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Combined with tle use of a pressusensitive cap, 2;difluorobiphenyl (DFBP) is investigated as a
overchargesafety additive for the protection of 4.4 V commerc@lindrical LiCoOy/graphite
batteries. DFBP can be electrochemically polymerized whehi@@O, is chargd to approximately
4.60 V (vs. Li*/Li), resulting in the release ddrge amounts of gasethis release can be utilized to
activate thecurrent interrupt device (CID) arsblve overcharge risk issues. With the addition of DFBP
to the electrolyte from-@&% (wt.%), theCID activation status of charge (SOC)%La€o0O,/graphite
batteriedecreases from 175% to 140.5%, and quite noteworthp B amounts of 2% to 4% in the
electrolyte can be used to prevent the overcharge explosions. In addition, it demlsostrated that
the DFBP additive has no obvious negative influences on the cycle and temperature performances of
LiCoO,/graphite batteriesnder normal conditions, indicating the promising prospe®@FBP as a
overchargesafety additive for the proteon of commerciakylindrical LiCoO,/graphite batteries

Keywords: 2,4-difluorobiphenyls, LiCoQ/graphite battery, electrolyte additive, overcharge
protection, battery performances.

1. INTRODUCTION

Lithium ion batteries (LIBs) improve the voltage amtergy density using an organic
electrolyte but also increase the risk of safety during use as compared to traditional water solvent
batteres such as N¥Cd, Ni/MH and lead/acid batterig$,2]. The voltage of the LIBs would increase
uncontrollably once # protection device fails because ddheortof a spontaneous intrinsiestriction
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for the voltageincrease The oxidation of organic electrolytes at the oxidizing cathode lacking in
lithium and thereduction of the electrolyte on the active anode woutdionside the cellFlammable

gases and excessive haet produced byhese reactiongndeasilylead to a thermal runawalyattery
cracking, explosionand evenfire [3]. A key obstacle for high energy densityBs is their safety

iIssues which were ued in fields such as power, smartphones, and military applications Thé].
battery charging explosions of Samsung devices in 2016 and Apple in 2017, as well as the electric
vehicle recharging accidents in China, all reflect the importance of avoiditegybavercharging risks.

In practice, commercial LIBs are equipped with the positive temperature coefficient of
resistance (PCT) or the protection board integrated circuit (ICs), which can avoid the overcharge
phenomenon under normal circumstances. Howdtiese remedies increase the cost and reduce the
energy density of the battery system because they occupy space. When the external conditions chang
the components fail or cannot achieve the desired effects, it is easy to produce rechargeable securit
issues. It is urgent to develop a gmibtection mechanism among the LIBs to improve battery safety
based on the development of battery manufacture technology.

To solve battery overcharge risks during the charging process, a very good choice is to use a
non-combustible electrolytic liquid system and separator material. However, a commercial electrolyte
must meet several requirements such as solubility, stability, electrochemical window, etc., which
represent a variety of technical difficulties for selegtim noncombustible solution and separator
material [6]. The addition of overcharge protection additives in the electrolyte has proven to be an
economical and effective method. Thégectional additives includéhe redox shuttlsubstanceand
the polymeizable chemicals The former has reversible oxidati@aduction electrochemical
characteristics between the cathode and the anode; these characteristics can protect the LIBs fror
overcharge by locking the potential of tb&thodeat the oxidation potentiaf theseshuttle molecules
[7-9]. The redox shuttle mechanism of this additive is similar to the oxygen cycle in the aqueous
solution battery systentp to now, because ofhe poor solubility in noraqueous electrolytemost of
the shuttle molecules rep@d beforecan onlysupplya limited shuttling currentand therefore fail to
function even at normal operating current. In addition, the electrochemical stability of shuttle
molecules on a lonrterm operation, large capacity loss and low oxidation piatisrdre also issues for
their practical applications. For example, -dj8ertbutyl-1,4-dimethoybenzene (DDB) [10] has a
potential ~ 3.9 V (vs. LiLi), which cannot meet the above 4.2 V chemical system and large current
charging requirements. The polynzable additives are also known as intersiype additives and
have been used in some commercial electrolytes. It can be polymerized on the cathode surface t
increase cell impedance and preventftivther overchargin@f the cathode In the previous sties,
severalaromatic compounds such as biphenyl [11], cyclohexene [12], xylene [13] can be used as
polymerizable functional moleculesfor the overcharge protection of LIBs. Unfortunately, these
substances also have problems with the protection of ldtegey which cannot be adapted to the
application in the high charging eaff voltage battery system [147]. Recently, Huang [18] reported
a polymerizable additive of 2difluorobiphenyl (DFBP) matching the LipiCayMng 30, cathode. It
was indicatedhat a high impedance fluoropolymer film was formed to reduce the charging current and
improve the overcharge safety when an overcharge tc44.86V was performed. The oxidation
potential of DFBP was 0. 2 V higher than that of biphgwilich is favor tahe battery operated under
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4.35 V at room temperature. Considering the properties of DFBP, it is still important to investigate the
potential application of DFBP in the LIBs with other cathode materials, and find some now additives
to meet the overchargeotection requirements of the commercial LIBs

