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The addition of electrolyte additives is an effective strategy for tuning the property of the electrolyte
to engineer the electrode/electrolyte interface, and there exist obvious discrepancies regarding the effect
of fluoroethylene carbonate (FEC) as an electrolyte additive on the performance of cathodes. Herein FEC
is introduced into the electrolyte of the LiMnggFey;PO4/Li cell and its effect on the properties of the
LiMng gFeo,P0, is investigated. It is found that the addition of FEC in the electrolyte has a positive effect
on the performance of the LiMnggFey,P0O4 cathode, which can be attributed to the reduced products gen-
erated by the interfacial side-reactions on the LiMngygFeq,P04 cathode surface and the decreased metal
dissolution in the FEC-containing electrolyte, thanks to the higher oxidation resistance of FEC and the
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The goal of achieving carbon neutrality and the rapid develop-
ment of global electro-mobility push forward the development of
energy storage technologies [1-22], which also emphasize the im-
portance of rechargeable lithium-ion batteries (LIBs). Over nearly
three decades, olivine structure LiMPO4 (M =Fe, Mn, Co, and Ni)
cathodes are extremely popular for LIBs with the merits of low
cost, good stability and competitive electrochemical performance
[1-15]. Among these cathodes, LiMnPO4 stands out with its higher
operating voltage platform (4.1V vs. Li*/Li) [2]. Unfortunately, its
extremely low conductivity hinders the practical application of
the pristine material [3-5]. In response, major approaches includ-
ing minimizing particle size, coating carbon and doping cations
have been attempted to overcome this limitation from the na-
ture of the material itself [6-10], and great improvement in the
electrochemical activity has been made by the combination of
these approaches [9,10]. Nevertheless, the modified LiMnPO,4 based
materials still suffered undesirable capacity fading upon cycling
because of the intrinsic instability of the materials themselves
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[11,12] and the side-reactions occurring between the cathode and
electrolyte [13,14]. Therefore, besides the nature of the materi-
als themselves, the cathode/electrolyte interface also affects the
performance of the LiMnPO, based materials. Evidently, the in-
terface can be engineered by tuning the property of the elec-
trolyte, and a compatible electrolyte will be highly beneficial to
the formation of a favorable interface. In this regard, introduc-
ing functional additives into the electrolyte is recognized as one
of the most economic and effective strategies, and various func-
tional electrolyte additives have been studied [23-35]. Fluoroethy-
lene carbonate (FEC) is a typical electrolyte additive and has been
widely studied on the performance of LIBs. Although it is well-
recognized that the FEC in the electrolyte plays a positive effect
on the anode of LIBs, there exist obvious discrepancies regarding
its effect on the cathode [26-33]. As a single additive added into
the carbonate electrolytes, positive effects of FEC were reported on
the LlFePO4 [26,27], Lil.lG[Mn0.75NiO.25]0.8402 [28], L1C002 [29] and
LiNiggCog1Mng;0, [30] cathodes, while negative effects were re-
ported on the LiMn,0,4 [31] and LiNip5Mn;504 [32,33] cathodes.
Moreover, the FEC-induced variation in the amount of LiF, LixyPOyF,
and carbonate species generated by the interfacial side-reactions
on the cathode surface are highly different in these reports, and
accordingly, multiple explanations were suggested. Based on these
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Fig. 1. (a) Typical charge-discharge curves of the LiMnggFey,P0,4 cathode in the electrolyte with and without FEC at 1 C (1 C is equal to 150 mA/g). (b) Cycle performance
and the difference between the average charge and discharge voltage (AV) as a function of cycle number at 1 C and (c) rate performance. EIS spectra of the cathodes in the
two electrolytes recorded at the fully discharge state: (d) Uncycled, (e) after 5 cycles at 0.2 C and (f) after 500 cycles at 1 C. SEM images of the cathodes: (g) Uncycled, (h)
after 500 cycles in the FEC-free electrolyte at 1 C and (i) after 500 cycles in the FEC-containing electrolyte at 1 C.

available reports, it is difficult to predict the possible effect of FEC
on a new cathode, and thus more research is needed to reveal and
understand the functions of FEC as an additive in the electrolyte.

Now, there still lack specific studies on the behavior of the
LiMnPO4 based materials in the FEC-containing electrolyte, and ex-
ploring the effect of FEC on the LiMnPO4 based materials may
promote a better understanding on the functions of FEC in the
electrolyte. In this work, LiMnggFeq,PO, is taken as a case study
material and the effect of FEC in the electrolyte on the perfor-
mance of LiMnggFey,P04 is explored. The experimental and the-
oretical studies reveal that FEC is an effective electrolyte addi-
tive for tuning the property of the electrolyte to form a favorable
cathode/electrolyte interface for improving the performance of the
LiMng gFey,P0O4, which provides an interfacial strategy to improve
the performance of LiMnPO,4 based materials.

