Open Access Article. Published on 06 July 2023. Downloaded on 8/1/2025 4:37:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2023, 13, 20271

ROYAL SOCIETY
OF CHEMISTRY

(3

Study on the effect of fluorinated solvent
electrolyte on the active material and cycle

performance of a commercial 21700-type battery
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Different electrolyte schemes were studied on the traditional commercial 21700-type battery. The effect of
different fluorinated electrolytes on the cycle performance of the battery was systematically investigated.
When methyl (2,2,2-trifluoroetyl) carbonate (FEMC) was introduced, due to the low conductivity of
FEMC, the polarization and internal resistance of the battery increased, which leads to the increase of

constant voltage charging time, leading to the cracking of the cathode material and reduction of the

cycle performance. When ethyl difluoroacetate (DFEA) was introduced, the poor chemical stability
caused by its low molecular energy level led to the decomposition of the electrolyte. Thus, affecting the
cycle performance of the battery. However, the introduction of fluorinated solvents can form
a protective film on the surface of the cathode, which can effectively inhibit the dissolution of metal

elements. The fast-charging cycle of commercial batteries is generally set at 10-80% SOC, which can
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effectively reduce the H2 to H3 phase transformation process, and the temperature rise caused by fast-

charging can also reduce the effect of electrolytic conductivity, so that the protective effect of the

DOI: 10.1039/d3ra02278a

rsc.li/rsc-advances is improved.

1 Introduction

Due to the remarkable power and energy density of the lithium
battery, it has been applied in a lot of fields, such as digital
products, electric vehicles (EVs) and energy storage."” For
lithium batteries used in electric vehicles, their energy and
power density requirements are higher, and their cycle life is
also facing challenges. The increase of internal resistance and
the accelerated decay of the battery at the end of the cycle are
considered to be the main factors affecting the cycle life.**°
Understanding the relevant degradation mechanisms in
batteries is of great importance to optimize the battery
lifetime.*** Several aspects have been extensively studied to
explore the degradation mechanisms, such as the cathode
material,"*® anode material,"” electrolyte,'*?® septum® and so
on. Among them, the cathode material and electrolyte attract
most attention.

The cathode material is a key factor affecting the cycle life of
the battery, especially the nickel-rich ternary material. Ternary
materials generally undergo multiple phase transitions during
the charging and discharging process of batteries. At the initial
stage of lithium removal, the material changes from an initial
hexagonal (H1) structure to a monoclinic structure (M), this
process will cause the contraction of the a-axis in the crystal cell.
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fluorinated solvent on the cathode material is dominant. Therefore, the fast-charging cycle performance

With the deepening of the degree of lithium removal, the crystal
structure of the material gradually changes from monoclinic to
hexagonal (H2), which will lead to the increase of the c-axis. At
the later stage of lithium removal, the hexagonal structure will
change into another hexagonal (H3) phase, leading to a sharp
contraction of the c-axis. The repeated volume changes in the
process of charging and discharging process will lead to cracks
in the material particles, especially for the secondary particle
structure formed by the accumulation of single crystal particles,
which usually leads to large area cracks of the ternary
material.”>** Moreover, the surface of cracked particles may
form a layer of NiO-like rock salt phase, which is usually
considered as insulator.® This transformation of cathode
material's structure is considered to be the key factor affecting
the cycle life. S. Watanabe et al.”” studied the effect of different
discharge depths on particle crack of cathode materials. The
cycle performance was performed at 25 °C and 60 °C for the Li
[Nig.76C00.14Al.10]O, cathode/graphite cell. They found that
when the discharge depth is low, the contraction and expansion
of the material is relatively small, and the degree of particle
crack is low. With the increase of the discharge depth, the
contraction and expansion of the material gradually increases,
resulting in the same trend of particle crack. The effect of
temperature is mainly reflected in the case of high discharge
depth. When the discharge depth is low (10-70%), the effect of
temperature was almost ignored. Y. K. Sun et al.*® reported
a new nickel-rich material (Li[Nigg65C00.120Al0.015]02). By