In fact, combined with the structure design of LIBs such as the current interruption devices
used in the cylindrical batteries, adding similar interrupt additives in the electrolyte can further
improve the ovecharge prevention of LIBs. On this occasion, the choice of the overcharge protection
additives and battery design should be based on the following consideration, namely, the charge cut
off voltage of commercial LIBs is about 4.4 V, and the decompositidengial of electrolyte solvents
are general at approximately 5.5 V. Therefore, to avoid the oxidative decomposition of the electrolyte
solvent and the overcharge of the cathode materials, the polymerization potential of overcharge
protection additive shad be between 4.4 V and 5.5 V. At the same time, the reaction rate of the
additive should be fast enough to ensure that the electrode material will not be charged and the
electrolyte will not be decomposed. In addition, from a battery use point of viesg #uditives must
not haveobviousnegative impacts on other performances of the LIBs. In this paper, according to the
above requirements and the general application LioO,/graphite batteries the fluorine
functionalized molecule DFBP is evaluated ascaercharge protection additive in the commercial
cylindrical LiCoOy/graphite batteriesand the protection mechanism and the effects of DFBP on the
battery performances are discussed.

2. EXPERIMENTAL

2.1 Preparation of the test batteries

DFBP was pwhased from GST Chemical Co. Lt(China, 99.5%) and dissolved in the
commercial electrolyte of 1.0 mol/L LIiREEC+EMC+DEC (EC/EMC/DEC = 30/40/30, by weight,
Smoothway, China, 99.99%) with mass weights of 1%, 2%, 3%, 4%, 5%, and 6%. Using the general
methal in McNair New Power Co. Ltd., the 32650 type cylindriceloO,/graphitebatteries with a
capacity of 6 Ah was prepared to evaluate the effects of DFBP faactonal additive to the
overcharge protection of LIBs. The cathode consists of LCO (Shanseagye99.8%) as an active
material (97 wt.%), carbon nanotubes (Cnano Technology, 99.8%, China) as a conductive additive (1.6
wt.%), and polyvinylidene fluoride (PVDF, Solvay, France) as a binder (1.4 wt.%). Graphite (CMS,
Shanshan, China) was the activeaterial with 1.2 wt.% sodium salt of carboxy methyl cellulose
(CMC, DAICEL, Japan), 1.5 wt.% styreiteitadiene rubber (SBR, ZEON, Japan), and 1.0 wt.%
conductive carbon wasmployed as an anode. The ceramic coating was a porous polyethylene film
withaba e separator thickness of 9 puym, and a cer
Ltd. and was used asdtseparator. The capacity of full celasdetermined byhe cathode side; the
anodecapacity vscathodecapaity ratio (cell balancewas 1.12 In addition, because it is difficult to
observe and measure the gas volume generated in the cylindrical battery during the overcharge, th
pouch polymelLiCoO,/graphitebatteries with the same capacity of the cylindrical batteries were also
prepared to efine the gas volume during the charge process.
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2.2 Electrochemical measurements

The electrochemical behaviors of 2i#luorobiphenyls (DFBP) dissolved in the electrolyte
were examined by line cyclic voltammetry (CV) using a Pt malextrode (0.1 mm idliameter) as
the working electrodeThe preparecklectrolytewas investigated usin@ two-electrode cellwith a
metal lithium foil as both reference electrodad counter electrode. The datietectionand analysis
were carried out by usinga CHI 660A elesbchemical workstation (Chenhua, China). The
conductivity of the electrolyte with different amounts of DFBP was measured using a conductivity
meter (DDS307A, Shanghai, China).

