+ [39]. Table 4 has listed the calculated
 2% FEC at 25 �C after 3 cycles(a),15 cycles(b), 30 cycles(c), 50 cycles(d) and 100cycles



Y. Li et al. / Electrochimica Acta 168 (2015) 261–270 267
oxidation potentials of FEC, EC, DMC, and DEC. The results imply
that oxidation potential of FEC is higher than the other solvents in
the system, leading to an enhanced anti-oxidation ability of the
electrolyte. The calculation data are consistent with the former
experimental result of LSV.

DG(solv) = DG(solv,S+) + DG(gas)�DG(solv, S) (2)

Eox(Li/Li+) = �DG(solv)/F�1.46 V (3)

According to the above results, it seems that FEC is more stable
against oxidation than the other solvent molecules. However, the
electrolyte salt anion PF6� is coordinated more easily with the
solvent molecules having higher dielectric constant. The interac-
tion strength between the solvent molecule and PF6� anion can be
quantified by calculating the binding energy of the formation of the
ion-solvent complex. The optimized geometry of the complexes of
EC, FEC, DMC and DEC with PF6� is shown in Fig. 5. The binding
energy values of the complexes of FEC, EC, DMC, and DEC with PF6�

anion in gas phase are list in Table 5. It can be found that the
binding energy is in the order of FEC>EC>DEC>DMC. When the
battery is charged, the negative charge in the electrolyte tends to
accumulate in the vicinity of cathode. Therefore, FEC-PF6� reaches
more easily near cathode than other solvent molecules, resulting in
the preferential reaction of FEC on the cathode during charging.

3.6. Electrochemical impedance spectroscopy (EIS)

EIS measurements of Li/Li1.16[Mn0.75Ni0.25]0.84O2 cells were
carried out to further understand the effect of FEC on the electrode/
electrolyte interfacial behavior. Fig. 6 shows the Nyquist plots of
the samples with 0%, 1% and 2% FEC after different cycles. The half
cells underwent specific cycles between 2.5-4.7 V at 1C rate and
then charged to 4.0 V at 0.2C rate. The EIS spectra are analyzed with
the equivalent circuit [8] in Fig. 6(a), which fits for the lithium
intercalation/de-intercalation process in the cathode material.
There are two semicircles in the diagram: the high-frequency
semicircle (Rf) is attributed to Li+ migration through the solid
electrolyte interphase (SEI) film on the cathode surface, while the
semicircle in medium-frequency region could be related to the
charge-transfer process through the electrode/electrolyte interface
(Rct). As shown in Fig. 7, the presence of FEC in the cells can
dramatically suppress the growth of Rf during cycling, which
implies lower migration resistance of Li-ion through SEI film.
Moreover, Rf of the cell without FEC shows a much faster increase
than that of the ones with 1% and 2% FEC. Rf of cells containing 1%
and 2% FEC are almost unchanged after 50 cycles, indicating that
Fig. 7. The fitting results of Rf(a)
the SEI films formed in the electrolyte with FEC are more stable and
effectively suppress the continuous decomposition of electrolyte
on the cathode surface. The cells without FEC as additive show an
obvious increase of Rct upon cycling, while the ones with FEC
exhibit a negligible increase of Rct. SEI layer derived from FEC
protects the surface of active material from degradation. The
results confirm that the presence of FEC in the cells can
dramatically suppress the growth of Rf and also Rct during cycling.

3.7. X-ray photoelectron spectroscopy (XPS)

XPS spectra of C1s, F1s and P2p are displayed in Fig. 8 to study
the surface composition of the cycled Li1.16[Mn0.75Ni0.25]0.84O2

cathode in electrolytes with and without FEC. The C1s spectra
exhibit slight differences between the cycled cathode in the
electrolytes with and without FEC. The peak at 284.8 eV can be
assigned to absorbed carbon from the atmosphere, peak at
�285 eV related to C–H. The peak at 286.2 eV is related to C-O,
and the broad peak at 288.8 eV is related to C-O and Li2CO3 [41–43].
The inorganic decomposition product Li2CO3, a by-product of
electrochemical reaction, suffering from continuous reversible
change accompanied with Li+ intercalation/deintercalation in
lithium-rich manganese-based layered material [44,45], is not
obvious in the C1s spectrum of cathode cycled in electrolyte with
FEC. The results indicate that the formed SEI film is stabilized in the
electrolyte with FEC.