The electrochemical performance of LiMnggFey,P04 cathodes
in the electrolyte with and without FEC additive are compara-
tively evaluated using CR2025 coin-type cells. The typical charge-
discharge curves at different cycles at 1 C (1 C is equal to
150mA/g) for LiMnggFeg,P04 cathode in the electrolyte with and
without FEC are shown in Fig. 1a. All curves similarly consist of
two typical voltage plateaus at about 3.5 and 4.1V corresponding
to Fe3*/Fe?t and Mn3*/Mn2* redox couples, respectively. Noted
that the first charge-discharge curves show a relatively larger po-
larization, lower reversible capacity and coulombic efficiency in the
FEC-containing electrolyte than those in the FEC-free electrolyte,
because introducing FEC into the electrolyte may increase the elec-
trolyte viscosity which in turn reduces the ionic conductivity and
wettability of the electrolyte [36]. Therefore, the addition amount
of FEC should be well controlled. The situation changes upon cy-
cling, and the polarizations at the 300t and 500™ cycle are no-
ticeably larger in the FEC-free electrolyte, and the cell charge was
greatly limited due to the severe polarization, which ultimately
led to an obvious decrease in the reversible capacity. This phe-

nomenon can be seen more visually in Fig. 1b, which shows the
cycle performance and the difference between the average charge
and discharge voltage (called AV here) in the voltage range of 3.0-
4.5V (vs. Lit/Li). It is clear that the LiMnggFey,PO4 cathode in the
FEC-containing electrolyte has the better cycle performance, and
its discharge capacity decreases from 121.8 mAh/g to 104.1 mAh/g
with a capacity retention of 85.5% after 500 cycles at 1 C, while
that in the FEC-free electrolyte decreases from 125.9 mAh/g to
89.2 mAh/g with a capacity retention of only 70.8% after 500 cy-
cles at 1 C, showing that the capacity fading of LiMnggFey,PO4
is effectively suppressed by adding FEC additive. According to the
variation of AV versus cycle number, it is found that the AV for
the FEC-free electrolyte starts to be greater than that for the FEC-
containing electrolyte after about 100 cycles, and the gap becomes
more significant with extending the cycle, indicating that the ad-
dition of FEC into the electrolyte can reduce the charge-discharge
polarization. The slower growing polarization coupled with the
higher capacity retention of the LiMnggFey,P04 cathode in the
FEC-containing electrolyte indicates that the present of FEC in the
electrolyte favors the charge and discharge of LiMng gFeq,PO,4 cath-
ode by suppressing the increase of polarization. Moreover, a close
observation of the charge-discharge curves (Fig. 1a) also reveals
that the voltage plateaus of the Fe3t/Fe?t redox couple shorten
with the increased cycle, indicating the possible loss of the ac-
tive material induced by the interfacial side-reactions of the cath-
ode/electrolyte. It is well-documented that the products generated
by interfacial side-reactions of cathode/electrolyte under high volt-
ages can lead to the increase of polarization upon cycling [37].
These results indicate that the FEC in the electrolyte can improve
the interfacial interaction of LiMnggFey,P04 cathode and elec-
trolyte, which in turn suppress the increase of polarization and the
capacity fading during long cycle. Fig. 1c depicts the rate perfor-
mance of LiMnggFey,P0,4 cathodes in the electrolytes. There are
no appreciable differences at low rates (0.1-3 C), but when the
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discharge rate is increased up to 5 C or higher, higher discharge
capacities are observed in the FEC-containing electrolyte. Notably,
the discharge capacity in the FEC-containing electrolyte is closed to
100 mAh/g at 10 C, while only a discharge capacity of 82.8 mAh/g
is observed in the FEC-free electrolyte at 10 C. It is not hard to
understand that the suppressed charge-discharge polarization in-
duced by incorporation of FEC into the electrolyte can enhance the
rate capability of the LiMnggFey,P0,4 cathode.