The electrochemical compatibility of the DF#Bntaining electrolytes waseasued by the
cylindrical batteriesln the potential range between 4.4 V and 3.0 V, the batteries were cycled three
times before the overcharge testing. The overcharge measurements were conducted in an -explosion
proof box and used a computntrolled progammable battery charger (C-FSWM20V10A type,
Shenzhen, China) to record the charge information. The battery temperature was measured by e
thermocouple (LR8403, HIOKI, Japan). The EIS measurements perfermedat the 50% SOC
discharge state, the AC peitation was 5 mV, and the frequency range was from 1 %00 kHz by
using Zehner impedance analyzer (IMex6, Germany)stlidythe influence of DFBP on the cycling
performance otf.iCoO,/graphitebatteries, the full batteries were charged to 4.4 V at OféllGyed
by a constanvoltage chargingt4.4 V until the currentlecreased t€/20, and discharged at constant
current of 0.5 C until the voltage reach8d® V using Neware battery cycle (BISNM5V10A,
Shenzhen, ChinaCapacityretention wasdeterminedby the ratio of the discharge capacity to the
initial capacity after cycleThe high temperature storage performance of the battery with 100% SOC
was carried out at 85 °C for 4 h. The impendence and residual capacity were checked before and afte
the stoage.

2.3 Gas analysis and electrode characterization

The gas composition originating from the charge process was measured by Gas
Chromatography (TRACE 1300, Thermo Fisher, Germany). The volume change of the pouch battery
was examinedisinga water drainge methodss described belowl he cell was connected with a rigid
wire. The wirewas fixed to a specially designed jig, thdipped into a beaker filled with dienized
water (not touching the beaker bottom) and kept the system in static equilibriumvakfteby high
precision balance (accuracy of 0.00]1 th)e weight changes of the beaker at 160% SOC were
monitored, and the cell volume changes werewcdlat ed using Archiynwgdes pr

To characterize the morphology and element distribution of the cycled electrodesllshe
were carefully dismantled in a dgnvironmentwith a controlled dew point40 °C) to avoid a short
circuit afterthe cycling tests. After the dissection of the jelly roll, the morphological changes for
cathode, anode, and separator after the overcharge were observed by scanning electron microscoj
(JEOL, JSM6510, JEOL, Japan). The element distribution on the elde$r was determined by
energy dispersive spectroscopy (EDS, Oxford, England).
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3. RESULTS AND DISCUSSION

3.1 Electrolyte performances with the DFBP additive

Fig. 1a shows the linear sweep curveshefPt electrodes in 1 mol-t LiPFy EC+EMC+DEC
(3:4:3 by weight) at a scan rate of 10 mV\githout an additive and with 5 wt.% DFBP. The oxidation
current appears when the voltage reacaksut 4.60 V, then increases quickly as ttseanning
potential increases and reachiee maximum valueat 5 V. Compared to the cell without the DFBP
additive in the electrolyte the oxidation current can be viewed as the electrochermiadhtion
reaction of DFBP on the Pt electrodecan be observed thate potential interval of the oxidation
current peak coincides with the need to prevent the battery overcharging peoakgspecially he
voltage range of the oxidation is slightly higher than the work voltage of the commercialization of
LIBs. With continued voltagéncreasesthe oxidationcurrentof the electrolytereappears at 5.7 V,
which is similar to the curveof the electrolytewithout DFBP additive and corresponds to the
oxidation decompositiorreactionof the electrolyte on the Pt electrode. The oxaapotential of
DFBP and theapid oxidation kinetics indicate thtéite DFBP additiveis with the first condition as an
overcharge protection additiy#&1-14].
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Figure 1.a) LSV curves othePt electrode in 1 M LiP# EC+EMC+DEC electrolyte containing 5 wt.
% DFBP. b) The condueity of electrolyte with different DFBP amounts.

