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Improved high temperature capacity retention of LiMn,0Q4 cathode lithium-ion
battery by ion exchange polymer coating

Peng Xue,” Lei Pan,” Dacheng Gao,” Shengyang Chen,” Baofeng Wang®, Lei Li"*

lon exchange polymer coating on the LiMn,0, cathode to overcome capacity fading of lithium-ion

battery at high temperature is first demonstrated, and it shows very good capacity retention
compared with the pristine LiMn,0, cathode without coating.
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Ion exchange polymer coating on the LiMn,0, cathode to
overcome capacity fading of lithium-ion battery at high
temperature is first demonstrated, and it shows very good
capacity retention compared with the pristine LiMn,0,
cathode without coating.

Rechargeable lithium-ion batteries (LIBs) are expected to be used
as the power source for hybrid electric vehicles (HEVs), plug-in
hybrid electric vehicles (EVs) and electric vehicles due to their
high intrinsic energy density and high voltage." However, the
current LIBs technologies are not yet able to meet the
requirement of efficiently storing alternative energy sources and /
or powering hybrid or electric vehicles. Enhancement in safety
and long life, reduction in cost, and improvement in thermal
stability and energy density are the main properties that have to
be implemented. To meet the above requirements, many research
groups have extensively and intensively investigated many
possible cathode materials such as LiC00,,2 LiNl_,(_yCO,(MnyOZ,3
LiFePO,* and LiMn,0,*"for the applications in EVs. Among the
well-studied cathode materials, the LiMn,O, (LMO) with the
spinel framework has been considered as one of the most
promising cathode materials to be used for EVs due to several
advantages desirable for large-scale LIBs applications: (1) low
costs and abundance of its raw materials, (2) high rate
performance due to its’ three dimensional (3D) channel structure
that facilitates efficient Li* diffusion, (3) high safety and non-
toxicity, and (4) a high operation potential (~4.1 V vs. Li/Li%).!
However, serious capacity fading of the LIBs based on the LMO
especially at high temperature over 55 °C is still a big barrier to
practical applications.”” The capacity fading is known to be
caused by the dissolution of Mn?* from the LMO into the
electrolyte, which is originated from the disproportionation
reaction: 2Mn’" (s) — Mn*" (s) + Mn?" (aq.).>® Also, it has been
known that dissolution accelerated in the high voltage range of >
4.0 V vs. Li/Li" and also by the attack of hydrogen fluoride (HF),
inevitably formed by both thermal decomposition of lithium
hexafluorophosphate (LiPF4) and the reaction of the LiPF4 with
residual water in the electrolyte.”” Mn>" is soluble in the non-
aqueous electrolyte and Mn*" tends to stay in the positive
electrode in a form of A-MnO,. While the solvated Mn*" is
readily reduced at the negative electrode because the redox
potential of Mn”>*/Mn couple is much higher than the intercalation
potential of the carbonaceous negative electrode materials. Then,
the deposition of Mn metal on the carbon surface will lead to the
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significant impedance rise and capacity fading of the LIBs.

In order to suppress Mn>" dissolution, a lot of methods are
reported: (1) partial Mn substitution with different transition
metals such as Li", Mg*" and AI**,® (2) partial anion substitution
0> with F,” (3) metal oxide surface coatings,'® (4) functional
electrolyte additives,'' (5) new polymer binders,'> and (6) new
non-fluorinated lithium salts such as lithium bisoxalatoborate
(LiBOB)." Despite an improved cycling performance, many of
these approaches also lead to additional drawbacks, such as the
sacrifice of the specific capacity, or involve more complex steps
which will increase the production cost.

Herein, we report a simple method to solve the Mn*"
dissolution problem by coating cation exchange polymer on the
surface of LMO cathode electrode. Through ion exchange
reaction, H' ions of the cation exchange polymer will be replaced
by the dissolved Mn?" ions of LMO electrodes (shown in Fig. 1).
Then the dissolved Mn?* ions will be captured by the cation
exchange polymer, resulting in improved cycle performance at
high temperature. In addition, the cation exchange polymers are
normally considered as a single conductor (or ion conducting
electrolyte) used in lithium-ion battery’ and lithium-sulfur
battery.'> Thus, Li" ions diffusion in the cell is not affected.
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Fig. 1 (a) Schematic diagram for the principle of cation exchange
polymer coating on LiMn,0y electrode to capture dissolved Mn**
ions. (b) Ion exchange reaction between H' ions on Nafion
ionomer and Mn*" ions.
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In our experiments, Nafion ionomer made by Dupont, one of
the best known cation exchange polymer is used as the ion
exchange polymer coating on the LMO electrodes. The LMO
electrode was composed with LiMn,0, powder (80 wt%), carbon
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black (10 wt%) and poly(vinylidene fluoride) (PVDF 10 wt%).
The detailed experimental process is described in the ESI. Nafion
dispersion (Nafion dispersion D520, 5 wt% in alcohol/water)
solution was coated on the LMO electrode, and dried at room
temperature to make a Nafion coated electrode. The amount of
Nafion on the electrode is about 0.56 mg cm™.