The electrochemical behavior of LiMng gFeq,PO,4 cathodes in the
two electrolytes was further studied by EIS which was measured
using the assembled and the cycled CR2025 coin-type cells. As
shown in Figs. 1d-f, all spectra generally consist of arcs at high-
frequency and medium-frequency region, representing the interfa-
cial impedances including the cathode surface film resistance (Ry)
and the charge transfer resistance (R¢), and a sloped line at low-
frequency region belonging to Warburg impedance [38]. From Fig.
1d, it is interesting that the uncycled cathode has a higher in-
terfacial resistance in the FEC-containing electrolyte than that in
the FEC-free electrolyte, which is well coupled with the larger
polarization of the first charge-discharge in the FEC-containing
electrolyte (Fig. 1a). It indicates that the interaction between the
cathode and electrolyte has already been taken place before cy-
cling and the FEC has begun to take effect. However, reverse re-
sults are observed after 5 cycles and thereafter. From Fig. le, the
interfacial resistance (Rf and R.;) in the FEC-free electrolyte in-
creased substantially and is notably larger than the decreased one
in the FEC-containing electrolyte after 5 cycles, indicating a pos-
itive effect of FEC on the cathode/electrolyte interface. Similarly,
the interfacial resistance in the FEC-free electrolyte is found to
be larger than 1000 0hm, which is much larger than that in the
FEC-containing electrolyte (<5000hm) after 500 cycles (Fig. 1f).
Therefore, it is apparent that the introduction of FEC into the elec-
trolyte can effectively improve the interaction of LiMnggFeq,POy4
cathode/electrolyte to suppress the increase of the cathode interfa-
cial resistance upon cycling, which thus facilitates the charge trans-
fer between the interface and leads to the better charge-discharge
performance (Figs. 1a-c).

The results of the EIS suggest that the interfacial side-reactions
of cathode/electrolyte lead to the formation of solid film on the
cathode surface upon cycling. The presence of the interfacial
film can be observed by SEM, and the images of the uncycled
LiMng gFeq,P04 cathode and those after 500 cycles in the two
electrolytes are shown in Figs. 1g-i. Compared with the porous par-
ticles with open pores of the uncycled LiMnggFey,PO4 cathode, it’s
not hard to see that the pores in the particles of the cathode af-
ter 500 cycles in the FEC-free electrolyte was severely blocked, and
the degree of blockage is obviously reduced in the FEC-containing
electrolyte, which directly demonstrates the existence of the inter-
facial film on the cathode surface and more products of the in-
terfacial side-reactions formed in the FEC-free electrolyte. Appar-
ently, the blockage of pores would impede the electrolyte pene-
tration and Li* diffusion into the LiMnggFeg,P0,4 particles, thus
leading to the increase of the charge-discharge polarization. More
products of the interfacial side-reactions mean a thick solid film
deposited on the cathode surface, also leading to the increase of
the charge-discharge polarization. From the above results, we can
conclude that the present of FEC can improve the interfacial in-
teraction between the LiMnggFey,P0, cathode and electrolyte to
suppress the occurrence of the interfacial side-reactions, and thus
thin solid film is formed and less pores are blocked, which ulti-
mately lead to the improved electrochemical performance of the
LiMl‘lO.SFEO_2PO4.

To probe the deposited compounds generated by the inter-
facial side-reactions of the cathode/electrolyte upon cycling, the
LiMnggFey,PO, cathodes after 500 cycles were studied by XPS.
Fig. 2 displays the XPS spectra of C 1s, O 1s, P 2p, F 1s, Mn 2p
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and Fe 2p for the LiMnggFen,P0,4 cathodes. The C 1s spectrum
of the uncycled LiMnggFeq,PO,4 cathode consists of three peaks.
The peak at 284.8 eV is attributed to C-C in the graphite, and two
other peaks at 286.0 and 290.8 eV are attributed to C-O and C-F
bonds in the PVDF binder. Some additional peaks are observed in
the spectra of the cycled cathode. The peak at 288.7 eV is associ-
ated with C=0 bonds in lithium alkyl carbonates and polycarbon-
ates, and the peak at 290.0eV is associated with Li;CO3 [39]. It
is seen that the Li,CO3; peak for the LiMnggFey,P0,4 cathode cy-
cled in the FEC-containing electrolyte is weaker than that in the
FEC-free electrolyte, which means that less Li,CO3; was generated
in the FEC-containing electrolyte upon cycling. Consistent results
are observed in the O 1s spectra, and the Li,CO3 peak at 531.5eV
is also weaker for the cathode cycled in the FEC-containing elec-
trolyte. In addition, a peak at 534.0eV of LixPOyF, is additionally
observed in the O 1s spectrum of each cycled cathode [40,41], and
it is well-documented that LixPOyF, is an intermediate product
of the LiPFg decomposition of the electrolyte [28]. Obviously, the
LixPOyF, peak is much weaker for the LiMnggFey,P0, cathode cy-
cled in the FEC-containing electrolyte as compared with that in the
FEC-free electrolyte, which indicates that less LixPOyF, was gener-
ated in the FEC-containing electrolyte upon cycling. The presence
of LixPOyF, is also supported by the P 2p (the peak at 134.0eV)
and F 1s spectra (the peak at 685.8eV), and likewise, the LixPOyF,
peak for the cathode cycled in the FEC-containing electrolyte is
clearly lower than that in the FEC-free electrolyte. In the F 1s spec-
tra of the cycled cathodes, another new peak at 684.8 eV is related
to LiF [42], and its intensity is much lower for the cathode cycled
in the FEC-containing electrolyte. According to the available liter-
ature [42,43], HF can be generated by the hydrolysis of LiPFg in
the electrolyte and then will consume Li* to form LiF deposited
on the electrode surface. The C 1s, O 1s, P 2p and F 1s spectra
of the LiMnggFey,P04 cathodes all demonstrate the presence of
Li;COs, polycarbonate, LiF and LixPOyF, on the cycled cathode sur-
face, which is well consistent with the observations of the XRD
and FTIR measurements (Figs. S1 and S2 in Supporting informa-
tion), and evidence that the addition of FEC into the electrolyte
can suppress the interfacial side-reactions occurring between the
LiMng gFey,P0O,4 cathode and electrolyte.