In addition, as an important parameter, the conductivity of the electrolytesdifiighent
amounts of DFBRdditivewas also measured and is shown in Fig. 1b. The ionic conductivity of 1.0 M
LiPFs EC/EMCDEC electrolyte was 9.48 mS &mwith increasinghe addition oDFBP from 2% to
3%, 4%, 5%, and 6%, the ionic conductivity of the electrolyte decreased from 9.48 to 9.4, 9.0, 8.84,
8.56, 8.23 and 8.04 mS &mrespectively. The lower ionic conductivioj the electrolyte wittDFBP
additive can bemainly ascribed to the viscosity increase of the electrolyte with the addition of DFBP,
which do not favor the rate performance of LIBs to some exfg8}s
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Table 1.The results of the overcharge tests wiffedent amounts of DFBP

DFBP contents 2% 3% 4% 5% 6% 0%
Pass/Total 5/5 5/5 5/5 5/5 5/5 3/5
CID activation SOC% 160.5 155.5 150.5 144.2 1405 175

Remark - CID and SOC are the abbreviation of current interrupt device and state of charge,

respectively.
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Figure 2. a) Temperature curves of the batteries with different amounts of DFBP during the
overcharge. b) Voltage curves of the batteries with different amounts of DFBP during the
overcharge. c¢) Current curves of the battemath different amounts of DFBP during the
overcharge. d) Enlarged voltage curves of the overcharge from 105% SOC to 130% SOC. e)
Enlarged voltage curves of the overcharge from 160% SOC to 200% SOC. f) The relationship
between the SOC of CID activation athé@ DFBP amount.
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The evaluation data of DFBP as alectrolytefunctional additive to protect the overcharge
accidents of LiCo@graphite cylindrical batteries are listed in Tabl@ ie overcharge test was carried
out from 3.0V to 10 V at a charge cumé of 1.0 C. Table 1 shows that theregieater risk of
overcharge failurdor a battery without the DFBP additive because two batteries failed due to the
occurrence of an explosion during the overcharge bestontrast, all five batteries with DFBP eer
safe and did not catch fire or explode. With the content increase of DFBP as protection additive in the
electrolyte, the current interrupt devi@@ID) activation state of charge (SOC) % decreases from about
175% to 140.5%. The higher values of CID aation SOC% mean the greater risk of electrolyte
decompositior{11,12,18] while the lower values may lead to an easy failure of LIBese results
suggest that DFBP can help the battery to pass the overcharge test, and theDfigRbt®ntents in
the ekctrolyte may be set in the range of-2% considering the practical application of LIBs the
later sections, thBFBP contents of 2% and 4% will be expressly evaluated.

Fig. 2a shows the typical temperature curve of the batteries with 0%, 2% andBPodDFng
the overcharge. As seen from Fig. & temperature of the batteries with different content of DFBP
was relatively stable when the batteries were overcharged from 100% SOC to 140% SOC. When the
SOC was over 140%, the temperature rose rapidlywhich case the charge capacity of LiGo&as
theequation othe theoretical capacity- 273 mAh ¢*) [2]. The rapid temperature rise is due to almost
all lithium ions being virtually emerged from the cathode materials. As the overcharge proceeded, the
temperature of the battery with 4% DFBP reached the highest temperature of 72.7 °C; when the battery
was charged to 151% SOC, the temperature decreased. To confirm the root cause of the temperatut
decrease, Fig. 2 b and ¢ describe the voltage and cuuerdscof the batteries with 2% and 4%
DFBP, as well as without DFBP during the overcharge. As shown in Fig. 2b, the voltage of the battery
with 4% DFBP increased suddenly from 5.3 V to 10 V at 150.5% SOC. It was confirmed that the CID
of the battery had lem thrusted, and the charge current was cut off. This phenomenon could explain
the previous temperature drop and voltage increase during the overcharge process for the battery witl
4% DFBP. A similar phenomenon was also observed in the 2% DFBP battetlyeanattery without
DFBP. The SOC of the CID that was broken was slightly slower, specifically at 160.5% and 175%. In
contrast, as shown in Fig. 2d, the temperature of other batteries without DFBP rose quickly as the
overcharge process proceeded. Findlig, battery exploded when the SOC was 177%; the temperature
rose sharply to 346.9 °C.