RSC Adv, 2023, 13, 20271-20281 | 20271


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02278a&domain=pdf&date_stamp=2023-07-05
http://orcid.org/0009-0007-8178-5960
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02278a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013029

Open Access Article. Published on 06 July 2023. Downloaded on 8/1/2025 4:37:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

adjusting the gradient distribution of Ni, the design of Ni-rich
area at the core and Co-rich layer at the outside was realized.
The Ni in the core can improve the capacity of the material,
while the Co-rich layer on the surface can increase its stability.
Thanks to this unique structural design, the obtained materials
showed improved capacity retention and better thermal
stability.

Electrolyte also has obvious effect on the cycle life of battery.
On the one hand, the conductivity of the electrolyte can affect
the polarization and internal resistance of the battery, which
may lead to the change of the battery temperature; on the other
hand, the electrolyte can obviously promote the formation and
stability of solid electrolyte interphase (SEI) film, the decom-
position or repeated growth of SEI film may cause the loss of
active lithium, which is considered as an important reason for
the battery capacity degradation.* Z. Zhang et al.** reported
a novel fluorinated electrolyte formulation of fluoroethylene
carbonate (FEC)/bis(2,2,2-trifluoroethyl) carbonate (HFDEC)
plus lithium difluoro(oxalato) borate (LiDFOB). They evaluated
its performance in a conventional lithium battery system with
the LiNiysMng3C0,,0, (NMC532) cathode coupled with the
graphite anode. They confirmed that the enhanced oxidation
stability, high ionic conductivity and electrode wettability of the
fluorinated electrolyte can significantly improve the cycle life
and effectively reduce the internal resistance of the battery.
Moreover, the fluorinated electrolyte formulation is more
conducive to the formation of SEI film on the surface of
graphite. Y.-M. Lee et al®*' provided a fluorinated electrolyte
additive of 5 wt% methyl (2,2,2-trifluoroethyl) carbonate
(FEMC) of fluorinated linear carbonate in the lithium battery
system with the LiNiy sMng 3C04,0, (NMC532) cathode. They
insist that the FEMC plays a key role in the formation of a stable
SEI film and effective passivation of cathode surface, which can
improve the cycling performance, discharge capacities and
capacity retention. J. R. Dahn et al.** reported a fluorinated
electrolyte formulation of 1 M LiPF/fluoroethylene carbonate:
bis (2,2,2-trifluoroethyl) carbonate (1:1 w:w) in a lithium
battery system with the LiNi, 4Mn, 4C0,,0, (NMC442) cathode
coupled with the graphite anode. They found that the fluori-
nated electrolytes used alone or in combination with other
additives showed significant improvement in coulombic effi-
ciency and charge endpoint capacity slippage during the cycle,
voltage drop during storage, as well as improving the capacity
retention.

Although many studies have been carried out on the effect of
cathode materials and electrolyte on battery cycle life, their
studies have focused on the individual effects of research
objectives. The reduction of battery cycle life is not only the
influence of a single factor, but also the synthesis of a series of
complex processes. The change of the electrolyte will also have
a great effect on the active material. Therefore, it is necessary to
comprehensively analyze the effect of electrolyte and cathode
materials on the cycle life of battery. Herein, we report effect of
the fluorinated electrolyte on battery performance. By adding
FEMC and DFEA into the base electrolyte, the effect of fluori-
nated solvents on the crack of cathode materials and the loss of
active lithium was studied. Due to the low conductivity and

20272 | RSC Adv, 2023, 13, 20271-20281

View Article Online

Paper

thermal stability of the fluorinated electrolyte schemes, the
conventional cycle of the battery becomes worse, and the crack
of the cathode material was aggravated. On the contrary, fluo-
rinated solvents can form a protective cathode electrolyte
interface (CEI) film on the surface of the cathode material,
which can effectively inhibit the dissolution of metal elements
in the active material. Due to the large temperature rise and
small charging range during the fast-charging process of the
battery, the effect of the electrolyte conductivity is significantly
reduced, and the protection of the electrode is dominant.
Therefore, the fast-charging ability was improved.