Apparently, the generation of Li,COs, LiF and LixPOyF, on the
cathode surface consumes active Lit from the cathode and elec-
trolyte. The XPS spectra of Mn 2p and Fe 2p show the appear-
ance of Mn3+ and Fe3+ (peaks at 642, 654.5, 712.5 and 726¢eV)
in the cathodes after 500 cycles [44], indicating the loss of active
Lit from the cathodes upon cycling. It is seen that the Mn3*+ and
Fe3+ peaks for the cathode cycled in the FEC-free electrolyte are all
higher than those in the FEC-containing electrolyte, which means
that more Mn3*+ and Fe3+-containing compounds are present in
the LiMng gFeq,P04 cathode cycled in the FEC-free electrolyte. The
formation of Mn3+ and Fe3*-containing compounds is associated
with the occurrence of the irreversible reaction upon cycling, and
the increased amount indicates a more serious loss of the ac-
tive Lit, which is another factor causing the accelerated capacity
loss and the shortened charge-discharge plateaus around 4.1 and
3.5V for the LiMnggFey,PO,4 in the FEC-free electrolyte (Figs. 1a-
c). From the above analyses, the products generated from the side-
reactions between the cathode and electrolyte upon cycling are
mainly composed of Li,COs, LiF, LixPOyF,, polycarbonate and in-
organic or organic phosphates. These compounds are all poor con-
ductors, and the deposit of these compounds on the cathode sur-
face will increase the interfacial impedance of the cathode. Noted
that reduced amounts of these compounds are observed on the
cathode surface cycled in the FEC-containing electrolyte, therefore,
when the LiMnggFey,P04 cathode cycled in the FEC-containing
electrolyte, the less amounts of decomposition products are gen-
erated by the interfacial side-reactions of the cathode/electrolyte,
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Fig. 3. The dissolution content of Mn and Fe for the charged LiMnggFeo,P0O,4 cath-
ode aged in the electrolytes without and with 3 wt% FEC for 20 d at room temper-
ature.

the less pores in the porous particles of the LiMnggFey,P04 are
blocked and the smaller interfacial impedance is yielded, which
ultimately lead to the improved electrochemical performance of
LiMng gFey,PO4 cathode in the FEC-containing electrolyte.

Moreover, metal dissolution from the cathode was often found
to be a part of side-reactions between the cathode and electrolyte
due to the attack of HF in the electrolyte, and thus caused the ca-
pacity loss [30,45,46]. Fig. 3 compares the dissolution content of
Mn and Fe for the charged LiMnggFey,PO4 cathode aged in the
electrolytes without and with 3 wt% FEC for 20 d at room tem-
perature. The dissolved content of Mn and Fe in the FEC-free elec-
trolyte is remarkably higher than that in the electrolyte with 3 wt%
FEC, demonstrating that the Mn and Fe dissolution in the FEC-
containing electrolyte was significantly suppressed. Therefore, the
decreased metal dissolution should be another factor for the im-
proved capacity retention of the LiMnggFey,P0, cathode cycled in
the FEC-containing electrolyte. Considering thinner solid film was
formed and less pores were blocked for the LiMnggFeq,PO,4 cath-
ode in the FEC-containing electrolyte due to less products gener-
ated from the interfacial side-reactions between the cathode and
electrolyte upon cycling, the physical protection of the cathode
should be weakened and an increased metal dissolution should be
expected if similar or more (FEC decomposition can release HF)
HF was formed in the FEC-containing electrolyte. Consequently, the
present observed decrease in the metal dissolution means that less
HF was formed in the FEC-containing electrolyte comparative to
the FEC-free electrolyte.