As seen in Fig. 2 c, the explosive batteries have higher voltage than the unexploded batteries
without DFBP, and the voltage of the explosive batteries dropped tohls\indlicated that there was a
serious internal short circuit, which caused an instantaneous release of a large amount of heat and
thermal runaway[1,3,4]. Therefore, when the SOC of a battery exceeds 175% and continues to
overcharge, the failure risk tdie battery is very high. As such, the charging current of the battery must
remain under 175% SOC to avoid the occurrence of thermal runaway. From Fig. 2d, we see that
batteries with DFBP have a small platform from 4.6~4.7 V, according to the LSV chiveutrent
consumption should be attributed to the reaction of DFBP. Fig. 2f illustrates the relationship between
the SOC of CID activation and the content of DFBP. The SOC of CID activation appeared in advance
for all batteries with DFBP during the ovlerge process, and the SOC decreased as the amount of
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DFBP increased, which suggests that the overcharging state of their CID activation is associated with
the addition of DFBR11-15].

3.2 Analysis of thevercharge protection mechanism of DIEBP additve

For the cylindercell, it is difficult to observethe gassingncreasephenomenon during the
overcharge test. Therefore, a polymer battery, which is prepared by electrodes with the same capacity
coating weight, and calendar density as the cylinddr iselused instead (dimensions 4.4 mm*63
mm*112 mm); the amount of gas generated caddteced by using a water drainage method. Thus, it
allows a better understanding of the mechanism between the content of DFBP in the electrolyte and the
CID activationin the cylinder cell during the overcharge. Fig.-3/2/3 shows a cell photo with the
different DFBP amounts at the overcharging state of 160% SOC. The swelling volume of the battery is
significantly larger than that with 2% DFBP and without DFBP. Frag Bb, it can be seen that
compared to the battery without DFBP additive, the cell with 2% DFBP generated 7.7 ml more gas
during the overcharge, and more 9.6 ml gas was found for the battery with 4% DFBP. It is fully

demonstrated that the addition of DFBRhe electrolyte will produce more gas when the batteries are
overcharged18].
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Figure 3. Influence of DFBP contents on the battery swelling overcharged to 160% SOC, and the
DFBP content is @) 4 wt.%, (a2) wt.% and (e8) 0 wt.%. b) Influence odDFBP contents on
the volume offset of the batteries overcharged to 160% SOC.

If the battery is equipped with electronic circuit components, such as a presssiteve CID,
the battery can realize charging protection by generating the gas in advancda Fshows the
schematic of the cylindrical battery. The CID is normally installed in the positive side of the battery,
connecting the cathode electrode and the cap. For the current interruption function to work under
abnormal conditions, CID requiresetliollowing functional components to work together: a positive
temperature coefficient (PTC), vent, cap, and gasket, Normally, the convex surface of vent faces the
CID and is welded on the CID, as shown in Fig. 4g. Generally, the reverse pressure of ih@ e~
1.0 MPa, and the burst pressure of the vent is 1.8 ~ 2.2 MPa. If the internal battery pressure is greate
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than the reverse pressure, the vent will be activated and then destroy the connection with the CID, a:
shown in Fig. 4h. The current wihile cut off immediately; this is the first protection. Further increasing
the pressure to its burst point results in a rupture of the battery vent and pressure release; this is th

secondary protectiofi,18].

Figure 4. a) Schematic of the cylindricdliCoO./graphitebattery. b) The current interrupt device
(CID). c) The positive temperature coefficient (PTC). d) The vent, e) the cap, f) the gasket, g)
the normal vent, and g) the active vent.

The gases generated in th€oO,/graphitebatteries duect the electrochemical oxidation of
DFBP during the overcharge process will lead to a rapid increase of the inner pressure.
Correspondingly, these gases trigger the CID in the cap to cut off the charge current and improve the
battery safety characteristic®Vithout DFBP in the electrolyte, the batteries have no obvious
overcharging characteristics in the overcharging process, and the batteries are in a dangerous chargir
state. Therefore, the introduction of DFBP can significantly improve dihercharge safay
performance of lithium ion batteri¢s4-18].
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Table 2. Gas composition in theiCoO,/graphitebatteries with different amounts of DFBP after the

overcharge
Composition 2% DFBP 0% DFBP
H, 31.7 /
CO 18.9 29.4
CH, 2.7 2.4
CO, 34.1 56.9
CoHe 121 11.7