2 Experiments
2.1 Preparation of 21700 batteries

21700 batteries are assembled using a commercial cylindrical
battery production process. The cathode material consists of Li
[Nig gsC00.1Alg.02]0,, acetylene black, and polyvinylidene
difluoride (PVDF), with a corresponding ratio of 97:2:1. The
anode material is composed of graphite, silicon, acetylene
black, and polymerized styrene butadiene rubber (SBR), with
a corresponding ratio of 88:8:2:2. The cathode material,
anode material and electrolyte are purchased from commercial
electrolyte companies.

2.2 Cycle tests of 21700-type commercial battery

The capacity of 21700-type battery for test is 4.4 A h. The cathode
material is Li[Nij g3C0g.1Alg.02]O,, the anode materials are
mainly graphite and silicon. The base electrolyte was a mixture
of ethylene carbonate (EC), ethyl methyl carbonate (EMC) and
dimethyl carbonate (DMC) containing lithium hexa-
fluorophosphate (LiPFg). The battery using the base electrolyte
is marked as BASE-Elect. For comparison, methyl (2,2,2-tri-
fluoroetyl) carbonate (FEMC) and ethyl difluoroacetate (DFEA)
were serve as fluorinated solvent and added to the base elec-
trolyte. Batteries with electrolyte fluorinated solvent of FEMC
and DFEA are marked as FEMC-Elect and DFEA-Elect respec-
tively. The specifications of tested batteries are shown in Table
1.

2.3 Materials characterization

Powder X-ray Diffraction (XRD, Rigaku-D/max-A) was used to
examine the crystalline phase of the cathode materials. The
morphology and element content of cathode material were

Table 1 Specifications of the 21700-type lithium battery

21700
Ternary material, NCA
Graphite and silicon

Battery type
Cathode material

Anode material

Electrolyte Solution of lithium
hexafluorophosphate (LiPFy)

Cutoff voltage 2.5-4.2V

Nominal capacity 42Ah

Charging current 4.2 A

Fast-charging current 14.7 A

© 2023 The Author(s). Published by the Royal Society of Chemistry
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examined by Field-Emission Scanning Electron Microscopy
with Energy Dispersive Spectrometer (FESEM with EDS, Carl
Zeiss Microscopy Ultra Plus). The average elemental composi-
tion analysis of the anode material was tested by an Inductively
Coupled Plasma Emission Spectrometry Analyzer (ICP, Perkki-
nElmer Optima8300, USA). The cyclic performance was tested
by Arbin battery testing system.

The conductivity of different electrolytes was measured
using a conductivity tester (METTLER TOLEDO). The molecular
energy levels of different electrolytes were obtained through
DFT calculations by Gaussian. The Brunauer-Emmett-Teller
(BET) surface areas of the obtained samples were calculated by
recording N2 adsorption-desorption isotherms.

3 Results and discussion
3.1 Capacity degradation analysis

Fig. 1a shows the conductivity of the three electrolyte schemes
at 25 °C and 45 °C. What can be seen from the figure is that the
BASE-Elect exhibited highest conductivity, while the FEMC-
Elect showed the lowest conductivity at 25 °C. However, at the
temperature of 45 °C, the conductivities of all electrolytes were
almost the same, indicating that the effect of electrolyte's
conductivity can be ignored at higher temperatures. Fig. 1b
shows the molecular energy level of different electrolytes. The
DFEA-Elect exhibits a minimum molecular energy level, which
indicates that the ability of antioxidant restoration is the
weakest, thereby, its chemical stability is relatively poor, which
may have a certain effect on the cycle stability of the battery.
In order to verify the stability of the electrolyte, Linear Sweep
Voltammetry (LSV) tests were carried out on electrolytes of
different schemes. Fig. 2 shows the LSV curves of all electrolyte
schemes, it can be seen that there is almost no redox current
observed of BASE-Elect, indicating that the electrolyte has good
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Fig. 2 CV curves of different electrolyte schemes.

antioxidant reduction ability. An obvious redox current can be
observed on the FEMC-Elect scheme, indicating that its anti-
oxidant reduction ability is relative poor. The same change can
be observed in DFEA-Elect scheme, where the redox current
became more obvious, indicating the worst antioxidant reduc-
tion ability than other schemes.