In order to verify the ion exchange reaction between the
dissolved Mn*" ions in electrolyte and H' ions of cation exchange
polymer, two experiments were carried out. First, both the LMO
10 electrodes with and without Nafion coating were put in a sealed

bottle containing a 1.0 M LiPFs-dissovled EC-DMC (1:1, v:v)
electrolyte at 55 °C for 15 days. From Fig. 2a, it can be easily
found that the solution soaked in the LMO electrode with Nafion
coating is a transparent and colorless solution, however, the
15 solution soaked in the LMO electrode without coating shows a
pink color, which is normally the color of bivalent manganese
ions. The manganese concentration of the electrolyte solution in
the electrode with Nafion coating (0.123 mg L) is very smaller
than that of the electrode without Nafion coating (1.684 mg L™).
2 These results indicate that the Nafion coating blocked the Mn**
ions into the electrolyte, thereby inhibiting the disproportionation
reaction of the Mn®>" ions. In addition, it also implies that the
Nafion coating will be as an effective layer to prevent the LMO
electrode by the attack of HF formed by decomposition of LiPF
25 salt in electrolyte. The occurrence of ion exchange reaction was
further supported by the FT-IR spectra of Nafion film obtained
before and after storage in the manganese-dissolved electrolyte.
In the Nafion with H' form, the band at 972 cm™ was assigned to
—SO;H group.'® However, the intensity of this band decreased
30 when the part of H" ions were exchanged by Mn?* ions. The band
at 1057 cm of the Nafion with H' form was attributed to the —
SO symmetric stretch.'®!” Due to the interaction between Mn?*
and oxygen, this band shifted to 1060 cm™" of the Nafion captured
Mn*" jons.
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Fig. 2 (a) Image of solutions of LiMn,0O, electrodes with and

without Nafion coating soaked in electrolytes at 55 °C for 15 days.

(b) FT-IR spectra of Nafion film obtained before (Nafion-H) and
after (Nafion-Mn) storage in the manganese-dissolved electrolyte.

The typical morphologies of the LMO electrodes with and
without Nafion coating are shown in Fig. 3. Compared with the
pristine electrode shown in Fig. 3a, it can be clearly seen that a
visible Nafion layer is homogeneously formed on the LMO
electrode after coated Nafion solution. The thickness of the
Nafion layer was about 1 pm. The Nafion layer could not only
ss have the advantage of blocked the Mn?* ions into the electrolyte,

but also prevent the active material by the attack of HF formed by
the decomposition of LiPFg. To analyze the morphology changes
of the electrode after charge/discharge cycling measurements, the
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cells were disassembled in an argon-filled glove box. The
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remove residual salts, and then dried in vacuum over for 2 h at
room temperature. It can be seen from Fig. 3c that except for a
little cracks, most of Nafion coating remains integrity after
cycling measurements, implying the stability of the Nafion layer
during charge/discharge cycling measurements. Fig. 3d shows the
TG curve of the LMO electrodes with Nafion coating before and
after cycling measurements. In both electrodes, the weight loss
between 300 and 550 °C is about 16.5 wt%, which is mainly due
to the degradation of PVDF binder and Nafion coating in both
electrodes. TG curves of both electrodes before and after 100
cycling test show almost same, which indicates that Nafion layer
has good stability on the electrodes during charge/discharge
cycling measurements.

L no cycling
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Fig. 3 SEM images of LiMn,O, electrodes without Nafion
coating (a), with Nafion coating (b) and after 100 cycles (c). TG
curves of LiMn,0O, electrodes with Nafion coating before and
after 100 cycles (d).