Table 2 lists the gas compositions in th€oO,/graphitebatteries withthe additionof DFBP
in the electrolytafter an overcharge of 160% SOC. It is interesting to findaletye amountsf the
mixed gas with H CO, CH4, CO,, andC;Hgs could be obtainedvhen the batteries contained DFBP
additive was overcharged, theyere attributed to the resultant of the polymerization reactiaimeof
DFBP monomers. It is consistent with the polymerization mechanism of biphenyl [9,1And@O
were geerated by the electrochemical oxidation of the electrolyte on the cathode side. Meanwhile,
CH, and GHe formation can be attributed to the solvent reduction on the anode side [18]. Generally,
the increase of COfollowed the increase of the SOC but inaeé markedly at the end of the
overcharge. It is reasonable to deduce that the violent reaction that took place between the cathod
material and electrolyte was prevented by the addition of DFBP in the electrolyte.
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Figure 5. Digital photos of the cathode electrode after the overcharge dissembled from the
LiCoO,/graphitebatteries containing different amounts of DFBife DFBP content was (a) 4
wt.%, (b) 2 wt.%, and (c) 0 wt.9%igital photos of the separator facing the cathafter the
overcharge dissembled from batteries containing different amounts of DBBFBP content
was (d) 4 wt.%, (e) 2 wt.% and (f) O wt.%. SEM photos of the separator enlarged 3000 times
for Fig. 4d~f; the DFBP amounts were (g) 4 wt.%, (h) 2 wt.% @) 0 wt.%.
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Fig. 5ac represents the digital photo of the cathode electrode after the overcharge to 160%
SOC dissembled from theiCoO./graphite batteries containing different amounts of DFBP. The
surface of the cathode is very similar for batteriestaiomg DFBP, which is rough, uneven, and
clearly accompanied by a thin film. Fig.-bdhows digital photos of the separator facing the cathode
dissembled from batteries containing different amounts of DFBP. It is claeditatedthat the surface
of theseparator without DFBI the electrolytas white at the stage of 160% SOC. Small amounts of
by-products weralsofound on the separator surface. However, the separator contiriDéBP in
the electrolytevas yellow and covered with a layer of blankterias. These black materials appedr
as amembranavas characterizebly the SEM technique with anlarged 3000 times, as shown in Fig.
5 gk; with the help of the EDS results, it is confirmed that the black material is rich in F element, as
shown inTable 3. Clearly, these depositions are ascribed to the polymerization of DFBP during the
overchargerocess [18]

Table 3. Elements deposited on the separator surface after the overcharge froi@dfe/graphite
batteries containing different amounfsDi-BP

Element 4% DFBP 2% DFBP 0% DFBP
C 65.72 75.28 68.44
@) 8.46 5.41 21.74
F 23.01 18.87 8.47
P 0.46 0.16 0.69

Remark- data isquantity percent.

These results clearly show that DFBP can polymerize and getiesatexed gaseguring the
overcharge. The polymerization mechanism may proceed as follows: the DFBP molecules are oxidized
and simultaneously release the electrons to the cathode electrode when the overcharge voltage |
approached; the electpmlymerization producforms both on the catode and the separator. The
hydrogen ions move to the anode under the force of electric power, capture the electrons and then ar
reduced tdhe gags Following the gas pressure increase inside the battery, the vent inversion cuts off
the current and prewnts the charging current from flowing into the batteries. Thus, the battery
overcharge protection is achievidd,12,18]

3.3 Effects of DFBP on the performances oflfiloO./graphitebatteries

As an applicablendsafe additive, it is alsnecessaryhat no significant negative impact can
occur on the other performances of the battery. Fig. 6a shows the electrochemical impedance spectra «
the LiCoQ/graphite batteries with different amounts of DFBP additive at 50% SOC. All spectra
consisted of a sewircle (high-to-medium frequency rangeand a straight lin€low frequency range
with a slope ofabout45° from the real axisThe first intersectiorRs reflects the onm impedanceas
shown in Table 4, which incluédsthe physical resistance aride trander resistance ofithium iors in
the electrolyteThe semicircleR can beascribedo the transporation of Li* through the surface layer
of the electrode, and the straight lisigows the solidstate L diffusion into the active mag45]. The
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semicirde impedance of the cell with DFBP is significantly increased. phiserfully supports the
conclusionand puts forward above that a thick polymerized layer formed on the cathode surface,
which results in an increase of the surface layer impedance ambipestthe potential increase of the
batteries during the overcharginggtd 18]