The above experimental results show that the addition of FEC
in the electrolyte has a positive effect on the performance of the
LiMng gFey,P0O,4 cathode, which can be attributed to the reduced
decomposition products generated by the interfacial side-reactions
and the decreased metal dissolution in the FEC-containing elec-
trolyte. The available reports have revealed that the FEC is more
oxidation-resistant than the carbonate solvents of EC, PC, DMC,
EMC and DEC [24,25,28], and the binding of FEC-PFg~ is stronger
than that of EC, DMC and DEC with PFg~ [28]. For the electrolyte
of 1.0 mol/L LiPFg-EC/EMC/DMC used in this work, our theoretical
calculations also show that, similar to that of the EC and DMC
with PFg~, the binding of EMC-PFg~ is also weaker than that of
FEC-PFg~ as shown in Fig. 4, indicating an easier coordination of
FEC and PFg~. The present observed improvements in the perfor-
mance of LiMng gFey,PO,4 cathode in the FEC-containing electrolyte
are thought to be the result of combined effect of the stronger
binding of FEC-PFg~ complex and the higher oxidation resistance
of FEC, which work jointly on suppressing the decomposition of
LiPFg and the oxidation of carbonate solvents (EC, DMC and EMC)
during charging. The easier and stronger binding of FEC and PFg~
could suppress the decomposition of LiPFg, and thus less HF and
LiF was generated and less metal dissolution was observed in the
FEC-containing electrolyte. Meanwhile, during charging, the neg-
ative ions in the electrolyte tends to accumulate in the vicinity
of cathode, and the FEC gets closer to the cathode surface than
other carbonate solvents (EC, DMC and EMC) due to the easier and
stronger binding of FEC and PFg~. Since the FEC is more oxidation
resistant than other carbonate solvents, the attracted FEC close to
the cathode surface may act as a protecting layer to suppress the
oxidation of EC, DMC and EMC during charging. Noted that the FEC
peaks are still present after the initial charge and discharge (Fig.
S3 in Supporting information), and thus the remaining FEC would
continue working as a protecting solvent to suppress the oxidation
of EC, DMC and EMC in the subsequent cycles, and as a result, less
surface products are generated by the interfacial side-reactions as
observed on the cathode surface.

In addition, it is noted that positive effects of FEC on the
L1FePO4 and the layered cathodes (Lil.lﬁan0.75Ni0.25]0.84OZv LlCOOz
and LiNiggMng;Cog10,) have been reported in the available lit-
erature [26-30], but it is interesting that the FEC-induced vari-
ation in the amount of the main component LiF generated on
the surface of these cathodes was much different. For exam-
ple, decreased amount of LiF was observed on the LiFePO,4 cath-
ode surface [27], while increased amount of LiF was observed on
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the Lij15[Mng75Nig25]0.840, cathode surface [28]. In the present
work, the LiMng gFey,P04 cathode surface also showed a decreased
amount of LiF in the FEC-containing electrolyte, which is the same
as that of the LiFePO,4 cathode. Since the solvents of the electrolyte
used in the available reports and the present work are different,
it is difficult to know whether the cathode or the solvent caused
the difference in the FEC-induced variation in the amount of LiF,
and a comparative study on the different cathodes in the same
FEC-free and FEC-containing electrolytes is needed. Moreover, we
should not neglect that the well-recognized positive effects of FEC
on lithium anode might also contributed partly to the overall im-
provement in the performance of LiMnggFey,P04 in the present
work.

In conclusion, our comparative studies reveal that the addition
of FEC additive into the electrolyte can reduce the amount of the
products generated by the interfacial side-reactions between the
LiMng gFey ;P04 cathode and electrolyte and the metal dissolution
in the electrolyte, due to the higher oxidation resistance of FEC and
the easier and stronger binding of FEC and PFg~. These improve-
ments lead to the results that less poor conductive compounds are
deposited on the cathode surface, less pores in the porous particles
of the LiMnggFey,P0,4 are blocked, less active material is lost, and
thus, improved performance of the LiMnggFeq,P0, is observed in
the FEC-containing electrolyte. Therefore, the addition of FEC addi-
tive into the electrolyte provides a simple and cost-effective strat-
egy for engineering the cathode/electrolyte interface to improve
the performance of LiMnPO,4 based materials.
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