Fig. 3a shows the capacity retention rate of three electrolyte
schemes at room temperature, the voltage range is 2.5-4.2 V and
the charge/discharge current is set to 4.4 A. It can be seen from
the figure that the capacity retention rate of all batteries is
basically maintained at about 70% at 1000 cycles, which indi-
cates that all schemes have acceptable stability. However, by
comparing all the schemes, the BASE-Elect shows the best cycle
performance, its capacity retention rate is about 83%, which is
relative higher than other schemes. The FEMC-Elect exhibited
the lowest capacity retention rate (about 75%), and the
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(a) The conductivity of three electrolyte schemes; (b) the molecular energy level of different electrolytes.
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(a) The capacity retention rate of three electrolyte schemes; (b) the constant voltage charging time of different electrolytes; (c) the growth

of the direct current internal resistance (DCIR) of the battery during cycles of three electrolyte schemes; (d) the fast-charging cycle of the

different electrolyte schemes.

acceleration attenuation of cycle occurred at the end of the
cycle. The occurrence of this phenomenon may be attributed to
the lowest molecular level of DFEA, which leads to the worst
chemical stability in whole cycles. What's more, some side
reactions may occur on the surface of the electrode. Thus, the
capacity attenuation of this battery is relatively fast. The
capacity retention rate of the FEMC-Elect has also showed
a trend of decrease, which may be related to its lower conduc-
tivity. The lower conductivity can increase the polarization of
the battery, resulting in the increase in the proportion of time
for constant voltage charging during the charging process. The
increase in charging time under high voltage may lead to the
poor use environment of the active material of the battery,
especially the cathode material, which may aggravate the crack
of the cathode material. Thus, the cycle performance decreased.
Fig. 3b shows the constant voltage charging time of the three
electrolyte schemes respectively. It can be found that after
adding fluorinated solvents, the constant voltage charging time
has increased significantly, which is consistent with our
previous analysis. The constant voltage charging time of the
DFEA-Elect has a significant growth after the 800 cycles, which

20274 | RSC Adv, 2023, 13, 20271-20281

may be attributed to the poor stability of DFEA. Some side
reactions may continuously occur on the surface of the elec-
trode during whole cycles, which accelerates the consumption
of the electrolyte. The consumption of the electrolyte led to the
rapid decline in the conductivity of the electrolyte, which
caused the cycle performance of the battery accelerate attenu-
ation. On the one hand, the consumption of electrolyte will
further lead to a rapid decrease in the conductivity of the elec-
trolyte, leading to an increase in polarization; on the other
hand, the increase in polarization will increase the temperature
of the battery, which may further promote the side reactions of
electrolyte. Thus, the cycle performance of the battery is
reduced. The same phenomenon can also be observed in the
battery of the FEMC-Elect, which means that the cycle perfor-
mance of this scheme had also deteriorated significantly. Fig. 3¢
shows the growth of the direct current internal resistance
(DCIR) of the battery during cycles. It can be found that since
the decrease in electrolytic conductivity caused by the addition
of fluorinated solvents, the DCIR of the battery had increased.
The growth of the DCIR of the battery is the same as the changes
in the constant voltage charging time, which indicates that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reduction of electrolytic conductivity caused by adding fluori-
nated solvent will increase the internal resistance of the battery,
leading to an increase in the internal resistance of the battery.
Fig. 3d shows the fast-charging cycle of the different electrolyte
schemes, it can be seen from this figure that the fast-charging
performance of the battery with fluorinated solvent electrolyte
had been significantly improved. This may be due to the large
charging current (14.7 A) used for fast-charging, which can lead
to the higher temperature rise of the battery. The higher
temperature can inhibit the effect of electrolytic conductivity.
Moreover, according to the previous report,” fluorinated
solvent can form the protective CEI film on the cathode, which
can protect the cathode material from the corrosion of the
electrolyte. Therefore, its fast-charging performance has been
improved.