30+ % 90-

E ——2% DFBP £ [ —=— 4% DFBP
. 3 —e—2% DFBP
g 204 SRR 80
8 o IDHEL 5 —— (0% DFBP
N —— 0% DFBP > |
5
104 3; 7 §_ 704
0 L) L) L) 60 i ) L)
0 10 20 30 40 5 10 15 20

() Z'(mohm) d) Current (A)

110 110
g\moow 3100#—r\
g | g
2 90+ = 904
s | = 2% DFBP g | 2% DFBP
S 80- e 4% DFBP = 80- e 4% DFBP
z | 4+ 0% DFBP & s+ 0% DFBP
2 70 S 70-
=70 & ™1
S |

60 T T - T - T T T 60 * T = T - T —

0 100 200 300 400 500 600 0 200 400 600 800
Cycle index Cycle index

Figure 6.a) Electrochemical impedance spectr&i@foO,/graphitebatteries with different amounts of
DFBP at 50% SOC. b) Discharge capacityl®e batteries with different amounts of DFBP at
various discharge rates. c) The cycling performance of the batteries with different amounts of
DFBP at a normal charggischarge voltage interval of 30.4 V at 25 °C. d) The cycling
performance of the batries with different amounts of DFBP at a normal chaligeharge
voltage interval of 3:84.4 V at 45 °C.

Fig. 6b shows the rate performances thelfilloO,/graphitebattery with 2% DFBP, 4% DFBP,
and without DFBP at various discharge rates. When g@&hdige rates were increased frono B C,
the discharge capacity of the full cells decreased slightly. The lowest rate performance was found for
4% DFBP. This result indicates that the ionic conductivity of the electrolyes’'t be distinctly
affectedby the addition of DFBPadditive and this is also consistent with the impedance results
presented in Table 4
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Table 4. Impedance data of LiCofgraphite batteries with different amounts of DFBP at 50% SOC

Group Rs(mohm) Rt (mohm)
2%DFBP 8.3 19.1
4%DHBP 8.5 21.2
0%DFBP 8.0 17.1

Remark Rg, the first intersection with the real axaa EIS spectraR; is width of the semicircle on EIS
spectra

To investigate the effect of DFBP on the cycling performances ofLiBeO,/graphite
batteries the cycling pgormances of the batteries with different amounts of DFBP were measured at
25 °C and 45 °C. The typical cycling performances of these batteries are shown in Fig. 6¢c and 6d. It
can be seen that after 560 cycles at 25 °C, the discharge capacity retetitobaiteries with %-4%

DFBP remains at 99%, while the capacity retention is 95% after 700 cycles at 45 °C, showing that
LiCoO,/graphite batteries witiDFBP additive exhibitgood cycling performances and are similar to

the LiCoO,/graphitebatteries withat DFBP. This result indicates that the addition of 2% to 4% DFBP

as the electrolyte additive does not affect the cycle performanceslo€Ci®./graphite batteries

Table 5. Influences of the DFBP on the storage performancésGufO,/graphitebatteries at 85 °C

Item 2% 4% 0%
Impedance offset 2.3% 3.1% 2.0%
Residual capacity offset -4.0% -5.8% -3.2%

Remark Impedance offset = Impedance value after the storagpedance value before the storage.

To evaluate the DFBP effect on the s#ifcharge ba battery, the storage performance of the
fully chargedLiCoO./graphitebatteries with different amounts of DFBP were also tested at 85 °C for
4 h. The impedance and capacity were recorded before and after the storage, as show®.iTiable
internal mpedance offset of the battery increases slightly with increasing DFBP after the storage. The
impedance offset of the battery without DFBP is 2.0%, and it increases to 3.1% for the battery with
4.0% DFBP.This outcome may be partly ascribed to the coveraggenaterial surface by the
polymerization products; this surface interferes with lithium ion migration to the electrode surface and
correspondingly causes the increase of internal resistfb8psThe residualcapacity offset of the
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battery with 2.0% DFB was not as significant. Whereas the DFBP amounts incréaseedidual
capacity offset is distinctly enlarged relative to the battery without DAFBR. outcome suggests that
DFBP causetheimpedance increassnda small capacity loss and but thataincbe mitigated byhe
addition optimization.