Initial charge-discharge profiles of the cells using both the
LMO electrodes at 55 °C, which were cycled under a voltage
range of 3.0-4.5 V at current density of 100 mA g, were shown
in Fig. 4a. Two pseudoplateaus at around 3.9 and 4.1 V that
indicate the typical electrochemical behaviour of the spinel
LiMn,0, were observed in both charge and discharge curves.'®
The performance of the first cycle of the cell using the pristine
LMO electrode (charge capacity: 118.0 mAh g', discharge
capacity: 110.5 mAh g, coulombic efficiency: 93.6%) was better
than that of the cell using the LMO electrode with Nafion coating
(charge capacity: 109.6 mAh g, discharge capacity: 102.1 mAh
g, coulombic efficiency: 93.2%).The main reason is the ohmic
resistance based on AC impedance measurements shown in Fig.
4b, increases from 3.74 Q em? to 12.27 Q cm™ with the Nafion
coating on the electrodes due to the low conductivity of Nafion
film (about 10° S cm™'®). The detailed analysis of AC impedance
results is described in the ESI.

The cycling performance of the cells using both the LMO
electrodes at 55 °C is shown in Fig. 4c. It can be found that the
capacities of both cells decrease with the increment of cycle
numbers. For the pristine LMO electrode, the capacity reduced
rapidly after around 40 cycles, and was decreased to 20.2 mAh g’
' (18.3% of the initial capacity) after 100 cycles. Compared to the
pristine LMO electrode, the battery using the LMO electrode with
Nafion coating showed a high capacity retention of 77.4 mAh g”'
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(75.8% of the initial capacity) after 100 cycles. The coulombic
efficiency of the LMO electrode with Nafion coating was almost
100% even after 100 cycles, which is also better than that of the
battery using the pristine LMO electrode. In addition, the
s difference between the charge potential and discharge potential of
the LMO electrode with Nafion coating shown in Fig. 4d does not
changes too much compared with the pristine LMO electrode (see
Fig. S3). In general, there are two main factors leading to the
capacity fading of LMO electrodes at high temperature, including
10 the disproportionation reaction of LMO and LiPFs based
electrolyte.® At room temperature, both the disproportionation
reaction and thermal decomposition of LiPFg salt will not be
easily occurred. Then both cells using both the LMO electrodes
show good cycling performance at room temperature (Fig. S4).
15 After 100 cycles, the capacity retention of both cells are almost
same, and the capacity of them are about 100 mAh g”'.
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Fig.4 Electrochemical performance of batteries at 55 °C. (a)
Voltage profiles for the first cycle of the batteries usingLiMn,0,
electrodes with and without Nafion coating measured between

20 3.0 and 4.5 V at a current density of 100 mA g'. (b) Nyquist
plots of LiMn,0O, electrodes with and without Nafion coating
after the first 100 mA g charged cell. (¢) Cycling stability of
batteries using LiMn,0, electrodes with and without Nafion
coating. Current density: 100 mA g'. (d) Charge-discharge

25 curves of battery using LiMn,0, electrodes with Nafion coating
at different cycle numbers.

(a) "1 (b) 11
400
() MhaaCant 51144083 522

—— pristine LMO-Nafion electrode
MO ¢
—— LMO electrode after 100 cycles
| = LMO-Nafion electrode after 100 cycles

L o .

(i) Lok

Intensity / a.u.
Intensity /a.u.

(i) l 1

10 20 30

4 5 60 70 80 45 N
2
20/ degree 20/ degree

Fig.5 XRD patterns of LiMn,0, electrodes (a) and the magnified

between 18 to 37 for 26 (b): pristine LiMn,0, electrodes with

Nafion coating (i), and after 100 cycles (ii), pristine LiMn,0,
30 electrodes without Nafion coating (iii) and after 100 cycles (iv).

Fig. 5 shows the XRD patterns of the pristine and LMO
electrodes after 100 cycles with and without Nafion coating at 55
°C. All the peaks in the XRD patterns of the LMO electrodes
were indexed as the spinel phase (JCPDS file No. 35-0782). It

35 can be found that the intensities of all the LiMn,0, diffraction
peaks of both LMO electrodes are weakened. This is maybe due
to the decay of the spinel structure of LiMn,0O, which resulted
from Mn*" dissolution at elevated temperature.” However, the
extent of weakening of the electrode without coating is stronger

4 than that of the electrode with coating. Fig. 5b shows the
magnified patterns at 20 = 18-37°. It can be found that both the
diffraction peaks (111) and (311) of the electrode without coating
shifted to higher angle after cycled. In addition, the value of full
width at half maxima (FWHM) of both peaks also increased after

ss cycled. These results suggest that the crystal lattice of the
LiMn,O, in the electrode without coating shrank after cycled.®’
Compared with the LMO electrode without coating, there no
obvious change of the FWHM value and no obvious shift were
found in the diffraction peaks of the electrode with Nafion

so coating even after 100 cycles, which indicates that the extent of
degradation of the spinel structure of LiMn,0O, in the electrode
without coating is much stronger than that of the electrode with
coating. These results indicate that the Nafion coated LMO
electrode shows very better thermal stability than that of the
ss pristine LMO electrode.