The F1s spectra contain three peaks: peak at 688 eV ascribed to
PVDF [28], peak at �685 eV related to LiF [28], and peak at �687 eV
assigned to the residual LixPFy/LiPF6 on the surface layer [29].
LixPFy is the decomposition product of LiPF6 just as Eq. (4) � (6)
[46,47]. While, LiF is normally one of the major constituents of SEI-
matrix on the surface of cathode [42]. Fig. 8 shows that intensity of
LixPFy/LiPF6 and LiF is enhanced as FEC is added. During cycling of
the cells, LiF is formed due to the decomposition of FEC and LiPF6 as
Scheme 2 [15,48–50] and Eq. (4) � (10) [29,47,51]. The results
suggest that a proper content of LiF was accessible to the reduced
interfacial resistance and improved interfacial behavior [46,52],
which is in agreement with the rate performance and EIS data of
the study.

In the P2p spectra, the intensity of peak at 136.7 eV assigned to
LixPFy/LiPF6 increases with FEC addition, which is in accordance
with the F1s results. The peak at 134-135 eV related to LixPFyOz is
yielded from the Eq. (9) � (10). The decrease concentration of
LixPFyOz implies that the side decomposition of LiPF6 has been
suppressed with FEC additive in the electrolyte. The results
indicate that FEC participates in the formation of a protective SEI
layer, which stabilizes the electrode/electrolyte interface.
 and Rct(b) from EIS spectra.



Fig. 8. C1s, F1s and P2p XPS spectra of the cycled Li1.16[Mn0.75Ni0.25]0.84O2 electrodes in electrolytes without (a, b, c) and with 1% FEC (d, e, f) at 0.5C after 100 cycles.
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Fig. 9. DSC curves of fully delithiated Li1.16[Mn0.75Ni0.25]0.84O2 cathode (charged to
4.7 V) without and with 1% FEC additive.
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LiPF6! LiF + PF5 (4)

PF6��e�! PF6�! PF5 + F�! HF (5)

PF5 + 2ne�+ 2nLi+! nLiF + mLixPFy (6)

LiPF6 + H2O ! LiF + OPF3 + 2HF (7)

PF5 + H2O ! OPF3 + 2HF (8)

OPF3 + nH2O + xLi+! LixPOyFz + 2nHF (9)

mOPF3 + ne� + nLi+! LiF + mLixPOyFz (10)

3.8. Differential scanning calorimetry (DSC)

To investigate the effect of FEC on the thermal stability of
lithium rich cathode, a comparative study was conducted on fully
charged cells with and without FEC. Fig. 9 exhibits the DSC heat
flow curves at a scan rate of 5 �C/min for fully delithiated
Li1.16[Mn0.75Ni0.25]0.84O2 cells with and without FEC, respectively.
The FEC-absence sample shows an exothermic peak at 228.3 �C
with a heat flow of 3267.3 mW/g, while the peak temperature
shifts to higher temperature (229.6 �C) and the released heat
decreases to 1032.0 mW/g for FEC-containing one. The heat
generated from the thermal decomposition reaction between
the delithiated cathode and the electrolyte, is reduced by nearly
70% in presence of FEC. It implies that FEC enhances the thermal
stability of the lithium rich cathode material [17,53]. In the case,
FEC acts as a film-formation additive to build a more stable
interphase between Li1.16[Mn0.75Ni0.25]0.84O2 cathode and electro-
lyte, which protects the highly oxidative cathode particles from
direct contact with the electrolyte solution and reduces the
exothermic reaction. Therefore, the thermal stability of the
charged Li1.16[Mn0.75Ni0.25]0.84O2 cathode has been enhanced by
introduction of FEC additive.
5. Conclusion

FEC as the electrolyte additive exhibits effects on the improved
electrochemical performances of lithium rich cathode
Li1.16[Mn0.75Ni0.25]0.84O2. Advanced oxidative stability of the
electrolyte has been obtained with FEC additive, moreover the
larger binding energy value of FEC-PF6� complex implies the
preferential reaction of FEC on cathode during charging. The
studies demonstrate that a stable conductive SEI layer on the
cathode has been formed in the cells with 1% and 2% FEC, which
stabilizes the electrode/electrolyte interface and effectively
suppresses the side reaction between electrode and electrolyte.
It is concluded that FEC improves the compatibility between
lithium-rich cathode and electrolyte via in situ forming the
stabilized interfacial film.
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