4. CONCLUSIONS

In summary, DFBP was tested as @verchargesafety additive for the protection of 4.4 V
cylindrical LiCoQy/graphite batteries. The experimental resultslicaed that DFBP electro
polymerized at approximately 4® V on the cathode when thieatteries wereovercharged and
simultaneouslyeleasedarge amounts of gases. It was confirmed that DFBP is an effective additive
for overcharge protection, which can activate the vent reversal device aff tue charge current in
an emergency. In additiomo obvious negative influencevas foundon the cycle performances of
LIBs with DFBP electrolyte additive under normal chargescharge conditions. Although its
application in the battegsslightly increases the internal impedance and reduces the discharge capacity
at the highrate current, these negative effects can be mitigagge addition optimization. Over all,
DFBP shows great promise as an additive for the practical application inclaé8/ommercial LIBs.

ACKNOWLEDGEMENTS

This work wasfinancially supportedy the scienceandtechnologyprojectsof GuangdondProvince(2
015B010135008)he scienceandtechnologyprojectsof Guangzhoy2014J4500025201604016131,
201704030020) , and the snitific research foundation of graduate school of South China Normal
University (No. 2016lkxm02).

References

1. P. Biensan, B. Simon, J. P. Peres, A. Guibert, M. Broussely, J. M. Bodét. Perton]. Power
Sources81 (1999) 90912.

K. Xu, Chem. Rey.104 (2004) 43031417.

T. Ohsaki, T. Kishi, T. Kuboki, N. Takami, N. Shimura, Y. Sato, M. SekimdA. Satoh J.
Power Sourcesl46 (2005) 97100.

4. S. TobishimaandJ. YamakjJ. Power Source81 (1999) 882886.

5. S. G. ChallkandJ. F. Miller, J. Power Soures 159 (2006) 738O0.

6. M. Q. Xu, W. S. Li, X. X. Zuo, J. S. LiandX. Xu, J. Power Sourced47 (2007) 70510.

7. J. K. Feng, X. P. Aj, Y. L. CaandH. X. Yang,Electrochem. Commg, (2007) 2530.
8
9
1

wmn

. R. L. Wang, C. Buhrmestand J. R. Dahn,). ElectrochemSoc.,153 (2006) A445A449.
. M. Adachi, K. TanakandK. Sekai,J. Electrochem. Socl46(1999) 125@.261.
0.L. M. Moshuchak, M. Bulinski , W. M. Lamanna, R. L. Waangd J. R. Dahn,Electrochem.
Commun.9 (2007) 149#1501.
11.L. Xiao, X. P. Aj, Y. L. CacandH. X. Yang,Electrochim. Acta49 (2004) 41891196.
12.H. Lee, J. H. Lee, S. Ahn, H. K. KiandJ. J. ChoElectrochem. Solibtate Lett.9 (2006) A307
A310.
13.X. M. Feng, X. P. AiandH. X. Yang,J. Appl. Electrochem34 (2004) 1199.203.
14.T. J. RichardonandP. N. RossJ. Electrochem. Socl43 (1996) 399:3996.



Int. J. Electrochem. Sci., Vol. 13, 2018 5937

15.L. Chen, M. Q. Xu, B. Li, L. D. Xing, Y. WangndW. S. Li,J. Power Source244 (2013) 499
504.

16.S. S. Zhang). Power Sourcel62 (2006) 1379.394.

17.K. Abe, Y. Ushigoe, H. YoshitakendM. Yoshio, J. Power Sourced,53 (2006) 32835.

18.D. H Huang, R. Liu, W. Z. FaandL. Yu, Battery Monthly47 (2017) 22325.

© 2018The Authors. Published by ES@Ww.electrochemsci.olgThis article is an opeaccess
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



http://www.electrochemsci.org/