In order to evaluate the proportion of capacity loss caused by
the battery polarization, the fresh battery and cycled batteries
were performed at the low charge/discharge current (1.4 A and
0.21 A). The results are shown in Fig. 4. It can be seen from the
figure that compared with fresh battery, the capacity of cycled
batteries under the current of 1.46 A have significantly reduced,
however, when the charge/discharge current was set to 0.22 A,
some capacity has been restored. It is generally believed that the
capacity that can be recovered at a low charge/discharge current
is mainly caused by the polarization of the battery, it is also
called reversible capacity loss. The difference in capacity at the
same charge/discharge current is considered as irreversible
capacity loss, that mainly caused by irreversible damage of

45
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active materials. For the BASE-Elect, its reversible capacity loss
and irreversible capacity loss are relatively small. For the DFEA-
Elect, its reversible loss capacity is the highest, but its irre-
versible capacity loss is lower than the FEMC-Elect, which
indicates that the active material of the FEMC-Elect has the
greatest damage.

In order to find the reasons for the attenuation of the battery
capacity, Fig. 5 show the capacity incremental curves (IC, DQ/
DV) of fresh battery and cycled batteries. It can be seen from the
figure that all batteries have obvious peaks around 3.6 V, 3.8 V
and 4.1 V, corresponding to the phase transformation process
of H1 to M, M to H2 and H2 to H3 of ternary cathode material.**
By comparing with fresh battery, it can be found that the phase
transformation peaks of H1 to M and H2 to H3 of cycled
batteries were relatively weak, and the peak area was signifi-
cantly reduced, which indicates that the phase transformation
process became weakened, and the capacity had also decayed.
However, the phase transformation process of M to H2 had
become more obvious, which indicates that the M to H2 phase
transformation process of the cycled batteries contributed more
capacity. For ternary cathode material, the phase trans-
formation of H1 to M causes the contraction of g-axis in the
lattice, and the M to H2 phase transformation process will lead
to an increase of a-axis, the H2 to H3 phase transformation
process will cause the c-axis contraction. The repeated changes
in the lattice parameter in the charging process can cause the
stress concentration inside the material, which makes the
particles crack. Especially in the H2 to H3 phase transformation
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process that occurred at around 4.1 V, it will cause the rapid
contraction of the c-axis, which is considered to be the main
reason for the particle crack.*® In addition, the edge of the
cracked particles will generate the transformation from the
layered structure to the rock salt phase, which will reduce the
migration channel of lithium ion. The rock salt phase of the
ternary material is the insulation structure, which will signifi-
cantly increase internal resistance of the battery. Moreover, the
cracked particles also weaken the contact with the conductive
agent, which can increase the internal resistance of the battery
too. The cycled batteries' phase transformation peak that near
4.1 V of the electrolyte that adding the fluorinated solvent was
divided into two peaks, and the difference of voltage is about
50 mV, which is usually considered to be the phase trans-
formation peak of the single crystal and poly crystal of the
ternary material. The appearance of single crystal phase trans-
formation peak, indicating that the particles of cathode mate-
rial have been obvious cracked. Since the poly crystal of the
cathode material is the secondary spherical particles formed by
the mall single crystals, the small single crystal particles split
from secondary spherical particles showed the charging and
discharge feature of the single crystal material. Thus, the phase
transformation peak was divided into two peaks. There is no
phase transformation peak separation in the BASE-Elect, indi-
cating that the number of cracked particles is relatively low.