a)Cls o, Li b)Mn 2p
( ) GF  C=0, LiCO, cc ( ) My 2p" My ™
i
I i
5 i i i % »
£ H H after test ! 5 T -
3 = £ D
z > L
g ' é‘ before test
2 ) 2 —-“k‘\
z 1 before test 5 "
£ ‘ £ SN
£ ) \
' ' ' .
L L L L L L ! L L L L I L L
294 292 290 288 286 284 282 658 656 654 652 650 648 646 644 642 640 638 63
Rindina enarav (a\) Binding energy (eV)
(c)ots sog Lo, Mno () s2p +50) Mn 501
' ' i he
.
1] {23 S
£ | after test = | after “"’
c c
S i 3 s -~
5 ' O T 5 ' '
2 ' ' . 2 '
s ' ' ' < '
-~ 1 [} ' -~
2 ' ' 2
@ | before test | D
] “) ' S | before test
- | -
= i t = E
i i i
. . . . . . . \ . . .
540 538 536 534 532 530 528 174 172 170 168 166 164

Binding energy / eV Binding enerayv / eV

Fig.6 XPS spectra of LiMn,0, electrodes with Nafion coating
before and after 100 cycles at 55 °C. (a) C 1s spectra, (b) Mn 2p
spectra, (¢) O 1s spectra and (d) S 2p spectra.

The surfaces of the LiMn,0, electrodes with Nafion coating
¢ before and after 100 cycles at 55 °C were analyzed by XPS. The
C 1Is, Mn 2p, O 1s and S 2p spectra of both electrodes are shown
in Fig. 6. The C s spectra show slight difference between the
LiMn,0, electrodes with Nafion before and after test (see Fig.
6a). There are two characteristic peaks in both electrodes in the C

o 1s spectra: C-C bond in carbon black (284.1 V)", C-F bond in
Nafion and PVDF (284.2¢V)%. In addition, new peak attributing
to Li,CO;z (288.7 eV) can be found in the LiMn,0, electrodes
after test, which is due to SEI formation on the electrodes during
the cycling measurements.'*?!

70 The Mn 2p spectra are shown in Fig. 6b. There are two main
peaks in Mn 2p spectra in both electrodes, dominated by Mn
2p¥%: Mn*" in Mn,O; or LiMn,O, (641.7 eV), Mn*" in MnO, or
LiMn,0, (642.9 eV).*> And a weak new Mn 2p"? peak (653.6
eV) is appeared in the tested LiMn,O, electrode.”” This shows

75 that the Nafion film can capture of Mn®" ions on the electrodes.
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In the O 1s spectra in both electrodes shown in Fig. 6¢, there
are two main peaks: —SO;H bond in Nafion (535.7 eV)* and
Li,CO; (532.0 ¢V)®. In addition, Mn-O bond in —(SO;),Mn
(529.6 eV)*' can be found in the electrodes after test, which
indicates that Nafion layer can capture the Mn®* from the
LiMn, 0y electrode.

The S 2p spectra are shown in Fig. 6d. There is only one main
peak in S 2p spectra in the electrodes before test, which is
dominated by —SO;H bond (168.1 eV).?* For the electrode after
test, a new peak attributing to —(SO3),Mn (170.8 eV)** can be
found, which is also indicates that Nafion layer can capture the
Mn** from the LiMn,O, electrode.

In summary, a simple electrode modification method using ion
exchange polymer coating is reported to overcome severe
capacity fading of the LiMn,0O, cathode lithium-ion batteries at
high temperature. The Nafion coating layer will not only block
the Mn>" ions into the electrolyte, but also be as an effective layer
to prevent the LMO electrode by the attack of HF formed by the
decomposition of LiPF4 salt in electrolyte. Thus, the LMO
electrodes after Nafion coating show very good high capacity
retention at 55 °C compared with the pristine LMO electrodes.
We expect this new method may be readily applicable for
commercial LMO cathode LIB products. Further work on the
choice and synthesis of ion exchange polymer, optimization of
the loading of ion exchange polymer and coating process is under
investigation.
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Jiaotong University.
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