3.2 Surface and cross-section analysis

In order to verify the changes in battery activity materials, the
fresh battery and cycled batteries were disassembled, and the
FESEM analysis was performed on the activity material respec-
tively. Fig. 6a shows the FESEM image of the cathode material of
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the fresh battery. It can be found that the cathode material is
the large secondary spherical polycrystalline particles together
with small polycrystalline particles. The particle structure is
relatively complete. The surface morphology of cathode mate-
rial that from the BASE-Elect has almost no change compared to
the fresh battery, but some secondary spherical polycrystalline
particles were cracked (Fig. 6b). The secondary spherical poly-
crystalline particles of the cathode material that from the fluo-
rinated solvent scheme batteries showed a large area of particle
crack (Fig. 6¢c and d), which is consistent with our previous
analysis of DQ/DV. The particle crack degree of the FEMC-Elect
was about 67%, while the DFEA-Elect was about 24%. As
mentioned earlier, the cracked of the ternary material mainly
occurs in the phase transformation process of H2 to H3 that at
the voltage of 4.1 V. Due to the significant growth of polarization
of the battery of the FEMC-Elect, which leads to the constant
voltage charging time become longer. The increase in constant
voltage charging time may exacerbate the phase transformation
process of H2 to H3. Thus, its particle cracked ratio is relative
higher. Fig. 6e-h show the cross-section FESEM images of
different schemes. Compared with fresh battery, there is a clear
gap between the active material and the Al foil of the cycled
batteries, which may be related to the volume change of the
electrode material in the charging and discharge process. The
gap of the fluorinated solvent electrolyte schemes is even larger,
which may be due to the removal of F~ from fluorinated solvent
to form HF, which will cause the corrosion of Al foil. Thus, the
gap becomes more obvious. Through the cross-section FESEM
images of different schemes, it can be found that the particles of
all schemes also were obviously cracked. The cracked secondary
spherical polycrystalline particles will expose more active
surfaces, and these newly exposed single crystal particles that

50 pum

50 pm

Fig. 6 The surface and cross-section FESEM images of cathode material of batteries with different electrolyte schemes and fresh battery under
different current. (a) and (e) fresh; (b) and (f) BASE-Elect; (c) and (g) FEMC-Elect; (d) and (h) DFEA-Elect.
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make up the secondary spherical polycrystalline particles are
relatively small and easy to be converted into insulating rock
salt phase structure. In addition, the newly exposed surface
does not directly contact with the conductive, which will also
increase the internal resistance of battery. Moreover, more
exposure of active sites will aggravate the contact between active
materials and electrolyte, which will lead to the consumption of
electrolyte and lead to more metal elements dissolution. The
dissolved metal elements will catalyze side reactions of elec-
trolyte, and further consume the active components of
electrolyte.

In order to clarify the changes in particle size and volume
after secondary ball particle crushing more clearly, particle size
distribution statistics and BET detection were used respectively.
Fig. 7a shows the particle size distribution of BASE-Elect
scheme, which is mainly composed of large secondary
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spherical particles, with the D5, of approximately 12 pm. Some
small particles also come from the size design of the cathode
material itself. As shown in Fig. 7b, the particle size distribution
of FEMC-Elect scheme was changed obviously, the proportion
of small particles has significantly increased, indicating that
a large number of secondary spherical particles have crashed
and formed smaller particles, which is consistent with previous
analysis. The same change also occurred on the cathode mate-
rial of DFEA-Elect scheme, however, the proportion of small
particles is relatively small, indicating that the degree of particle
crash is lower than FEMC-Elect. Fig. 7d-f show the BET of
different electrolyte schemes, the change in specific surface area
is consistent with the change in particle size. As the increase of
small particles caused by the crash of large particles, the
specific surface area of the cathode material continues to
increase.
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Fig.7 The particle size distribution (a—c) and BET (d—f) of cathode material of batteries with different electrolyte schemes. (a and d) BASE-Elect;

(b and e) FEMC-Elect; (c and f) DFEA-Elect.

Fig.8 The FESEM images of anode material of batteries with different electrolyte schemes and fresh battery under different current. (a) Fresh; (b)

BASE-Elect; (c) FEMC-Elect; (d) DFEA-Elect.
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Table 2 ICP element content analysis of anode material for the

different electrolyte schemes of recycled battery

BASE-Elect FEMC-Elect DFEA-Elect
Element ppm ppm ppm
Ni 1553.231 279.396 294.602
Co 178.663 28.305 30.092
Al 35.573 50.817 49.927
Li 22 602.03 38539.98 25367.08
Si 10223.673 10270.475 10106.361

Fig. 8 shows the FESEM images of anode material of the
fresh battery and cycled batteries. It can be seen from the figure
that the SEI film with fluorinated solvent electrolyte schemes is
relatively complete and dense, and the differences between the
two schemes is negligible, while the SEI film of the BASE-Elect is
severely cracked and relatively poor in integrity, which indicates
that the addition of fluorinated solvent is more conducive to the
formation of SEI film. In order to determine the metal disso-
lution and the lithium evolution, the anode material was tested
by ICP. As shown in Table 2, the content of Ni and Co in the
anode material of fluorinated solvent electrolyte schemes were
significantly lower than that of the BASE-Elect, but the content
of Al and Li shows the opposite trend. The low content of Ni and
Co indicates that the metal dissolution of the cathode material
is relative low, which may be attributed to the promotion of film

Table 3 EDS element content analysis of cathode material for the
different electrolyte schemes of recycled battery

View Article Online
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formation by fluorinated solvents. Fluorinated solvents can not
only promote the formation of SEI on the surface of anode
material, but also facilitate the formation of CEI film on the
surface of cathode material, thus, reducing the corrosion of
electrolyte on the cathode material and reducing the dissolu-
tion of metal elements. The increase of Li may be due to the low
conductivity of the electrolyte, which leads to the higher over
potential of the anode during the charging and discharging
process, making it easy to lead to the deposition of lithium ions
in the anode material surface to form lithium. Therefore, the
content of Li in the anode material with fluorinated solvent is
relatively high. In order to determine the source of Al, the
cathode material was tested by EDS. As shown in Table 3, the
content of Al in the cathode material of the three electrolyte
schemes is almost the same, which indicates that Al in the
anode is not from the dissolution of the cathode material, but
mainly come from the contribution of Al foil as the fluid
collector, which is consistent with our previous analysis of the
fluorinated solvent corrosion Al foil.

3.3 Crystal structure analysis

In order to characterize the change of lithium-nickel mixed
arrangement of cathode materials, the XRD measurements were
carried out on cathode materials of all schemes. As shown in
Fig. 9, the cathode materials of all schemes showed complete
ternary layered LiNiO, structure. However, the strength ratio of
(003) and (104) is not the same. The ratio of the FEMC-Elect is
the smallest, which indicates that the degree of lithium-nickel
mixed arrangement is the highest. While the BASE-Elect showed
the opposite result. The cell parameters and the degree of
lithium-nickel mixed arrangement can be further obtained by
XRD refinement. As shown in Table 4, the g-axis shrinkage and
c-axis elongation of the FEMC-Elect are the most obvious, and
the value of c/a is also the largest, which causes the small angle
diffraction peak of XRD to shift to a small angle, while the large
angle diffraction peak to shift to a large angle. The degree of
lithium-nickel mixed arrangement has also become higher. In
addition, because the lattice parameters of the cathode material
in the FEMC-Elect change the most, this will lead to the highest
degree of lattice fragmentation, which is consistent with the
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Fig. 9 The XRD patterns of cathode material of batteries with different electrolyte schemes and fresh battery under different current. (a) BASE-

Elect; (b) FEMC-Elect; (c) DFEA-Elect.
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Table 4 Evolution of crystal structural parameters of the NCA cathode from neutron powder diffraction patterns for the different electrolyte

schemes of recycled battery

Lattice parameter/A

Lithium-nickel

Scheme Ioos/T104 a b c cla mixed arrangement/%
BASE-Elect 2.217 2.834725 2.834725 14.421857 5.088 1.68
FEMC-Elect 1.767 2.743884 2.743884 14.364673 5.235 3.65
DFEA-Elect 1.923 2.808286 2.808286 14.391373 5.125 2.57
4 45 3
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Fig. 10 (a) The first discharge curves of the cathode material; (b) the charge and discharge curves of cathode material; (c) the charge and

discharge curves of anode material.

In order to clarify the contribution of cathode material and
anode material to the capacity attenuation, it is necessary to
assemble the coin cells with cathode material and anode
material separately to evaluate the proportion of the individual
capacity loss. Fig. 10a shows the first discharge capacity of the
cathode material. For the cathode material after cycling, its first
discharge capacity is usually caused by the lithium vacancy in
the material, which is mainly caused by the loss of active
lithium. Therefore, when the counter electrode is Li, it can be
supplemented by the discharge process, which is expressed as
the discharge capacity. This part of the capacity is not consid-
ered to be caused by the damage of the cathode structure. As
shown in this figure, the FEMC-Elect exhibited the highest
discharge capacity, which indicates that its active lithium loss is
higher. The BASE-Elect shows the opposite result. Combined
with the ICP results of the anode material, it is believed that the
active lithium lost in this part is mainly contributed to the
anode (including “dead lithium”, SEI film and lithium precip-
itation). For fresh battery, the capacity loss may be attributed to
the formation of SEI film. Fig. 10b shows the curve of subse-
quent charging and discharging, this part of the capacity is the
residual capacity of the cathode material. And the capacity
difference between cycled batteries and fresh battery is
considered to be the irreversible capacity loss caused by the
structural damage of the cathode material. It can be seen from
the figure that the irreversible capacity loss of the FEMC-Elect is
the largest, which may be related to its particle crack. A large
number of particle crack leads to the destruction of the struc-
tural integrity of the cathode material, thus, the capacity
decreased significantly. Due to the low number of particle crack,
the irreversible capacity loss of the BASE-Elect is relatively low.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Therefore, its capacity loss mainly comes from the loss of active
lithium. Fig. 10c shows the test results of the coin cells of the
anode material. It can be seen from the figure that the differ-
ence of the anode material capacity loss of the three electrolyte
schemes is almost negligible, which indicates that the differ-
ence in battery cycle performance is mainly caused by the
structural damage of the cathode material. The cracking of the
secondary spherical particles of the cathode material will bring
more active surfaces. These newly formed surfaces will form an
insulating rock salt phase structure of ternary material, and the
contact with the conductive agent will also become weak, which
may lead to the consumption of electrolyte and increase the
internal resistance of the battery. Therefore, the cycle perfor-
mance of the battery reduced.

4 Conclusion

Integrate all analysis results, on the one hand, the introduction
of fluorinated solvents will reduce the conductivity of the elec-
trolyte, which will lead to an increase in the polarization of the
battery. The increase in polarization will make the time of
constant voltage charging of the battery longer during whole
cycles. For ternary materials, the H2 to H3 phase transformation
process at high voltage is the main reason of material crack. The
increase in constant voltage charging time will intensify the
phase transformation process, leading to a higher degree of
material crack. The cracked particles will expose more active
surfaces, and the newly formed active surface will form an
insulating rock salt phase structure, and the contact with the
conductive agent will also become weak, which will lead to an
increase in the internal resistance of the battery and further
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increase the polarization of the battery; on the other hand, the
addition of fluorinated solvent can promote the formation of
the SEI film on anode and the CEI film on cathode, which has
a protective effect on the dissolution of metal elements in the
cathode material. Since the fast-charging cycle will not reach
constant voltage charging, and the high temperature rise
brought by fast-charging can inhibit the effect of electrolytic
conductivity, so that the protective effect of fluorinated solvent
on the cathode is dominant. Thus, improving the fast-charging
performance of the battery. Therefore, fluorinated solvents have
certain effects on improving the fast-charging performance of
the battery, but may reduce the conventional cycle.
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